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ABSTRACT: This experimental work investigates the hydraulic behavior of a macro-cracked concrete, in or-
der to improve the understanding of the coupled effects of temperature and water saturation. A concrete sam-
ple is macro-cracked using the Brazilian test technique. It is then submitted to dry or wet gas flow at different 
temperatures and confining pressures and its permeability is recorded. This first phase of the study clearly 
shows that confinement, which induces macro-crack closure, drives the first-order variation of permeability 
without any significant self-sealing of the crack, despite the wet gas injection. On another hand, injection of 
liquid water leads to a continuous decrease in flow rate. In a second phase, the permeability of intact, un-
cracked, material is measured under different moderate temperatures, which generates sample cooling or heat-
ing. This phase clearly demonstrates the importance of the sample initial saturation rate. Indeed, if the mate-
rial is initially dry, temperature plays no role upon permeability, whereas it does if the material is initially 
partially water-saturated. 

1 INTRODUCTION 

This study is part of a large experimental program 
conducted by our laboratory upon the hydraulic be-
havior of concrete and upon the thermal conditions 
which affect this behavior. Numerous engineering 
problems require the knowledge of hydraulic behav-
ior of cement-based materials under varying tem-
perature. Such problems include thermal methods of 
oil recovery, geothermal reservoir engineering, stor-
age of thermally active (mainly radioactive) wastes 
at low or great depth. In particular, as regards the 
design of safe confinement structures for nuclear 
power plants, the identification of gas flow mecha-
nisms through porous, cracked, or pre-cracked areas 
is necessary to simulate accidental situations, so that 
the overall leakage should not exceed a safety limit. 
A special interest has to be given to cracked areas 
submitted to gas flow under different kinds of 
stresses and conditions of humidity and temperature. 
On real structures, contrasted gas permeability is 
also observed between summer and winter seasons: 
leakage rates are higher in summer. In first instance, 
the main difference is a higher temperature and a 
lower humidity level in summer. Some additional 
phenomena may also be accounted for: expansion 
and opening of cracks, local skin de-saturation lead-
ing to an increase in effective gas permeability, con-
traction of the concrete capillary pores during the 
colder winter period, etc. Therefore, our experimen-
tal investigations are carried out in order to investi-

gate (1) the effect of hydrostatic loading, tempera-
ture and fluid water content upon gas permeability 
of a macro-cracked concrete, and (2) the effect of 
moderate temperature variations and saturation rate 
upon intact concrete gas permeability. 

2 EXPERIMENTAL METHOD 

2.1 Material and sample preparation 
The concrete is composed of Type V cement (refer-
ence CEM V/A), sand (0-4mm), gravel (5-12mm) 
and an amount of water need-reducing additive. The 
mixture is prepared with a W/C ratio of 0.39. Large 
beams are made and kept for 28 days in lime-
saturated water at a constant temperature of 20°C. 
Concrete samples are cylinders of 37 mm diameter 
and 60 mm height. They are cored from the beams 
after 28 days and rectified to obtain a proper planar-
ity of their end surfaces. Reference dry state is taken 
after oven-heating at 60°C until constant mass. To 
obtain partially-saturated samples from an initial 
fully water-saturated state, samples are put in a cli-
matic chamber which can control temperature and 
humidity, until mass stabilization. Concrete samples 
are macro-cracked along a diametral plane by the 
Brazilian test technique of traction-splitting (Figure 
1). However, it is not possible to control their initial 
opening, see Figure 2. This leads to differences in 
the initial crack behavior vs. confining pressure: the 



first crack closure obtained under increasing confin-
ing pressure is very different from one sample to an-
other.  

2.2 Gas permeability measurement under 
isothermal conditions 

A steady state gas flow test apparatus (see Figure 3) 
is used to measure gas permeability at either ambient 
temperature or above (Loosveldt et al. 2002; Chen et 
al. 2009). The sample is placed inside a triaxial pres-
sure cell and initially subjected to a hydrostatic 
stress, i.e. a confining, pressure Pc, while a constant 
gas pressure Pi is applied on one end and atmos-
pheric pressure P0 on the other. Confining pressure 
is held constant using a Gilson-type pump. 

At ambient temperature, this test provides a direct 
measurement of the permeability by applying 
Darcy's law. A quasi-steady flow state method, 
based on an average gas volume flow rate Qm meas-
urement through the sample when decreasing 
slightly Pi by ∆Pi « Pi, is performed at a mean gas 
pressure value Pm=Pi-(∆Pi/2) (Skoczylas, 1996; 
Meziani & Skoczylas, 1999; Loosveldt et al., 2002). 
Permeability K along sample height L is given by 
Darcy’s law as: 

 
                                     (1) 
 
 

where µ is gas viscosity. It is taken at a value of 
2.2×10-5 Pa.s at 20°C for argon. Pi is set at 0.5MPa 
or at 1.0MPa and P0 is atmospheric pressure. 

 

 
Figure 1. Sketch of the Brazilian splitting test, after (Davy et 
al. 2007). 

 

  
Figure 2. macro-cracked samples for gas permeability tests. 

2.3 Gas permeability measurement under non 
isothermal conditions 

Usually, the mean volume flow rate Qm is measured 
at ambient temperature To. If the triaxial cell and the 
sample are at a different temperature T, the volume 
flow rate and the permeability calculation must be 
corrected; we must also take into account the viscos-
ity variation in equation (1) as: 

 
                                     (2) 
 
 

where T and T0 are expressed in kelvin (ambient 
temperature is at 293K) and µref=2.28×10-5 Pa.s (R. 
Lide. 2001). 

At constant pressure, for an ideal gas one can de-
rive: 

 
 
                                     (3)  
 

 
and ρ0 is ρ(T0). 

If Q is the mass flow rate, it is constant in steady 
state, and the volume flow rate Qm(T)=Q/ρ(T). 
Therefore we have the following correction for Qm:  

                                   
                                     (4) 

 
 
Equations (1), (2) and (4) provide finally KX(T): 
 
 
                                     (5) 
 
 

 
Figure 3. Experimental set-up used for continuous gas perme-
ability tests under confinement and with temperature above 
ambient, from (Chen et al. 2009). 

2.4 Measurement devices for crack closure 
A LVDT device was especially designed to measure 
crack closure amplitude. To improve measurement 
accuracy, four LVDT sensors are used and placed in 
the sample median plane at 90° from one another 
(Fig. 4 and Fig. 5). If the sensors in opposition 
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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 

 

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 
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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 



measure respectively δ1 and δ2, the opening of the 
crack is given by: 

  
                                      
        

where δ1 is the displacement of diametrically op-
posed sensors 1 and 2. δ2 is the displacement of dia-
metrically opposed sensors 3 and 4. 

2.5 Test calibration 
This LVDT device must be carefully calibrated to 
evaluate the deformation of the assembly (mainly, 
the nylon support ring), the deformation of the Vit-
tonTM sleeve, and the actual bulk deformation of the 
material. As a result, the crack opening/closure can 
be isolated, and will be presented hereafter. 

 

  
Figure 4. LVDT device, from (Davy et al. 2007). 

 

  
Figure 5. LVDT sensors and support ring, from (Davy et al. 
2007). 

2.6 Experimental procedure 
During tests at ambient temperature, each macro-
cracked sample is instrumented using the LVDT de-
vice in order to measure the crack displacement. The 
maximum level of confinement is 45MPa and the in-
jection pressure for gas has been chosen in a range 
of 0.5 to 1.0 MPa. There distinct phases are consid-
ered: 

1) During the first loading phase, confining pres-
sure only is increased. Initial closure is un-
representative of the macro-cracked concrete behav-
ior, because the crack opening after initial splitting 
is not controlled. This phase is irreversible and has 
no real meaning for a structure because it is usually 
too large as compared to in situ cracking. The re-
sponse of this "initial" crack is named "sample initial 
setting". 

2) During subsequent loading phases, a repro-
ducible crack behavior is observed. It is nonlinear 
elastic, and displays a bi-univocal relationship be-
tween confining pressure and crack amplitude, dur-
ing loading and unloading. Crack amplitude in this 
phase is controlled by the sole confinement. 

3) In this last phase, we inject the crack with wet 
and hot air (at 92% RH) for 48h to 5 days. This gas 
flow is carried out by a vacuum pump, which ex-
tracts air from the climatic chamber before flowing 
it through the crack. After humid gas flow is 
stopped, permeability is measured using the tech-
nique detailed in 2.3., with a dry gas flow. 

Gas permeability is measured mainly during 
Phase (2) and Phase (3), and it is always performed 
using dry gas, under varied temperatures. 

3 RESULTS 

Tests described in Section 3.1, 3.2. and 3.4. are all at 
ambient temperature, whereas those described in 
Sections 3.3. and 3.5. are under temperature. 

3.1 Relationship between confining pressure and 
crack amplitude 

As mentioned above, the first phase of crack closure 
after the initial split has to be isolated from subsequent 
phases, which have less amplitude and are reproduci-
ble. First sample N°1 illustrates this assertion (Figure 
6). We can see that the so-called “mechanical closure” 
occurs at ca. 20MPa confining pressure, above which 
the crack amplitude remains almost constant (vertical 
behaviour). It is assumed that its remaining small 
changes and "oscillations" are more related to sensor 
limits and calibration corrections, which are based on an 
average behaviour of the sensor device. Crack closure 
amplitude after Phase (1) is repeatable over the succes-
sive loading/unloading cycles and it is small, with a 
value of ca. 15 microns only. 

Figure 7 compares the initial crack closure phase 
(1) for Samples N°1 and N°2. This shows a compa-
rable behavior, yet with different total closure ampli-
tudes. However, if we examine successive loadings 
(Figure 8), we can observe that after two to three 
loading-unloading cycles only, the initial difference 
has vanished: the crack behavior is virtually identi-
cal from one sample to the other. As a partial con-

2 2
1 2δ + δ=e
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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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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 



clusion, after a few loading-unloading cycles, the 
mechanical behavior of two different samples is al-
most identical, although the initial crack aperture 
was different. 

 

 
Figure 6. Three consecutive loading phases Pc vs. crack ampli-
tude (or closure) for Sample N°1: initial confinement (Phase 
(1), represented on the right), and two subsequent loadings 
(Phase (2), represented on the left). 

 

 
Figure 7. Comparison of initial closures for two different sam-
ples N°1 and N°2. 

 

 
Figure 8. Comparison of crack closure for two samples – initial 
closure and reproducible. 

3.2 Relationship between confining pressure and 
gas permeability 

It is also necessary to put aside the initial closure 
phase in terms of gas permeability evolution. Indeed, 
in Figure 9, we can clearly observe that permeability 
variation is very sharp until the first mechanical clo-
sure occurred (around 20MPa) and this phase (1) is 
irreversible. In further cycles and whatever the injec-
tion pressure, gas permeability varies in a very nar-
row zone and is reversible. We can also notice that 
the first unloading cycle falls within this zone. Also, 
there is no significant effect of injection pressure Pi 
(taken equal to 1 or 0.5MPa) i.e. no visible Klinken-
berg effect. Finally, even if the crack is mechani-
cally closed, gas permeability varies very little 
around 10-15m2, although it decreases continuously 
with confining pressure. It appears that, contrarily to 
mechanical closure, no hydraulic closure can ever be 
obtained. 

 

 
Figure 9. Sample N°1 – Gas permeability as a function of suc-
cessive confining pressure increases and decreases. Gas and 
sample are at ambient temperature. 

3.3 Influence of humidity and low temperature 
variation 

In this part, the experiment consisted in flowing hu-
mid air (92% RH) at 24°C or at 50°C for at least 
48h, then for periods of 5 consecutive days, through 
a non-confined crack. As rehydration may occur, the 
crack permeability is measured under increasing 
confinement. After humid air flow is stopped, the 
permeability test is performed by injecting dry argon 
gas into the heated triaxial cell, at either room tem-
perature or at 50°C (identical to the humid air tem-
perature). These phases can then be repeated. 

Results of the first campaign (on Sample N°1) are 
not marked by a noticeable effect of successive hu-
mid air flow phases upon gas permeability (Figures 
10-11), so that it appears that permeability still 
mainly depends upon confinement. The global trend 
is that of a slight decrease in permeability with ac-
cumulated cycles. On another hand, this slight de-
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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 
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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 
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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 



crease also depends upon injection pressure (0.5MPa 
to be compared to 1MPa, see Figs. 10 and 11), 
which might be due to the Klinkenberg effect, but it 
is so limited that it is hard to conclude at this point. 

Sample N°2 is tested using similar cycles (Figure 
12) at either ambient temperature, 35°C or 50°C and 
using 0.5 and 1 MPa gas injection pressures for per-
meability measurements. Sample N°2 evolution is 
almost identical to that of Sample N°1, indicating 
the predominance of confinement upon permeability 
variation. Again, there is no clear influence of sam-
ple temperature when humid air flows through the 
crack, all permeability vs. confining pressure behav-
iors are situated in a narrow zone. 

 

 
Figure 10. Evolution of gas permeability at 0.5MPa injection 
pressure, after several days humid air cycles (2 days, 7, 12, 17 
or 22 days humid air injection) and at ambient temperature or 
at 50°C. 

 

 
Figure 11. Evolution of permeability - at 1MPa injection pres-
sure, after several days humid air cycles (2 days, 7, 12, 17 or 
22 days humid air injection) and at ambient temperature or at 
50°C. 

 
Figure 12. Evolution of permeability - at either 0,5MPa 
or1MPa injection pressure during humid air cycles, and with 
different temperatures. 

3.4 Effect of liquid water injection through macro-
cracked concrete 

If humid gas does not induce significant changes in 
macro-crack permeability, what happens when water 
is injected through the macro-crack? Does self-
sealing occur as in argillite (Davy et al. 2007)? In or-
der to investigate this, a single preliminary test was 
conducted on Sample N°1, at 3 MPa confining pres-
sure and using a gas injection of 0.5MPa. Results 
show a regular decrease in permeability and water 
flow (Figures 13 and 14). Moreover, one order of 
magnitude in water permeability is lost with time 
(from 9x10-17m2 down to 10-17m2 over 14 days), and 
water permeability is much lower than gas perme-
ability (which has values of ca. 10-14-10-15m2). The 
continued decrease in permeability (and flow) is re-
lated to macro-crack clogging in relation with ce-
ment re-hydration. 
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Figure 13. Evolution of the water permeability of a macro-
cracked concrete sample. 
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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  

 

J•∇=
∂

∂
−

t

w
                              (2) 

 
The water content w can be expressed as the sum 

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

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

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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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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Figure 14. Water flow evolution in a macro-cracked concrete 
sample (in black, left vertical coordinates: water cumulative 
mass, in blue, right vertical coordinates: volume flow rate). 

3.5 Effect of winter-summer cycling 
In this experiment, we have considered initially dry 
or partially-saturated concrete samples to assess the 
effect of water saturation upon dry gas permeability 
when temperature is varied within the range of 
European seasonal variations (i.e. between 5 and 
50°C). We have adopted the following cycling 
method: 

1. Initial gas permeability test at room tempera-
ture (20°C). 

2. Gas permeability test at 5°C, by placing both 
triaxial cell and sample in a refrigerator chamber. 

3. Gas permeability test at 30°C, then at 50°C or 
40°C using the cell depicted in Figure 3. 

4. Gas permeability test at 20°C, or again at 5°C 

3.5.1 Results for initially dry concrete 
Results for two initially dry samples N°3 and 4 (Fig-
ures 15 and 16) clearly show that gas permeability is 
reproducible and similar values are obtained what-
ever the temperature, and although they are 3 
months apart from each other, for one same sample. 
It is to be emphasized that no significant influence 
of temperature occurs upon gas permeability when 
the material is initially dry. Another remarkable 
point is the magnitude of intact concrete permeabil-
ity, as compared to macro-cracked material. It may 
be considered as intrinsic and, with values of ca. 4 to 
5x10-18m2, it is significantly lower than that obtained 
for macro-cracked sample (with values on the order 
of 10-14-10-15 m2), even when the macro-crack is me-
chanically closed. In addition, in terms of industrial 
relevance in the domain of nuclear power plant con-
crete structures, we can state that there is no sea-
sonal difference in leakage rate when concrete is 
sound (i.e. un-cracked) and dry (which is not the 
case in situ). 
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Figure 15. Permeability evolution for one single dry sample 
N°3 with temperature variations (20, 5, 30, 50 and 20°C suc-
cessively). 
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Figure 16. Permeability evolution for one single dry sample 
N°4 with temperature variations (20, 5, 30, 50 and 20°C suc-
cessively), tested during 3 months. 

3.5.2 Results for initially partially saturated con-
crete 

Figures 17 and 18 present permeability results for 
two initially partially saturated samples N°5 and 
N°6. Initial partial saturation is obtained by placing 
both samples in a 60% RH atmosphere until constant 
mass, which leads to a water saturation level Sw of 
around 70%. This is considered as representative of 
in situ situations. Results are not ambiguous and 
saturation induces sensible effects upon gas perme-
ability, with generally lower values when concrete is 
cooled rather than heated. If only little difference is 
noticed during retraction or expansion of an initially 
dry matrix (see 3.5.1.), it is no longer the case if 
pores are partially water-filled. Figure 17 shows that 
returning to 20°C provides sample N°5 with lower 
permeability than during the first measurement, 
while the return to 5°C for sample N°6 (Figure 18) 
induces a slightly higher permeability than that at 
the initial state. As our measurements do not change 
either the saturation or the micro-structure, we as-
sume these differences to be due to a redistribution 
of the liquid phase in the capillary pores. Dilatomet-
ric contrasts between water and cement matrix in-
duce redistribution of local pore water, which leads 
to variations in gas permeability (Chen et al. 2009). 
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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 



More generally, the hot/cold cycles affect gas per-
meability measured at the same temperature. These 
early results clearly indicate that initial water satura-
tion plays an important role upon concrete permeabil-
ity when temperature varies, even moderately. An-
other clear trend is also that concrete is less permeable 
when cooled. 
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Figure 17. Temperature effect upon gas permeability for ini-
tially partially-saturated sample N°5 (20, 5, 30, 50 and 20°C 
successively). 
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Figure 18. Temperature effect upon gas permeability for ini-
tially partially-saturated sample N°6 (20, 5, 40 and 5°C succes-
sively). 

4 CONCLUSION 

Permanent dry gas flow tests for macro-cracked con-
crete show that permeability K depends mainly upon 
crack closure, with values on the order of 10-14–10-
17m2. Crack closure itself being driven by confining 
pressure Pc, K also depends largely on Pc, during the 
initial loading/unloading phase as well as during the 
subsequent ones. There are, indeed, two successive 
steps: a first irreversible closure that is scarcely sig-
nificant and non reproducible. It depends upon the 
initial crack opening, which is difficult to control. 
After this first loading step, the overall amplitudes 
of opening and closing are small and around 15-20 
microns, associated to a nonlinear elastic relationship 
between crack amplitude and confining pressure Pc. In 
this second phase, gas permeability is well represented 
as a function of confinement only. Besieds, gas perme-
ability depends very slightly upon gas injection 

pressure (0.5 or 1 MPa). Mechanical closure, 
whereby crack closure does not evolve any more, is 
obtained for all tests from around 18-20MPa. Never-
theless, after mechanical closure, an increase in con-
finement still leads to a continuous decrease in gas 
permeability. This means that there is a remaining 
intra-crack hydraulic path whatever the hydrostatic 
stress level. Injection of humid air through the crack 
shows very limited effect upon gas permeability, as 
compared to initial dry state. It appears that confin-
ing pressure solely drives gas permeability variation. 

The injection of liquid water through macro-
cracked concrete shows a steadily decreasing water 
flow rate over time, synonymous with lower water per-
meability. Our interpretation is that, in such situation, 
liquid water is able to induce macro-crack self-sealing, 
thanks to the rehydration of some anhydrous cement 
particles present at the crack lip surfaces. 

Alternating summer and winter temperature 
variations shows the importance of initial water 
saturation rate. When concrete is initially dry, transi-
tion from hot to cold temperatures, and its reverse, 
induce no significant permeability variation. On an-
other hand, pore water presence clearly changes gas 
permeability when temperature varies. In such case, 
gas permeability of colder material is consistently 
lower than that of heated material. As regards the in-
dustrial application of nuclear power plants, this may 
partly explain a leak rate slightly greater in summer than 
in winter, even in the absence of macro-crack. In addi-
tion, if water saturation gradients exist, for instance, in a 
thick confining structure wall, there will be structural 
permeability variations due to both lower saturation 
rates and cracking. 
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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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(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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