
1 INTRODUCTION  

To determine compressive strength of structural 
concrete, concrete core specimens are taken from 
structural members. Generally, compressive strength 
tests are carried out on core specimens of 100mm 
diameter and 200mm height. However, in some cas-
es, when drilling core specimens are accidentally 
sawed short with low height-to-diameter ratios, re-
sulting in high values of core concrete strength that 
do not reflect actual strength of structural concrete. 
Because of such inversely proportional relationship 
between the compressive strength of short cores and 
their height-to-diameter ratios, strength correction 
factors are recommended, as in ASTM C42

1)
 and JIS 

A 1107
2)

. These correction factors are valid for cores 
of concrete strength below or equal to 40MPa and 
cannot be applied to cores of higher concrete 
strength. For cores of concrete strength above 
70MPa, measured compressive strengths show that 
the correction factors may become larger

3)
 than 

those listed on ASTM C42 and smaller
4)

 than those 
listed on JIS A 1107. 
Based on compressive strength tests, this study es-

timates the strength correction coefficients and ex-
amines the fracture behavior of high-strength con-
crete cores of compressive strength in the range of 
30-100MPa. Concrete core specimens of 100mm di-

ameter were cut into different lengths with respect to 
the following height-to-diameter (H/d) ratios 1.0, 
1.25, 1.5, 1.75 and 2.0. Strains along the horizontal 
and axial directions were measured during testing to 
verify the fracture behavior under different height-
to-diameter ratios. 

2 MATERIALS AND METHODS 

2.1 Materials and Mix Proportions 

High-strength concretes of different mix propor-
tions were prepared, as listed in Table 1. Ordinary 
Portland Cement conforming to JIS R 5210 was 
used for the strength grades of 30MPa, 45MPa, 
60MPa and 80MPa. Moderate Heat Portland Cement 
conforming to JIS R 5210 was used for the strength 
grade of 100MPa. Sand and crushed stone were used 
for the aggregate of all concretes. Water reducing 
agent was used for the strength grade of 30MPa and 
super-plasticizer was used for the strength grades of 
45MPa, 60MPa 80MPa and 100MPa. For the 
strength grades of 30MPa and 45MPa, water to ce-
ment ratio was decided aiming to reach the target 
strength at age of 28days. For the strength grades of 
60MPa, 80MPa and 100MPa, water to cement ratio 
was decided aiming to reach the target strength at 
age of 56days.  

Effect of Fracture Behavior and Height-to-Diameter Ratio on High-
Strength Concrete Core Specimens’ Compressive Strength 

Shigeki SEKO 
TAKENAKA Corporation, Chiba, Japan 

Sumie SUZUKI 
Japan Testing Center for Construction Material, Saitama, Japan  

Yasuji ITO 
National Federation Ready-Mixed Concrete Industrial Associations, Tokyo, Japan  

Tadatsugu KAGE 
Building Research Institute, Ibaragi, Japan 

ABSTRACT: Compressive strength of cylindrical concrete specimen increases as the height-to-diameter ratio 
decreases. While this fact is dealt with through strength correction factors, as shown in ASTM C42 and JIS A 
1107, these coefficients cannot be applied to high-strength concrete over 40MPa. Based on compressive 
strength tests, this study estimates the strength correction coefficients and examines the fracture behavior of 
high-strength concrete cores of compressive strength in the range of 30-100MPa. Concrete core specimens of 
100mm diameter were cut into different lengths with respect to the following height-to-diameter ratios 1.0, 
1.25, 1.5, 1.75 and 2.0. Strains along the horizontal and axial directions were measured during testing. The 
compressive strength, which is the maximum load divided by the cross section area, increased similarly to the 
coefficients shown in JIS A 1107. From the strain distribution along the horizontal direction, a restraining 
strain area was observed near both loading surfaces for all concrete strength grades during all loading stages 
until reaching maximum load. The critical stress, corresponds to when specimen’s volume starts to increase, 
was 85% of the compressive strength for all concrete strengths and all height-to-diameter ratios. Compressive 
strength of concrete core specimens increases when height-to-diameter ratio decreases. It is effected by the 
critical volume change stress. 

1 INTRODUCTION  

To determine compressive strength of structural 
concrete, concrete core specimens are taken from 
structural members. Generally, compressive strength 
tests are carried out on core specimens of 100mm 
diameter and 200mm height. However, in some cas-
es, when drilling core specimens are accidentally 
sawed short with low height-to-diameter ratios, re-
sulting in high values of core concrete strength that 
do not reflect actual strength of structural concrete. 
Because of such inversely proportional relationship 
between the compressive strength of short cores and 
their height-to-diameter ratios, strength correction 
factors are recommended, as in ASTM C42

1)
 and JIS 

A 1107
2)

. These correction factors are valid for cores 
of concrete strength below or equal to 40MPa and 
cannot be applied to cores of higher concrete 
strength. For cores of concrete strength above 
70MPa, measured compressive strengths show that 
the correction factors may become larger

3)
 than 

those listed on ASTM C42 and smaller
4)

 than those 
listed on JIS A 1107. 

Based on compressive strength tests, this study es-
timates the strength correction coefficients and ex-
amines the fracture behavior of high-strength con-
crete cores of compressive strength in the range of 
30-100MPa. Concrete core specimens of 100mm di-

ameter were cut into different lengths with respect to 
the following height-to-diameter (H/d) ratios 1.0, 
1.25, 1.5, 1.75 and 2.0. Strains along the horizontal 
and axial directions were measured during testing to 
verify the fracture behavior under different height-
to-diameter ratios. 

2 MATERIALS AND METHODS 

2.1 Materials and Mix Proportions 

High-strength concretes of different mix propor-
tions were prepared, as listed in Table 1. Ordinary 
Portland Cement conforming to JIS R 5210 was 
used for the strength grades of 30MPa, 45MPa, 
60MPa and 80MPa. Moderate Heat Portland Cement 
conforming to JIS R 5210 was used for the strength 
grade of 100MPa. Sand and crushed stone were used 
for the aggregate of all concretes. Water reducing 
agent was used for the strength grade of 30MPa and 
super-plasticizer was used for the strength grades of 
45MPa, 60MPa 80MPa and 100MPa. For the 
strength grades of 30MPa and 45MPa, water to ce-
ment ratio was decided aiming to reach the target 
strength at age of 28days. For the strength grades of 
60MPa, 80MPa and 100MPa, water to cement ratio 
was decided aiming to reach the target strength at 
age of 56days.  

Effect of Fracture Behavior and Height-to-Diameter Ratio on High-
Strength Concrete Core Specimens’ Compressive Strength 

Shigeki SEKO 
TAKENAKA Corporation, Chiba, Japan 

Sumie SUZUKI 
Japan Testing Center for Construction Material, Saitama, Japan  

Yasuji ITO 
National Federation Ready-Mixed Concrete Industrial Associations, Tokyo, Japan  

Tadatsugu KAGE 
Building Research Institute, Ibaragi, Japan 

ABSTRACT: Compressive strength of cylindrical concrete specimen increases as the height-to-diameter ratio 
decreases. While this fact is dealt with through strength correction factors, as shown in ASTM C42 and JIS A 
1107, these coefficients cannot be applied to high-strength concrete over 40MPa. Based on compressive 
strength tests, this study estimates the strength correction coefficients and examines the fracture behavior of 
high-strength concrete cores of compressive strength in the range of 30-100MPa. Concrete core specimens of 
100mm diameter were cut into different lengths with respect to the following height-to-diameter ratios 1.0, 
1.25, 1.5, 1.75 and 2.0. Strains along the horizontal and axial directions were measured during testing. The 
compressive strength, which is the maximum load divided by the cross section area, increased similarly to the 
coefficients shown in JIS A 1107. From the strain distribution along the horizontal direction, a restraining 
strain area was observed near both loading surfaces for all concrete strength grades during all loading stages 
until reaching maximum load. The critical stress, corresponds to when specimen’s volume starts to increase, 
was 85% of the compressive strength for all concrete strengths and all height-to-diameter ratios. Compressive 
strength of concrete core specimens increases when height-to-diameter ratio decreases. It is effected by the 
critical volume change stress. 

Fracture Mechanics of Concrete and Concrete Structures -
Assessment, Durability, Monitoring and Retrofitting of Concrete Structures- B. H. Oh, et al. (eds)

ⓒ 2010 Korea Concrete Institute, Seoul, ISBN 978-89-5708-181-5



Core specimen Core specimen

Length100mm Length175mm

105mm 180mm

Core specimen Core specimen

Length125mm Length150mm

130mm 155mm

Core specimen

Length200mm

205mm

Core Length=325mm

Table 1.  Mix proportions of concrete. 

 
 
 
 
 
 
 
 
 
 
 
 

2.2 Wall shape mock-up 

To prepare concrete core specimens of different 
height-to-diameter ratios, a wall shape mock-up was 
made for each strength grade. The mock up was 
1,800mm long, 1,200mm high and 325mm wide. Af-
ter placing concrete into plywood forms, they were 
at the age of 14days for the strength grades of 
30MPa, 45MPa, 60MPa, and 80MPa, and 21days for 
the strength grade of 100MPa. 

Concrete cores were drilled into mock-ups 1week 
before the compressive strength test. After drilling, 
concrete cores were sawed into lengths each of the 
following ratios H/d=1.0, 1.25, 1.5, 1.75 and 2.0 and 
grounded on both ends. Figure 1 shows the mock-up 
size and concrete core drilling locations. Figure 2 
shows specimens’ lengths from concrete cores. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Wall shape mock-up size and core drilling locations 

2.3 Compressive Strength Test 

The compressive strength test was carried out con-
forming to JIS A 1108 at two testing centers A and 
B to compare their compressive strength results. At 
the testing center A 7 specimens were examined for 
all ratios H/d and all compressive strength grades, 
measuring only the compressive strength. At the 
testing center B 3 specimens were examined for 
each of the following ratios H/d=1.0, 1.5 and 2.0and 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
for each of the following compressive strength 
grades 30MPa, 60MPa and 100MPa, measuring the 
compressive strength and strains along the horizon-
tal and axial directions. At the testing center A spe-
cimens were kept into water until the test. At testing 
center B specimens were kept into the water until 
2days before testing and after adhering strain gauge 
they were kept at room dry condition. The loading 
rate was kept at about 0.6N/mm

2
/sec during the 

compressive strength test.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Concrete core length and specimen size 

2.4 Strain Measurement 

Axial direction strain was measured by strain gaug-
es placed on two opposite sides of each specimen at 
its mid-height. Horizontal strain distribution was 
measured by strain gauges placed on two opposite 
sides of each specimen along its height as shown in 
Figure 3. Strain gauge length was 60mm for any 
strain measurement, and all strains were measured 
every 1second during testing. 
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45MPa 45.0 378 OPC 170 833 934 3.78
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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 



 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Strain gauge distribution layout 

3 RESULTS AND DISCUSSION 

3.1 Compressive strength 

Compressive strengths measured at the testing cen-
ter A and B are listed in Table 2. For both testing 
centers, the compressive strength increased as the 
height-to-diameter ratio decreased at any strength 
grade. The compressive strength ratio, which is the 
ratio of the compressive strength of each specimen 
to the compressive strength at H/d=2.0 of the same 
strength grade, was calculated for each strength 
grade regarding each testing center and compared to 
the strength correction coefficients listed on JIS A 
1107. Compressive strength ratios and strength cor-
rection coefficients listed on JIS A 1107 are shown 
in Table 2*. The compressive strength ratio respec-
tive to height-to-diameter ratio is shown in Figure 4. 
The compressive strength ratio increases as height-
to-diameter ratio decreases, similarly to the correc-
tion coefficients on JIS A 1107 at any strength 
grade. From this experimental compressive strength 
test results, the compressive strength ratio of any 
strength grade up to 100MPa is within an error range 
with an accuracy of 95%. That means the strength 
correction coefficients listed on JIS A 1107(ASTM 
C42) are valid for high-strength concrete up to 
100MPa. 

 
Table 2.  Result of Compressive strength and Compressive 

strength ratio. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Compressive strength ratio respective to height-to-

diameter ratio 
 

3.2 Horizontal direction strain distribution 

Horizontal direction strain distributions at 1/3 of 
maximum load, 2/3of maximum load, 80% of max-
imum load and 95% of maximum load are shown in 
Figure 5. 
 (1)Strain distribution at 1/3 of maximum load 

At 1/3 of maximum load, specimens behaved elas-
tically in general, horizontal direction strain distribu-
tion uniformly increased for strength grade 30MPa, 
and for grade 60MPa as well. For strength grade 
100MPa, strains near the loading surfaces were 
smaller than that at the mid-height. This fact means 
that strain restraining occurred at loading surfaces 
with loading plates of the testing machine. 
(2)Strain distribution at 2/3 of maximum load 

At 2/3 of maximum load, horizontal direction strain 
distribution uniformly increased for the specimens 
of H/d=1.5 and 2.0, but strains near the loading sur-
faces were smaller than those at the mid-height in 
the case of H/d=1.0 for the strength grade 30MPa. 
For the strength grade 60MPa, strains near the load-
ing surfaces were smaller than those at the mid- 
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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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The material parameters k

c
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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 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
height. For the strength grade 100MPa, strains at the 
mid-height increased significantly than those of oth-
er parts. 
(3)Strain distribution at 80% of maximum load 
At 80% of maximum load, horizontal direction 

strains near the loading surfaces were smaller than 
those at the mid-height for all H/d ratios of the 
strength grade 30MPa. For the strength grade 
60MPa and 100MPa, horizontal direction strains at 
the mid-height increased significantly than those of 
other parts. 
(4)Stress when strain restraining occurs 

From the horizontal direction strain distribution, 
strain restraining behavior near the loading surfaces 
occured at 2/3 to 80% of maximum load for the 
strength grade 30MPa, and the corresponding stress 
was about 25MPa. For the specimens of the strength 
grade 60MPa, strain restraining behavior near the 
loading surfaces occured at 2/3 of maximum load, 
and the corresponding stress was about 40MPa. For 
the specimens of the strength grade 100MPa, strain 
restraining behavior near the loading surfaces oc-
cured at 1/3 of maximum load, and the correspond-
ing stress was about 30MPa. The phenomenon of 
strain restraining near the loading surfaces is caused 
by the friction between both loading surfaces of spe-
cimens and loading plates, and occurs at the stress 
range of 20-40MPa irrespective to the compressive 
strength grade. 

 
 

 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3 Critical volume change stress 

Using axial direction strain and horizontal direction 
strain, volume strain( vol) of specimens can be cal-
culated, as shown in Formula (1). 

vhvol εεε +×= 2                             (1) 

 
 

During compression testing, volume strain decreas-
es at first, but when the stress exceeds a critical 
point, then the volume strain starts to increase. The 
critical point of stress is called critical volume 
change stress. From measured axial direction strains 
and horizontal direction strains at the mid-height, 
critical volume change stress was calculated for all 
specimens. Figure 6 shows the relationship between 
critical volume change stress and compressive 
strength. From Figure 6, critical volume change 
stress increases proportionally to the compressive 
strength. Critical volume change stress is approx-
imately 0.848 of the compressive strength for any 
H/d of any strength grade. The phenomenon, which 
is the variation of the compressive strength of con-
crete core specimens related to the height-to-
diameter ratio, is affected by the critical volume 
change stress. 
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Figure 5.  Horizontal direction strain distributions during testing 
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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 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Critical volume change stress respective to Com-

pressive strength 
 

3.4 Fracture of specimens 

Specimens’ fracture is discussed in terms of hori-
zontal strain ratio, which is the measured horizontal 
direction strain divided by the axial direction strain. 
Figure 7 shows the distribution of the horizontal 
strain ratio at 85% of maximum load (critical vo-
lume change stress) and 99% of maximum load. 
(1)Strain restraining at loading surfaces 

From all specimens, distributions of horizontal 
strain ratios near both loading surfaces of each spe-
cimen are constant despite the loading level being at  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

85% or 99% of maximum load. This fact means 
strain restraining at both ends of specimens remains 
until destruction at any ratio H/d and at any com-
pressive strength grade. 
(2)Strain ratio distribution for strength grade 30MPa 

For the strength grade of 30MPa, at mid-height of 
the specimen, horizontal strain ratio relative to 
H/d=1.0 is larger than the one of H/d=1.5 and 
H/d=2.0 at 85% of maximum load. At 99% of max-
imum load, at mid-height of the specimen, horizon-
tal strain ratio relative to H/d=1.0 is larger than the 
one of H/d=1.5 and H/d=2.0. The increment of hori-
zontal strain ratio at specimens’ mid-height within 
85% to 99% of maximum load increases when H/d 
decreases. Thus, it is considered that stress of small-
er H/d specimens increases as horizontal strain in-
creases, because of the influence of strain restrain at 
loading surfaces. 
(3) Strain ratio distribution for strength grade 60MPa 

For the strength range at 60MPa, at the mid-
height of specimens, the horizontal strain ratio is the 
same for all H/d at 85% of maximum load. At 99% 
of maximum load, at the mid-height of specimens, 
horizontal strain ratio does not much differ for 
H/d=1.0, H/d=1.5 and H/d=2.0. The increment of 
horizontal strain ratio at the mid-height of specimens 
within 85% to 99% of maximum load is also the 
same for H/d=1.2, H/d=1.5 and H/d=2.0. Thus, 
strain increment after critical volume change stress 
cannot be the reason of stress increase as H/d de-
creases. 
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Figure 7 Distribution of the ratios of the horizontal strain divided by the axial strain 
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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 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

 
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 



(4) Strain ratio distribution for strength grade 
100MPa 
For the strength grade of 100MPa, at the mid-

height of specimens, horizontal strain ratio is the 
same for all H/d at 85% of maximum load. At 99% 
of maximum load, the horizontal strain ratios at the 
mid-height of 2 specimens of H/d=1.5 are larger 
those of other specimens of H/d=1.0, H/d=1.5 and 
H/d=2.0. Mid-height horizontal strain ratios within 
85% to 99% of maximum load are almost the same 
for H/d=1.2, H/d=1.5 and H/d=2.0, except 2 speci-
mens of H/d=1.5. Thus, strain increment after the 
critical volume change stress cannot be the reason of 
stress increase as H/d decreases. Because horizontal 
strain increases as much as axial strain increases at 
strength grade 100MPa, it is assumed that the frac-
ture mode is different from the one relative to the 
strength grade 30MPa. 

4 CONCLUSION 

Based on compressive strength tests, this study es-
timates the strength correction coefficients and ex-
amines the fracture behavior of high-strength con-
crete cores of compressive strength in the range of 
30-100MPa. Concrete core specimens were cut into 
different lengths with respect to the following 
height-to-diameter ratios 1.0, 1.25, 1.5, 1.75 and 2.0. 
Strains along the horizontal and axial directions 
were measured during testing. The following results 
are drawn. 
1) Compressive strength ratio increases as height-to-

diameter ratio decreases, similarly to the correc-
tion factors on JIS A 1107 from the strength 
grade 30MPa to 100MPa. Strength correction 
coefficients listed on JIS A 1107(ASTM C42) 
are valid for high-strength concrete up to 
100MPa. 

2) From the horizontal direction strain distribution, 
strain restraining behavior near the loading sur-
faces occurs at 2/3 to 80% of maximum load for 
the strength grade 30MPa, and at 2/3 of maxi-
mum load of the strength grade 60MPa, and at 
1/3 of maximum load of the strength grade 
100MPa. Strain restraining near the loading sur-
faces is caused by the friction between the load-
ing surfaces of specimens and loading plates, 
and occurs at the stress level of 20 to 40MPa ir-
respective to the compressive strength grade. 

3) Critical volume change stress is approximatly 0.85 
of the compressive strength for all H/d and all 
strength grades. Compressive strength of con-
crete core specimens increases when height-to-
diameter ratio decreases. It is effected by the 
critical volume change stress. 

4) From the distribution of the horizontal strain ratio, 
strain restraining at the both ends of specimens 

remains until destruction for all H/d and all 
compressive strength grades. 

5) It is considered that the stress of smaller H/d spe-
cimens can largely increase as horizontal strain 
increases, because of the influence of strain re-
strain at loading surface for the strength grade 
30MPa. Strain increment after critical volume 
change stress cannot be the reason of the stress 
increase as H/d decreases at the strength grade 
60MPa and 100MPa. It is assumed that the frac-
ture mode is different from the one relative to the 
strength grade 30MPa, because horizontal strain 
increases as much as axial strain increases at the 
strength grade 100MPa. 
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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 
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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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(6)

 
 
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 
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