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ABSTRACT: Strain hardening cementitious composites (SHCCs) have seen increasing field applications in 
past decade, yet existing quality control test methods for tensile properties are sometime difficult to implement.  
This paper presents a new simple inverse method for quality control of tensile strain capacity by conducting 
beam flexural test. It is shown through a theoretical model that the beam deflection from a flexural test can be 
linearly related to tensile strain capacity.  A master curve relating this easily measured structural element 
property to material tensile strain capacity is constructed from parametric studies of a wide range of material 
tensile and compressive properties. This proposed method (UM method) has been validated with uniaxial ten-
sile test results with reasonable agreement. Good agreement between prediction and tensile test suggest that 
this method is very robust for different mixtures with variable geometry and test setup. 

1 INSTRUCTION 

SHCCs, also referred to as high performance fiber 
reinforced cementitious composites (HPFRCCs et al. 
1996), develop multiple cracks under tensile load in 
contrast to single crack and tension softening behav-
ior of concrete and conventional fiber reinforced 
concrete. In the last 15 years, SHCCs have gained a 
lot of attentions in infrastructural applications to 
overcome the brittle nature of concrete. SHCCs are 
considered a promising material solution to the 
global infrastructure deterioration problem and to in-
frastructure safety concerns under severe loading.  

Most tensile characterization of SHCCs was car-
ried out using uniaxial tensile test (UTT) in acade-
mia; nevertheless, this method is generally considered 
complicated, time-consuming and requires advanced 
equipment and delicate experimental skills.  There-
fore, it is not suitable for onsite quality control pur-
pose (Stang & Li 2004).  Stang & Li (2004) pro-
posed that four point bending test (FPBT) may be 
used for quality control of tensile properties on con-
struction sites, provided that an appropriate interpre-
tation procedure (e.g. inverse analysis) for the bend-
ing test result is available. FPBT is much easier to set 
up and conduct in comparison to UTT, and extensive 
user experience has been accumulated in the civil en-
gineering community.   

Ostergaard et al. (2005) have proposed an inverse 
analysis technique for FPBT.  In their method, hinge 
model, including both tensile strain hardening and 
tension softening effect, was employed along with 
least square method to invert for tensile material 
properties from their bending response.  The model 
can predict experimental load – deflection curve 
fairly well and tensile properties derived based on this 
method agree well with that from FEM analysis, yet 
no direct comparison with UTT results has been 
made so far.  

On the other hand, Kanakubo (2006) also pro-
posed an inverse analysis method. By adopting a 
simplified elastic-perfectly plastic tensile model, this 
method generally can predict plateau tensile strength 
and tensile strain capacity from the FPBT results via 
a sectional analysis similar to that developed by 
Maalej & Li (1994). Nevertheless, significant im-
provement is needed to simplify the experimental 
execution and data interpretation procedure.  For 
instance, LVDTs are required in JCI method to 
measure the beam curvature.  This is somewhat 
burdensome in field conditions, considering quality 
control may involve a large number of specimens.  
Furthermore, the inverse process is not user friendly, 
which require relatively complicated calculation.  

More recently, Qian and Li proposed another in-
verse method (Qian & Li 2007, 2008) in order to 
have simpler test setup and inverse procedure. While 

Fracture Mechanics of Concrete and Concrete Structures -
High Performance, Fiber Reinforced Concrete, Special Loadings and Structural Applications- B. H. Oh, et al. (eds)

ⓒ 2010 Korea Concrete Institute, ISBN 978-89-5708-182-2



their method is also based on the model by Maalej & 
Li (1994), it allows a simple FPBT without using 
LVDTs and linear transformation from deflection to 
tensile strain capacity. It has been shown that this 
method agrees well with the method proposed by 
Kanakubo (2006). Nevertheless, the number of mix-
tures for validation purpose is relatively small. In this 
paper, this method will be further validated by exten-
sive data sets by Zhou et al. (2009a,b), which also 
have different geometry and test setup.  

In the following sections, the overall procedure of 
inverse analysis will be briefly described. Thereafter, 
the experimental program consisting of both FPBT 
and complementary UTT will be revealed in detail.  
The results from FPBT will then be converted to ten-
sile strain capacity and validated with independent 
UTT test results.  Finally, overall conclusions will 
be drawn based on validation results.  

2 PROCEDURE OF INVERSE ANALYSIS 

As shown in the Figure 1, deflection capacity (deflec-
tion corresponding to peak bending stress, i.e., 
modulus of rupture) can be obtained from FPBT.  
By conducting parametric studies based on a flexural 
behavior model of SHCCs, master curve was con-
structed in terms of tensile strain capacity with re-
spect to deflection capacity (Qian & Li 2007).  
Based on deflection capacity of FPBT and master 
curve from parametric study, tensile strain capacity 
of SHCCs can be derived.  Additionally, a compan-
ion UTT test using specimens cast from the same 
batch of material is used to validate and/or verify the 
proposed method in terms of the accuracy of derived 
tensile strain capacity.  

 

 
 
 
 
 
 
 
 
Figure 1. Procedure of inverse analysis.  

 
 
 

Table 1.  Mix proportion of ECC and concrete by weight (fi-
ber by volume). 

MaterialCement Sand Fly 
Ash 

Water/ 
Cementitious 
Material 

Super-
plastize
r 

Fiber 
volume %

PVA-
ECC1 1 0.8 1.2 0.27 0.013 2 

PVA-
ECC2 1 1.1 2 0.26 0.014 2 

PVA-
ECC3 1 1.4 2.8 0.26 0.016 2 

3 EXPERIMENTAL PROGRAM 

The mix proportion of SHCC materials investigated 
in this study is shown in Table 1, including PVA-
ECC 1, 2 and 3. A Hobart mixer was used in this in-
vestigation, with a full capacity of 12 liters.  All 
beam and uniaxial tensile specimens were cast from 
the same batch. The beam and uniaxial tensile speci-
mens were cast horizontally. At least 3 specimens 
were prepared for each test.  After demolding, all 
specimens were cured in a sealed container with 
about 99% humidity under room temperature for 28 
days before testing. 

Four point bending test was conducted with a 
MTS 810 machine.  The beam specimen has a di-
mension of 356mm long, 50 mm high, and 76 mm 
deep. The loading span between two supports is 
305mm with a constant moment span length of 
102mm.  The beam was tested under displacement 
control at a loading rate of 0.02 mm/second.  The 
flexural stress was derived based on simple elastic 
beam theory and the beam deflection at the loading 
points was measured from machine displacement di-
rectly.   

 

 
 

Figure 2. Setup for uniaxial tensile test. 
 
As shown in Figure 2, uniaxial tensile test (UTT) 

was also carried out to directly verify the derived 
tensile strain capacity from four point bending test. 
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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 



The coupon specimen used herein measured 304.8 x 
76.2 x 12.7 mm. Aluminum plates were glued at both 
ends of the coupon specimen to facilitate gripping 
(both ends are fixed).  Tests were conducted in an 
MTS 810 machine with a 25 kN capacity under dis-
placement control, with a loading rate of 
0.0025mm/second throughout the test. Two external 
linear variable displacement transducers (LVDTs) 
were attached to specimen surface with a gage length 
approximately 180mm to measure the displacement.  

Additionally, Mixture M1-6 from Zhou et al. 
(2009a) is listed in the Table 2. In his test, the fresh 
ECC was cast into six coupon specimens with the 
dimension of 240 mm × 60 mm × 10 mm for the 
four-point bending and the uniaxial tensile tests and a 
beam with the dimension of 160 mm × 40 mm × 40 
mm for the compressive test. After 1 day curing in 
moulds covered with plastic paper, the specimens 
were demoulded and cured under sealed condition at 
a temperature of 20°C for another 27 days. 

Their coupon specimens were evenly sawn into 
four pieces with the dimension of 120 mm × 30 mm 
× 10 mm. These specimens were used in four-point 
bending test (Fig. 3). The support span of the four-
point bending test set-up was 110 mm and the load 
span was 30 mm. Two LVDTs were fixed in both 
sides of the test set-up to measure the flexural deflec-
tion of the specimen. The test was conducted under 
deformation control in the speed of 0.01 mm/s. Three 
measurements were done for each mixture.    

 
Table 2.  Mix proportion of ECC and concrete by weight (fi-
ber by volume) (Jian et al. 2009a). 

Mate-
rial 

Ce-
ment 

Limestone
powder 

Blast 
fur-
nace 
slag 

Water/ 
powder 

Super-
plastizer 

PVA fiber 
(by vol-
ume %) 

M1 1 0.8 1.2 0.27 0.025 2 
M2 1 1.5 1.2 0.27 0.023 2 
M3 1 2 1.2 0.26 0.018 2 
M4 1 3 1.2 0.26 0.018 2 
M5 1 2 1 0.26 0.018 2 
M6 0.6 2 1.4 0.26 0.020 2 
 

   

Specimen 

LVDT 
 

Figure 3. Four-point bending test set-up. 
 
A new uniaxial tensile test set-up was developed 

for SHCC as shown in Figure 4 (Zhou 2009a). The 
specimen is clamped by four steel plates, one pair at 

each end. Each pair of steel plates is fastened with 
four bolts. Two pairs of steel plates are fixedly con-
nected to the loading device with two steel bars for 
each pair. Between the pairs of steel plates and the 
loading device, there is a ±3 mm allowance. It is used 
to diminish the eccentricity in the direction perpen-
dicular to the plate of the specimen by moving the 
steel plates along the steel bar. The tensile force is 
transferred to the specimen by the friction force be-
tween the steel plates and the specimen. Four alumi-
num plates, 1 mm thick, are glued on both sides of 
the two ends of specimens in order to improve the 
friction force, to ensure the clumped area work to-
gether and to prevent the local damage on the speci-
men due to the high clumping force. 

 

Specimen

LVDT 

Steel 
plate 

     

    

Aluminum plate 
glued on the 
specimen Specimen 

Bolt 

14 mm 

3 mm 

Steel 
plate 

T 

T 

Steel bar 

 
Figure 4. Uniaxial tensile test set-up. 

4 VALIDATION OF THE PROPOSED METHOD 

A set of equations has been developed based on pa-
rametric study of beam flexural model to correlate 
deflection and tensile strain capacity, as shown be-
low, where Equations (1) and (2) can be used to cal-
culate the average tensile strain capacity and its de-
viation, respectively. For more details about the 
derivation of the equations, readers are referred to 
Qian & Li (2007). 
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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 
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(chemically bound) water wn (Mills 1966, 
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by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

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 

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

 
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 



22.050.0' −⋅= utu δε                     (1) 
 

18.050.0 +⋅= SDPD                     (2) 
 
where '

tuε  is the predicted average tensile strain ca-
pacity (%); uδ  is the average deflection capacity 
obtained from FPBT (mm); PD is the predicted de-
viation for tensile strain capacity (%) considering the 
standard deviation of the deflection capacity, and SD 
is the standard deviation of the deflection capacity 
(mm).  To be conservative, the lower bound equals 
to the lowest strain capacity value corresponding 
to SDu −δ . Likewise, the upper bound equals to the 
highest strain capacity value corresponding 
to SDu +δ .  Therefore, the predicted deviation is 
the difference of upper bound/lower bound with pre-
dicted average tensile strain capacity.  

It should be noted that this equation can only be 
applied to specimen with the same geometry and 
same loading conditions as that used by the first au-
thor. For the smaller size sample used by Zhou et al. 
(2009a), a new set of equations (3-4) has been de-
veloped to facilitate the transformation from deflec-
tion capacity to tensile strain capacity.  
 

 ' 0 .77tu uε δ= ⋅                            (3) 
 

0 .77 0.08PD SD= ⋅ +                       (4) 
 

To validate the proposed inverse method, the de-
flection capacity obtained from FPBT is converted to 
tensile strain using Equations (1) and (2) and then 
compared with tensile strain capacity obtained di-
rectly from uniaxial tensile test for PVA-ECC 1-3.  
As revealed in Figure 5, the tensile strain capacity de-
rived from FPBT predicts the uniaxial tensile test re-
sults with reasonable accuracy.  This agreement 
demonstrates the validity of the proposed inverse 
method.   
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Figure 5. Comparison of tensile strain capacity from test and 
prediction. 

 
To further verify the proposed inverse method, 

defection from M1-6 (Table 2) and MS1-6 (Zhou 

2009b) was also converted to tensile strain capacity 
using Equations (3) and (4), which is derived based 
on the beam size as used in experiments of Zhou et al 
(2009a). As can be seen in Figures 6 & 7, the tensile 
test results generally agree well with predictions. It 
should be noted that M1-6 and MS1-6 were mixed 
by much smaller mixer (1.5 liter vs 12 liter) and 
tested with samples of much smaller size (120 mm × 
30 mm × 10 mm vs. 356 mm x 76 mm x 50 mm). 
The general agreement between tensile test results 
and prediction suggest that the proposed inverse 
method is a valid method regardless of sample ge-
ometry.  

It should be noted that MS5 and MS6 shows rela-
tively large discrepancy between tensile test results 
and prediction. This may be explained by the higher 
robustness of bending test procedure in contrast with 
that of uniaxial tensile test procedure, where prema-
ture failure due to secondary flexure is unavoidable. 
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Figure 6. Comparison of tensile strain capacity from test and 
prediction (Zhou et al. 2009a). 
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Figure 7. Comparison of tensile strain capacity from test and 
prediction (Zhou et al. 2009b). 

5 CONCLUSIONS 

To facilitate the quality control of the strain harden-
ing cementitious composites on site, a simplified in-
verse method based on parametric study of beam 

PVA-ECC 1     PVA-ECC 2   PVA-ECC 3
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that the variation in time of the water mass per unit 
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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 



flexural model was proposed. This method converts 
the deflection capacity from simple beam bending 
test to tensile strain capacity through linear transfor-
mation.  This proposed method has been extensively 
validated with uniaxial tensile test results from vari-
ous sources. The wide range of SHCC mixtures, 
variation of geometry of sample and test setup sug-
gests the versatility and robustness of this method.  
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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 
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