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ABSTRACT: In this study, to improve the durability of concrete structures constructing newly or renewal, the 
physical properties and durability of concrete with binders combining high-early-strength Portland cement 
with different mineral admixtures were tested, and their applicability to prestressed concrete structures was 
examined. The results showed that their application to actual prestressed concrete structures was possible, al-
though the strength development and drying shrinkage strain varied by the type of mineral admixtures used. 
The results of durability test also indicated that it was possible to improve the durability of concrete by select-
ing appropriate admixtures. 

1 INTRODUCTION  

There are a variety of methods for improving the du-
rability of concrete structures against frost damage 
or deterioration caused by a combination of frost and 
salt damage. Such techniques include coating the 
concrete surface to prevent the infiltration of water, 
salt and other detrimental factors into the concrete or 
using epoxy-coated reinforcing bars to prevent the 
corrosion of steel inside concrete in cases where det-
rimental factors have already infiltrated. Meanwhile, 
improving the durability of concrete material by 
densification or other effects is the most fundamen-
tal measure, and it will be possible to reduce life-
cycle costs efficiently if the long-term durability of 
concrete can be ensured. 

From these backgrounds, the authors conducted a 
wide range of studies of the physical properties and 
durability of concrete using belite-based cement and 
ground granulated blast-furnace slag for the purpose 
of developing concrete with long-term durability. 
The results showed that highly pulverized belite-
based cement or replacing part of it with ground 
granulated blast-furnace slag makes it possible to re-
alize highly durable concrete with improved physi-
cal properties, such as strength/heat generation char-
acteristics, frost resistance and chloride penetration 
resistance (Yoshida et al. 2001, 2002, 2004a, 

2004b). Since low heat generation and long-term 
strength development can be expected in concrete 
using such binders in addition to long-term durabil-
ity, the technique is considered extremely useful par-
ticularly for bridge piers, abutments, retaining walls 
and other relatively large structures. Meanwhile, ini-
tial strength development is important along with 
durability for Prestressed Concrete (hereinafter re-
ferred to as PC) structures, as they require pre-
stressing at an early material age. It is therefore pos-
sible that initial strength may not be satisfied with 
the above-mentioned binders, although this depends 
on the required level of strength.  

For the above reasons, the physical properties and 
durability of concrete using high-early-strength ce-
ment and various admixtures were examined in this 
study to enable the practical use of highly durable 
concrete that can be applied to PC structures.  

2 OUTLINE OF THE EXPERIMENT 

2.1 Materials 
Table 1 lists the materials used. As base cement, 
high-early-strength portland cement, which is used 
commonly for PC, was used in consideration of 
strength development at an early age. As mineral 



admixtures, fly ash Types I and II, silica fume and 
ground granulated blast-furnace slag which satisfy 
their respective Japanese Industrial Standards (JIS) 
values were used. Ground granulated blast-furnace 
slag (hereinafter referred to as slag) with a 6,000-
cm2/g surface area was used in consideration of im-
proving durability. To improve early strength devel-
opment and autogeneous shrinkage, 4% of gypsum 
dihydrate – a level within the range of the JIS – was 
mixed as an SO3 volume. Two types of high-
performance AE water-reducing agent were used 
depending on the dispersibility of binders, and a de-
foamer was also used to adjust the air content. 

2.2 Concrete mix proportions 
Table 2 lists the mix proportions of concrete. The 
symbol indicates the combination of cement type, 
mineral admixture type and replacement ratio of 
mineral admixture. The water-binder ratio (W/B) 
was fixed at 40% in this study, since the ratio for 
general PC including the precast concrete production 
is around 35 to 45%. Mineral admixtures were added 
to replace a certain percentage of the cement. The 
replacement ratios of slag and fly ash were set at 60 
and 20%, respectively, as the upper limits of the 
equivalent replacement ratios for blast-furnace slag 
cement and fly ash cement Type B in consideration 
of the influence on the strength development and du-
rability of concrete. While the replacement ratio for 

silica fume is usually 5 to 15%, 10% was adopted 
for this study since this is the ratio commonly used 
both in Japan and in other countries (Japan Society 
of Civil Engineers, 1995). The target slump of the 
concrete was 8.0±2.5 cm, and the target air content 
was 4.5±1%.   

2.3 Experiment items 
The experiments conducted in this study are outlined 
below. After the specimens were made, they were 
left in a laboratory at 90% relative humidity for one 
day. After that, they were demolded and cured using 
different conditions depending on the test methods.  

2.3.1 Physical properties test 
For the test of physical properties, compressive 
strength and tensile strength tests were conducted at 
five material ages (1, 3, 7, 28 and 91 days) in accor-
dance with JIS A 1108 and JIS A 1113. The speci-
mens were cured in water at 20°C until each test age. 
Moreover, young’s modulus was also measured with 
a compressometer in accordance with JIS A 1149.  

2.3.2 Shrinkage test 
A drying shrinkage test was conducted to study the 
shrinkage properties. Drying shrinkage strain was 
measured using a strain gauge embedded at the cen-
ter of the specimen at the time of preparation. A 10 x 
10 x 40 cm prismatic specimen was cured in water at 

Table 1. Materials used. 
Cement High-early-strength Portland cement (HP) 4770*, density: 3.15 g/cm3 

Mineral admixtures 

Ground granulated blast-furnace slag (BS) 6020*, density 2.89 g/cm3 
Fly ash Type I (FI) 5250*, density 2.40 g/cm3 
Fly ash Type II (FII) 3710*, density 2.11 g/cm3 
Silica fume (SF) 130000*, density 2.20 g/cm3 

Fine aggregate Inland sand from Noboribetsu, density 2.70 g/cm3, water absorption 1.50% 

Coarse aggregate Crushed stone from Shiraoi, maximum size=25mm, density 2.68 g/cm3, water absorption 
1.91% 

High-range AE water-reducing agent Polycarboxylic acid-based agent 

Defoamer Polyether base 
* Specific surface area (cm2/g) 

Table 2. Mix proportions. 
Unit volume of concrete (kg/m3) SP* 

content Binder Deformer
Symbol Cement 

type 
Admixture 
type 

Admixture 
replacement 
ratio 

Water-
Binder 
ratio 
(%) 

Sand 
agg. 
ratio 
(%) 

SP* 
type 

(B×%)
Water Ce-

ment Ad. 
Fine 
agg. 

Coarse 
agg. (B×%) 

HP - - A 0.65 139 348 - 877 1022 0.0007 
HFI(20) FI 20 A 0.60 128 256 64 890 1041 0.0005 
HFII(20) FII 20 A 0.60 128 256 64 890 1041 0.0005 
HSF(10) SF 10 B 0.70 136 306 34 876 1025 0.0030 
HBS(60) 

HP 

BS 60 

40 46 

A 0.60 128 128 192 891 1042 0.0020 
* SP: high-performance AE water-reducing agent (dispersibility: B > A） 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



20°C for seven days. It was then left in a room at a 
constant temperature (20 ± 2°C) and humidity (rela-
tive humidity: 60 ± 5%), and the drying shrinkage 
and mass changes of the specimen were measured. 

2.3.3 Durability tests 
For durability tests, chloride penetration resis-
tance and freeze-thaw resistance tests were con-
ducted. The chloride penetration resistance was 
evaluated based on the effective diffusion coeffi-
cients of chloride ions, which were found in ac-
cordance with the test method for effective diffu-
sion coefficient of chloride ion in concrete by 
migration (JSCE-G571-2003) (Japan Society of 
Civil Engineers, 2004). Considering the influence 
of curing, a cylinder specimen measuring φ10 x 
20 cm cured in water for 91 days was cut into 
disks of 5 cm in thickness. 

The freeze-thaw test in accordance with 
Method A of JIS A 1148 was started at a material 
age of 28 days, and freeze-thaw resistance was 
evaluated based on the relative dynamic modulus 
of elasticity and mass changes with the progress 
of freeze-thaw cycles. Two types of test, one us-
ing fresh water and the other using a 3% NaCl so-
lution, were conducted in this study. 

The scaling test was conducted in accordance 
with ASTM C672. A dike about 25 mm wide and 
20 mm high was placed along the perimeter of 
the top surface of a 22 x 22 x 10 cm prismatic 
specimen (cross section: 22 x 22 cm), and the 
surface of the specimen was covered with ap-
proximately 6 mm deep of a test solution. After 
the preparing, freezing and thawing effects were 
applied with daily cycles of -18°C for 16 hours 
and 23°C for 8 hours (the specimens were moved 
between rooms set at the respective temperatures) 
to measure the scaling volume. In consideration 
of on-site curing conditions, the specimens were 
moisture-cured in a 20°C environment for 7 days, 
followed by atmospheric curing in an environ-
ment with humidity of 60% and temperature of 
20°C until the age of 28 days before being used 
for the test. A 3% NaCl solution was used as the 
test solution to simulate combined deterioration 
with salt damage. 

3 EXPERIMENT RESULTS AND DISCUSSION 

3.1 Relationship between compressive strength and 
age 

Figure 1 shows the relationship between compres-
sive strength and age. The compressive strength of 
HSF(10) using silica fume at a age of one day was 
the greatest, and exceeded that of plain HP which 
was made with high-early-strength cement only. The 

strength of HFI(20) and HFII(20) using fly ash was 
almost equivalent, with no difference according 
to variations in the quality of fly ash, and was 
approximately 7.0 N/mm2 smaller than the 
strength of HP. The strength of HBS(60) using 
ground granulated blast-furnace slag was the 
smallest at 16.5 N/mm2. Subsequently, the 
strength increased for all mix proportions with 
the progress of age. While the strength of 
HSP(10) was similar to that of HP until 28 days, 
the strength development of HSF(10) was 
greater than that of HP after the age of 28 days. 
The strength of HBS(60), whose strength devel-
opment at an early material age was small, in-
creased sharply with the progress of age, ex-
ceeded that of fly ash at 7 days, equaled those of 
HP and HSF(10) at 28 days, and exceeded that 
of HP –even though it was slightly smaller than 
that of HSF(10) –at 91 days. While the strength 
of high-quality HFI(20) exceeded that of 
HFII(20) at 3 days in the cases where fly ash 
was used, no difference in strength increase was 
observed between them thereafter, and their 
strength at 91 days was lower than those of other 
binders. 

The above results indicate that strength de-
velopment varied by the type of admixture used. 
However, the compressive strength of all mix 
proportions exceeded 40 N/mm2 – the value 
commonly used as the standard design strength 
for PC structures at 28 days. Since the age at 
which the strength of 30 N/mm2 or greater re-
quired for the pre-tension system was satisfied 
was one day for HSF(10) and HP and three days 
for HFI(20), HFII(20) and HBS(60), the applica-
tion of these mix proportions to PC structures is 
considered feasible from the viewpoint of 
strength. 

3.2 Relationship between tensile strength and 
compressive strength 

Figure 2 shows the relationship between tensile 
strength and age. Tensile strength generally corre-
sponded well with compressive strength, and the 
early tensile strength up to a age of seven days was 
high for HSF(10) and HP. While the strength of 
HBS(60) was the lowest, it increased afterwards and 
became almost the same as that of HSF(10) at seven 
days and later. In the cases where fly ash was used, 
no clear difference according to the quality of fly ash 
was observed. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
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By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
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paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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Figure 1. Relationship between compressive strength and age. 
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Figure 2. Relationship between tensile strength and age. 

 
Figure 3 presents the relationship between tensile 

strength and compressive strength. It also shows the 
relationship between tensile strength and compres-
sive strength calculated using an equation provided 
in the Japan Society of Civil Engineers (JSCE) 
Standard Specifications for Concrete Structures–
2002 “Structural Performance Verification” (Japan 
Society of Civil Engineers, 2005a). While the figure 
indicates that tensile strength was slightly lower 
when fly ash was used, the relationship was almost 
the same as the calculated values from JSCE equa-
tion, and the correlation between tensile strength and 
compressive strength was high.  

3.3 Relationship between Young’s modulus and 
compressive strength 

Figure 4 displays the relationship between Young’s 
modulus and age. The Young’s modulus of plain HP 
was high between 3 and 28 days, while those of 
HSF(10) using silica fume and the mixture using fly 
ash were almost uniform regardless of the age. 
While the value of HBS(60) using slag was small 
until a age of seven days, it increased dramatically 
thereafter as with the compressive strength, and 
reached its highest level at 91 days. 
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Figure 3. Relationship between tensile strength and compres-
sive strength. 
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Figure 4. Relationship between young’s modulus and age. 
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Figure 5. Relationship between Young’s modulus and com-
pressive strength. 

 
Figure 5 shows the relationship between the 

Young’s modulus and compressive strength. It also 
shows the relationship between the Young’s 
modulus and compressive strength provided in the 
JSCE Standard Specifications for Concrete Struc-
tures–2002 “Structural Performance Verification” 
(Japan Society of Civil Engineers, 2005a). While the 
relationship between the static modulus of elasticity 
and compressive strength was generally good re-
gardless of the type of binder, the modulus of elas-
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degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



ticity tended to be slightly lower than that shown in 
the specifications, although there were some excep-
tions. 

3.4 Properties of drying shrinkage  
Figure 6 shows the relationship between drying pe-
riods and drying shrinkage. Since drying shrinkage 
strain was not measured for HP and HFI(20) in this 
study, the figure also presents the drying shrinkage 
test results of concrete with commonly used ordinary 
portland cement (W/B = 40%, unit water volume = 
138 kg/m3, hereinafter referred to as ordinary ce-
ment) and blast-furnace slag cement Type B (W/B = 
40%, unit water volume = 136 kg/m3, hereinafter re-
ferred to as slag cement) as a reference. Refer to past 
studies for the mix proportions of these concrete 
(Yoshida et al, 2006). While the JSCE Standard 
Specifications for Concrete Structures–2002 “Mate-
rials and Construction” (Japan Society of Civil En-
gineers, 2005c) provides that the limit value of dry-
ing shrinkage strain can be generally set at around 
500 to 700 µ, the measured values for ordinary ce-
ment and slag cement in the figure are slightly lar-
ger.  

It can be seen that, while the shrinkage strain of 
HSF(10) using silica fume was higher than that of 
ordinary cement until a drying periods of around 50 
days. However the relationship between the two re-
versed thereafter and the strain of HSF(10) became 
similar to that of HFII(20) using fly ash Type II. The 
shrinkage strain of HBS(60) using ground granu-
lated blast-furnace slag was the lowest at all drying 
periods. While past studies have reported that the 
drying shrinkage in the early stages of drying (up to 
three weeks) tends to increase slightly when the spe-
cific surface area and replacement ratio of slag are 
greater (Japan Society of Civil Engineers, 1996), no 
such tendency was observed within the range of this 
study. The drying shrinkage of concrete with min-
eral admixtures was lower than those of commonly 
used ordinary cement and slag cement, regardless of 
the mineral admixture type in this study. 
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Figure 6. Relationship between drying periods and drying 
shrinkage. 
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Figure 7. Relationship between drying periods and mass 
change rate. 
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Figure 8. Relationship between mass change rate and drying 
shrinkage. 
 

Figure 7 shows the relationship between the dry-
ing periods and mass change rate of the specimens. 
Mass change rate of HBS(60) for which the shrink-
age strain was the lowest was also the lowest, fol-
lowed by HSF(10) and HFII(20), and the mass 
change rate varied by the type of binder. 

Figure 8 shows the relationship between the mass 
loss rate and drying shrinkage strain. The shrinkage 
strain generally increased with a higher mass loss 
rate, which was the lowest for HBS(60) with low 
shrinkage. Conversely, the shrinkage at a uniform 
mass change rate was the largest for HBS(60), fol-
lowed by HSF(10) and HFI(20). The drying shrink-
age mechanism cannot be explained arbitrarily, as 
opinions on the matter differ. However, according to 
the relatively common theory of capillary tension 
(E.g., Japan Concrete Institute, 1996), capillary ten-
sion generated when water in pores evaporates as a 
result of drying increases with smaller pore diame-
ters. It is therefore presumed that shrinkage strain 
will increase in concrete with dense pores. However, 
since water in pores becomes difficult to evaporate 
and strength increases when pores are denser, the fi-
nal shrinkage strain should be determined by consid-
ering not only the capillary tension depending on the 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



pore diameter size but also the total volume of 
evaporating water and strength. 

In this study, considering the above mechanism, 
it was presumed that drying shrinkage of concrete 
with ground granulated blast-furnace slag decreased 
because the pore structure of concrete with slag be-
came dense and the water in the pores became diffi-
cult to evaporate even though the shrinkage at a uni-
form mass loss rate was larger. As shown in Figure 
1, the compressive strength after seven days when 
drying shrinkage test started was the highest for 
HSF(10), followed by HBS(60) and HFII(20), and 
the rate of increase in strength of HBS(60) was the 
highest. From the results means that the pore struc-
ture of HBS(60) is dense. The compressive strength 
shown in Figure 1 was measured after curing in wa-
ter, and was different from the strength developed in 
concrete dried in a room at 20°C with a relative hu-
midity of 60% at and after seven days. However, it 
has been reported that the strength of concrete using 
slag increases for around 100 days and its pore struc-
ture densifies through long-term hydration reaction 
after curing in water for seven days and drying in a 
room with a temperature of 20°C and a relative hu-
midity of 50% (Japan Society of Civil Engineers, 
1996). It was presumed that a similar phenomenon 
occurred in this study. 

The above results indicated that, while the drying 
shrinkage strain increases with the mass loss of the 
specimens, the degree of shrinkage varies by the 
type of binder used. It is also considered that, re-
gardless of the type of admixture used, drying 
shrinkage of concrete with admixtures is similar to 
or lower than that of concrete with ordinary cement, 
and is therefore applicable to actual structures. How-
ever, since these tendencies are thought to vary by 
the unit water volume of concrete as well as the age 
at which drying starts and the environmental condi-
tions of application, it is considered important to se-
lect appropriate types of admixture based on mix 
and use conditions.  

3.5 Chloride penetration resistance 
Figure 9 displays the effective diffusion coefficient 
of chloride ion of concrete by migration test using 
electrophoresis. The figure also shows the test re-
sults of commonly used ordinary cement and slag 
cement. It can be seen that the effective diffusion 
coefficient of chloride ion of concrete with mineral 
admixtures was lower than that of HP, which was 
high-early-strength cement. The effective diffusion 
coefficients of HBS(60) and HSF(10) using ground 
granulated blast-furnace slag and silica fume were 
even lower than that of slag cement, which is com-
monly known to excel in chloride penetration resis-
tance. However, the effective diffusion coefficient of 
concrete with fly ash were on a level similar to that 

of concrete with ordinary portland cement even 
though they were lower than that of concrete with 
high-early-strength cement, and the expected effect 
could not be achieved in this test. 
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Figure 9. Effective diffusion coefficient of chloride ion. 
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Figure 10. Prediction of chloride ion penetration after 100 
years. 

 
Figure 10 presents the results of predicting chlo-

ride ion penetration after 100 years, which was cal-
culated using the effective diffusion coefficient and 
Fick’s diffusion equation. The surface chloride ion 
content used for the prediction was 9.0 kg/m3, which 
is equivalent to the value near the shoreline pre-
sented in the verification for chloride ions in the 
JSCE Standard Specifications for Concrete Struc-
tures–2002 “Materials and Construction” (Japan So-
ciety of Civil Engineers, 2005b). The figure indi-
cates that sufficient resistance can be achieved with 
a standard cover depth of 7 cm in the cases of 
HBS(60) and HSF(10) and that contribution to a re-
duction of life-cycle costs is highly possible, while a 
cover depth of around 13 cm is necessary for 
HFII(20) to maintain the chloride content of con-
crete below the steel corrosion limit at the position 
of the steel reinforcement after 100 years. The effec-
tive diffusion coefficient is a figure that presents the 
degree of electrophoresis of chloride ions, unlike the 
apparent diffusion coefficient of chloride ion com-
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



monly used for salt-resistant design. Since the ap-
parent diffusion coefficient may be included the ef-
fect of fixed and adsorption of chloride ion, it seems 
that the apparent diffusion coefficient is smaller than 
the effective diffusion coefficient. It is therefore 
seems to be possible to predict on the safe side by 
using the effective diffusion coefficient.  

3.6 Freeze-thaw resistance 
Figure 11 presents the results of freeze-thaw tests in 
fresh and salt water. In fresh water, changes in the 
relative dynamic modulus of elasticity and mass 
changes of HBF(60) using slag were the smallest, 
and the durability of HBF(60) improved more than 
that of HP. Although the relative dynamic modulus 
of elasticity of concrete with the other admixtures 
was slightly lower than that of HP, the relative dy-
namic modulus of elasticity after the completion of 
300 freeze-thaw cycles was 85% or higher regard-
less of the type of binder, indicating extremely high 
frost resistance. 

While deterioration was generally more serious in 
the tests using 3% NaCl solution compared with 
those using fresh water, both the relative dynamic 
modulus of elasticity and the mass loss rate of 
specimens with slag were on the same level as those 
in the cases using fresh water, indicating an ex-
tremely high resistance for these specimens. The 

values for plain HP and HSF(10) using silica fume 
remained on the same level. The relative dynamic 
modulus of elasticity was below 80%, and the mass 
loss rate increased to 10% or higher. For the speci-
mens using fly ash Type I, the relative dynamic 
modulus of elasticity dropped to 70% and the mass 
loss rate reached its maximum of 20% after 300 cy-
cles. 

As outlined above, frost resistance varied by the 
characteristics of the test water. While resistance 
was always high in tests using fresh water, it varied 
by the type of binder in tests using salt water, indi-
cating the necessity of selecting a binder appropriate 
for the environment. Since chloride penetration per-
formance is also expected to decrease with reduced 
frost resistance, it is necessary to evaluate taking 
combined deterioration by frost and salt damage into 
account. However, when slag is used (as in this 
study), it is considered possible to control chloride 
penetration because frost deterioration is rather in-
significant even in freeze-thaw tests using salt water. 
The feasibility of improving the durability of con-
crete in severe environments is therefore thought to 
be high. 

3.7 Scaling resistance 
Figure 12 shows the relationship between the scaling 
volume and the number of freeze-thaw cycles. The 
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Figure 11. Results of Freeze-thaw test in water. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



scaling volume of concrete with plain high-early-
strength cement and fly ash Type I tended to be 
greater than those of concrete with other binders. 
Looking at the cases using other binders after the 
completion of 300 cycles, on the other hand, the 
scaling volume tended to increase at and after 75 cy-
cles in the case of silica fume. The scaling volume of 
the specimen using slag was small, although it in-
creased gradually. Scaling was controlled signifi-
cantly in the specimen using fly ash Type II. It was 
thus found that the scaling volume tended to vary by 
the type of binder. These tendencies were similar to 
those in the results of the freeze-thaw test using 3% 
NaCl as shown in Figure 11. However, since the cur-
ing conditions and ages at which the tests were 
started were different between these tests, and the 
elution of CaCl2 is possible when using salt water, it 
will be necessary in the future to conduct detailed 
studies on the effects of the pore structure and the 
Ca(OH)2 content of concrete on durability. 
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Figure 12. Relationship between scaling volume and freeze-
thaw cycles. 

4 CONCLUSIONS 

In this study, the applicability of concrete using 
high-early-strength cement and different types of 
mineral admixture for PC structures was examined 
as a measure to improve durability of concrete struc-
tures. The main results of this study are that the ap-
plication of concrete with these binders to actual 
prestressed concrete structures was possible, al-
though the strength development and drying shrink-
age strain varied by the type of mineral admixtures 
used and that it was possible to improve the durabil-
ity of concrete by selecting appropriate admixtures. 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
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be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
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associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
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