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ABSTRACT: This study presents the fracture properties of steel fiber concrete. The ratio and notch length of 
steel fiber in concrete beam specimens, with dimensions of 10cm×10cm×40cm, were selected as independent 
parameters for the identification of the properties. The volume ratio of steel fiber in the concrete specimen 
was changed from 0% to 0.5%, 0.75% and 1%. The notch length was changed from 0 mm to 15, 30 and 45 
mm. By applying three-point bending tests, J-integral (JIc), KIc, GF, deflection strength, and fracture energy 
were obtained. Sensitivity analysis was performed to identify the behavior of the dependent variables by 
changing the volume ratio of steel fiber in the concrete specimen. 

1 INTRODUCTION 

Ordinary concrete has many microcracks, which 
degrade and damage the concrete structure along with 
the cracks that appear during service. Such cracks 
consequently cause many problems to the entire 
structure. In particular, stress-related concrete 
fracturing is directly responsible for structural collapse, 
and studies are required to address this problem. 

Therefore, the safety performance of the structure 
cannot be reasonably evaluated only by concrete 
strength, but requires the evaluation of the final limit 
state behavior, which is the softening behavior. 
Randomly distributed microcracks initially form 
upon the application of load to the concrete structure 
or material. Such microcracks show nonlinear 
behavior with stable crack growth area before the 
load reaches its maximum and have the fracture 
characteristic that the fracture process zone is big 
relative to the fracture length. Even after the 
application of maximum load, the fracture has 
softening behavior with sufficient load transfer 
capability. This can be explained via the fracture 
mechanics based on the energy concept, instead of 
on the existing strength theory. 

In this study, the fracture energy, which is the 
parameter for the representation of the fracture 
characteristic in the virtual fracture model, was 
mainly used. The virtual fracture model was 
proposed by Hillerborg et al. The RILEM equation 
was used as the concrete fracture mechanics 
experiment method.  

2 RESEARCH SIGNIFICANCE 

When tensile stress is applied to SFRC, its tensile 

strength and ductility significantly increased 
compared with those of normal concrete. For 
concrete with steel fiber content of 1.5%, the tensile 
strength of SFRC is about 30–40 % higher than that 
of normal concrete. The SFRC has high tensile 
strength and ductility because of the pullout-resistant 
mechanism of steel fiber wherein the steel fiber in 
the concrete controls the crack propagation due to 
the tensile stress and resists the tensile stress across 
the crack. In addition, increasing the steel fiber 
content and the subsequent increase in the number of 
steel fibers per unit area control the crack 
propagation. Accordingly, the tensile strength, strain 
under maximum tensile stress, ductility and fracture 
energy increase.  

2.1 Virtual Crack Model 
 

 
Figure 1. Determination of fracture energy GF. 

 
This study mainly used fracture energy, which is 

the parameter for the representation of the fracture 
characteristic in the virtual fracture model.  

The virtual fracture model was proposed by 
Hillerborg et al. The method recommended by 
RILEM was used as the concrete fracture mechanics 



experiment method. The virtual crack model 
involves three parameters: fracture energy (GF), 
material tensile strength (ft), and critical crack 
displacement (wc). In the recommended method, 
however, the determination of fracture energy is 
mostly addressed. The characteristic length (lch), 
which is determined by combining GF and ft, is 
known to be a pure material characteristic and is 
reportedly proportional to the length of the fracture 
process zone. In the virtual crack model, the fracture 
energy can be calculated by dividing the area below 
the load–displacement curve in Figure 1 by the 
specimen’s cross-section, according to Equation 1. 
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3 EXPERIMENT AND MATERIAL 
CHARACTERISTIC EVALUATION METHOD 

In  this  study,  the  concrete  specimen  was 
manufactured with ordinary Portland cement and 
fiber-reinforced concrete (0.5%, 0.75% and 1%). 
From the load–CMOD curve obtained from the 
three-point bending test, Young’s modulus (E), 
critical effective crack length (ac), critical stress 
intensity factor (Ks

IC), critical crack tip opening 
displacement (CTODc), fracture energy (GF) and 
characteristic length (Q) were calculated and their 
correlations were examined. 

3.1  Materials  
Domestic class-1 ordinary Portland cement was used 
in this experiment. Tables 3.1 and 3.2 show the 
cement’s physical and chemical material properties. 

 
Table 3. 1 Chemical composition of the cement. 

Component Sio2 Al2O3 Fe2O3 MgO SO3 CaO K2O Na2O

Composition 
Ratio (%) 21.4 7.0 2.9 3.1 1.7 60.8 0.72 0.12 

 
Table 3. 2 Physical properties of the cement. 

Setting Time Compressive 
Strength (Kgf/cm2) Specific 

Gravity 
Fitness 
(cm2/g) 

Ini Fin 3d 7d 28d 

3.15 3.140 225 440 210 280 376 

 
Table 3. 3 Physical properties of the aggregate. 

Classt Specific 
Gravity 

Gmax 
(mm) 

Unit  
Weight 
(Kg/m2) 

Absorption(%) F.M 

F.A 2.58 5 1564 1.05 2.91
C.A 2.66 15 1569 0.9 6.49

 

River sand from Haepyeongsan, Gyeongbuk, and 
crushed aggregate from Pyeongeunsan were used as 
aggregate in this experiment. The physical properties 
were reviewed according to the test method KS F 
2502 – 2506. Table 3.3 shows the results. 

The steel fiber concrete of domestic manufacturer 
S was used in this study. The steel fiber was used at 
volume ratios of 0.5%, 0.75% and 1% of the binder. 
Table 3.4 shows the physical properties. 

 
Table 3. 4 Physical properties of steel fiber. 

Type Diameter
(mm) 

Length 
(mm) 

Aspect 
ratio 

Specific 
gravity 
(g/㎥) 

Tensile 
strength 
(MPa) 

Double 
Hook 0.7 50 71.43 7.85 1,100 

 
Table 3. 5 Concrete content table. 

Unit Weight (kg/m3) 
Type W/B Fiber

(%) Water Binder Sand Aggregate
(Kg) 

Air  
Entering

NF 0 
SFC1 0.5 
SFC2 0.75
SFC3

20% 

1 

626 1124 325 675 2.4g 

Binder = Cement + Silica + Fly ash 
S/A(%) = 33%, Notch = 0,15,30,45mm 

 

 
Figure 2. Concrete mixture.  

 
Concrete was mixed in manufacturing the test 

specimen using a forced mixer, according to the 
sequence shown in Figure 2. After the dry mixing, 
fiber was manually and uniformly scattered and dry 
mixing was performed again. To identify the 
unhardened concrete characteristic, the slump and 
flow were measured. In addition, the Φ50×100 mm 
specimen was manufactured and cured in water at 
23±2℃, and its compressive strength was measured 
on the 28th day. 

The test specimen for the three-point bending test 
on a notched beam was a 100mm×100mm×400mm 
rectangular parallelepiped with notches 15 mm, 30 
mm and 45 mm deep and 5 mm wide, which were 
made using an electric saw.  

Table 3.5 shows the concrete’s composition  
The compressive strength, tensile strength and 

elastic modulus were measured as the basic 
mechanical characteristics of the cylindrical concrete 
test specimen. Each test was performed according to 
KS F 2405, KS F 2423 and KS F 2438.   
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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 



3.2 Experiment Method 

 
Figure 3. Three-point bending test on a notched beam. 

 

  

 
Figure 4. Shape of the notched beam test specimen and 
displacement measurement position. 

 
In the three-point bending test, the motor 

connected to the screw jack was rotated at a constant 
speed to maintain the displacement of the force 
application head attached to the screw jack at 1 
mm/min. A balance with an allowable load of 10 
tons was used to measure the load.  

Vertical displacement was measured using a 
1.0×10-6m-sensitivity displacement meter that was 
attached to the center of the specimen span, and the 
CMOD was measured using a 5.5×10-6m-sensitivity 
clip gauge attached to the thickness-wise end of the 
beam span center notch. As local fracturing of the 
test specimen could affect actual displacement 
during vertical displacement measurement, a frame 
for measuring the displacement was manufactured. 
(Fig. 3) 

3.3 Material Property Evaluation Method 
From the three-point bending test on a notched 
beam, the load–deflection curve and load–CMOD 
curve were obtained. 

Figure 5 shows the representative graphs for each 
test specimen. From the load–displacement curve, 
effective bending strength, elastic modulus and 
fracture energy were calculated according to the 
following equations.  

 
(1) Effective bending strength 
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D:depth, W:width W:width, σ0=initial notch length, S:span, Lp=peak Load 

 
(2) Elastic modulus 
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(3)  Fracture energy (GF) 
The fracture energy is calculated by dividing the 

area below the load–displacement curve until the 
load reaches zero by fractured area. The area below 
the curve is calculated by integration. 

 
                  

                                      (4) 
 
(4) Specific fracture energy (GFs) 
 

(5) 
 
 

Ws=Fs-CMOD Curve integration 
Alig=Crack area 

4 TEST RESULTS AND ANALYSIS 

Graphs in Figures 5–12 show the relationship 
between the CMOD and deflection according to the 
load and notch lengths (0, 5, 15, 30 and 45 mm).  
CMOD and deflection were measured by the unit of 
1.0 mm. 

4.1 Test Results of the Cylindrical Test Specimen 
Material Characteristic 

The following are the test results of the compressive 
strength, tensile strength and elastic modulus of the 
cylindrical test specimen. 

4.2 Three-Point Bending Test Results 
Table 4.1 shows the results of the three-point 
bending test on a notched beam.  

Da /0=α
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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 5. CMOD–Load Curve (notch = 0mm). Figure 6. Deflection–Load Curve (notch = 0mm). 

Figure 7. CMOD–Load Curve (notch = 15mm). Figure 8. Deflection–Load Curve (notch = 15mm). 

Figure 9. CMOD–Load Curve (notch = 30mm). Figure 10. Deflection–Load Curve (notch = 30mm).

Figure 11. CMOD–Load Curve (notch = 45mm). Figure 12. Deflection–Load Curve (notch = 45mm).
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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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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
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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 

 
T∇−= λq                                (7) 

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



Table 4. 2 Characteristic values of the cylindrical test specimen. 
Type Number C.S. (MPa) T.S. (MPa) E. (GPa) 

1 58.8 5.80 28.5 
2 50.5 5.20 24.3 NF 

(Plain) 3 56.7 5.49 26.7 
1 53.7 5.35 24.8 
2 58.3 5.46 26.2 

SFC1 
0.5% 

3 52.5 5.24 24.5 
1 54.4 5.42 26.1 
2 67 6.81 33.2 

SFC2 
0.75% 

3 54.2 5.52 26.0 
1 67.5 6.56 33.4 
2 63.2 6.42 31.2 

SFC3 
1% 

3 67.3 6.85 33.3 
C.S : Compressive Strength, T.S : Tensile Strength 

 

 
Figure 14.  Fracture energy by mixed fiber content. 

4.3 Results and Review 
The average values from the test were used for the 
result graphs, and the following results were 
obtained.  

The greater amount of fiber content (0%, 0.5%, 
0.75% or 1%) resulted in higher fracture energy, as 
shown in Figure 13. As shown in the figure, the 
longer notch length resulted in less fracture energy.  

The deviation between the fracture energy 
obtained from the three-point bending test on a 
notched beam and the nominal fracture energy was 
somewhat high, but they were roughly proportional 
to each other.  

5 CONCLUSION AND FUTURE STUDIES 

To evaluate the fracture energy characteristic of the 
concrete according to the mixed fiber content, the 
three-point bending test on a notched beam was 
performed with varying fiber contents (0%, 0.5%, 
0.75% and 1%) and different notch lengths (0, 15, 
30 and 45) as variables. The test results showed that 
the fiber content increases the concrete fracture 
energy.  

The following are the results of this study and 
further studies required in the future. 

(1)  It was determined that fiber mixed with 
concrete increased the concrete fracture energy. It 
seems that the SFRC has high tensile strength and 
ductility due to the pullout-resistant mechanism of 
steel fiber wherein the steel fiber in the concrete 
controls the crack propagation due to the tensile 
stress and resists the tensile stress across the crack. 

(2)  The concrete fracture energy increased for 
the higher fiber content and shorter notch length. 
This seems to have been due to the increase in steel 
fiber content and the subsequent increase in the 
number of steel fibers per unit area that controlled 
the crack propagation, and therefore, the tensile 

Table 4. 1 Characteristic values of the cylindrical test specimen.
Type 
Notch Type 

D 
(mm) 

a0 
(mm) 

α0 
(a0/d) 

d- a0 
(mm) 

NF 100 0 0 100 
SFC1 101 0 0 101 
SFC2 100 0 0 100 

0mm 

SFC3 102 0 0 102 
NF 100 15 0.150 85 
SFC1 101 15 0.148 86 
SFC2 99 15 0.151 84 

15mm 

SFC3 101 15 0.148 86 
NF 101 30 0.297 71 
SFC1 100 30 0.3 70 
SFC2 101 30 0.297 71 

30mm 

SFC3 100 30 0.3 70 
NF 102 45 0.441 57 
SFC1 101 45 0.445 56 
SFC2 100 45 0.450 55 

45mm 

SFC3 101 45 0.445 56 
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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 



strength, strain under maximum tensile stress, 
ductility and fracture energy increased. In addition, 
it seems that the longer notch length was, the lower 
the fracture energy due to the acceleration of crack 
propagation.  

  (3)  In the future, further studies involving fiber 
type and aspect ratio will be required. 
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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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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 
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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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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 
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