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ABSTRACT 

The leak rate prediction of air and steam through a cracked concrete wall is an extremely important issue in 
assessing the safety of nuclear reactor containment building. Furthermore the relation between air leak rate and 
steam leak rate on the same wall could have some interest for safety prediction. The present study investigates the 
transfer of fluids through a wall of 1.3 m of thickness, with a focus on two cases: one on a mechanically damaged 
concrete by compressive stress and another one on a crossing artificial flaw in a construction joint realized in the 
concrete specimen. The aim of this work was to study comparatively, in laboratory, the permeability of the 
damaged concrete walls under two conditions. The first condition was at ambient temperature, a reference test of 
permeability, with dry air, giving the characteristics of permeability and the type of flow through the specimen. 
The second condition was an accidental scenario with simultaneous effects of temperature and gas (a mix of air 
and steam) pressure applied on a face, the other one remaining at atmospheric pressure and temperature.  

 
Keywords: Mass transfer, heat transfer, permeability, cracks, accident conditions 

 

1. INTRODUCTION 
The function of a containment wall is to prevent the leakage of radioactive fission products into the 

environment in the event of an accident. For many Nuclear Power Plants (NPPs), containment wall construction is 
based on a single containment design, where the leaktightness function of the containment is ensured by a steel 
liner. 

In French design, the 1300-1450 MWe NPP reactor building consists of a double concrete wall, which 
comprises an outer reinforced wall to assure protection against external effects, and an unlined inner prestressed 
concrete wall to provide the leaktightness function. Furthermore, the annulus between the two containments is 
maintained under slight depressurisation in order to suck in and filter potential leaks from the inner containment 
(Granger et al., 1998). 

On the containment wall, the technical objective, in term of leaktightness, is to maintain the rate of gas escape 
under 1.5% by day of the confined gas volume during a LOCA (Loose Of Coolant Accident). As this criterion is 
not practically measurable, the compliance with the rule is evaluated by measuring the quantity of air leak, 
obtained during a periodical pressure test at ambient temperature. The level of pressure used is analogous at this 
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one that could arise in case of accident. To improve the knowledge of the link between the two situations an 
experimental program was performed. 

This experimental work was to study comparatively the permeability of damaged concrete walls under an air 
permeability test at ambient temperature and under an accidental scenario with temperature, in order to bring some 
elements about the prediction on transposition ratio between the air leak flow (at ambient temperature) and the leak 
flow with air + steam (under accidental conditions) according to the transfer parameters.  

1.1 Test equipment 
Cylindrical concrete specimens had a diameter of Φ = 0.5 m, section S = 0.1924 m2. Their thickness is the 

same as that of an EPR nuclear containment L = 1.3 m (that gives a slenderness ratio of 2.62), and thus the thermal 
properties and leaktightness behaviours are modeled with a scale ratio of 1 (Shekarchi, 1999).  

The specimen was vertically put into place and laterally enclosed by resin injection between concrete and 
metallic shell. This ensures the hydric leaktightness. A thermal insulation lead to a quasi-homogeneous 
temperature range on the planes which were normal at the specimen’s axis of symmetry. An autoclave was placed 
on the concrete surface at the top of the specimen. A control system set both the air permeability conditions and the 
accident conditions with control of temperature and pressure (which was produced by water vapour and/or 
compressed air). At the base (“extrados” of the concrete specimen), a system consisting of a gas flow meter, 
humidity meter and condenser allowed the separation and quantification of the gaseous and liquid parts of the 
outgoing fluids. 

Thermocouples (16), pressure taps (10) and moisture gauges (8) were implanted in the specimen at the 
moment of casting. They provided local information on the specimen, and were mostly distributed in the first 50 
cm of the concrete. All gauge connections exited the concrete specimen laterally. The pressure tap consisted of a 
copper pipe connected to a pressure gauge located outside the specimen. Water content measurement in the 
concrete specimen was performed by examining the electrical resistance of the moisture gauges (Shekarchi et al., 
1998). They gave the water saturation degree W/Saturated, the value W (kg per cubic metre of concrete), obtained 
during the test with the help of gauge (calibration was performed prior to the tests), corresponded to the quantity of 
locally evaporable water (if the concrete was dried in an oven at 105°C). 

1.2 Test program 
Two types of specimens were prepared: the type n°1 concerned specimens made up with an ordinary concrete 

intended to be damaged mechanically to introduce cracks in, and the type n°2 concerned a specimen made up also 
with an ordinary concrete but having inside a crossing artificial flaw to simulate a construction joint. The various 
steps (from one to four) of the tests program are specified in table 1.  

Table 1: Test program 
 Number of 

specimens 
made 

1st step 2nd  
step 

3rd step 
scenario T1

3rd step (bis) 
Supplementary steps for type 
n°1 

4th  step 
scenario 
T2 

Specimen 
type n°1 

3 Specimen 
making 

Cure 
(table 
n° 3) 

Air 
permeability 
tests 

Compressive 
tests to 
damage the 
specimens 

Air 
permeability 
tests 

Accident 
scenario 
on 
specimen 
A 

Specimen
typen°2 

1 Specimen 
making 

Cure 
(table 
n° 3) 

Air 
permeability 
test 

 Accident 
scenario 
on 
specimen 
B 

 
 

2. WALL SPECIMENS 
This section details how was obtained the tested specimens 

2.1 To make up the concrete specimens 
The concrete of specimens of type n°1 was placed in a steel mould, the cylinder volume being vertically, this 

one was made up with four shells, to create the cylinder volume, each one being 0.65 m high. This allowed limiting 
the height of concrete fall during the placing, and so it was easier to assure the positions of the sensors implanted 
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along the revolution axis in the specimen. Special precautions were taken to obtain two parallel faces at the ends of 
the cylindrical specimen. This paper presents results for three specimens named AO1, AO2, and A; the AO1 and 
AO2 specimens did not contained any sensors. 

Only one specimen of type n°2, named B, was fabricated. To create a crossing artificial flaw in the specimen, 
the concrete was set in the mould, the cylinder volume being horizontally, in two times: during the first one the 
concrete filled the half volume, the lower part, twenty-four hours after, a new fresh concrete was placed on the 
hardened concrete, but before the interface between the two layers was artificially damaged. Laboratory 
investigations show that if there is no damage on the interface, there is no difference on the gas or liquid transfer 
between a specimen filled in one time or in two times. To realize the flaw (the damage) along the diameter of the 
specimen, a water saturated sand bed (sand sizes: 3-4 mm) was placed roughly on the surface of the hardened 
concrete just before filling the second layer of fresh concrete.  Some sensors were positioned in the interface zone, 
and some others in plain concrete but on the same section of the cylinder. 

The mixture proportions of the concretes are given in table 2.  
Table 2: Mix proportions (kg/m3), and slump of the used concretes 

Types of specimen Type n°1 Type n°2 
References of specimen A, AO1, AO2 B 
Cement: CPA CEM I 52.5 –PM CP2 285 kg/m3 285 kg/m3 
Fine aggregate ( 0 - 5 mm.) 825 kg/m3 825 kg/m3 
Coarse aggregate ( 5 - 10 mm.) 1071 kg/m3 1071 kg/m3 
Water 193.3 kg/m3 183.3 kg/m3 
Ratio W/C 0.68 0.64 
Slump 0.1 m 0.14 m 

    
 

 
The form removals were made 48 hours after placing. Then, the specimen was wrapped laterally by a plastic 

film to stop the mass exchanges between the concrete and the environment, the planes faces at the top and bottom 
staying in contact with the air. The cure conditions of the specimens before the first air permeability test are given 
on table 3. 

Table 3: Cure of the specimens before the first air permeability test 
Specimens Cure 
A 3 months at 20°C ± 2°C and 50 ± 5% RH 
AO1 1 month at 20°C ± 2°C and 50 ± 5% RH 
AO2 1 month at 20°C ± 2°C and 50 ± 5% RH 
B 3 months at 20°C ± 2°C and 95 ± 5% RH  

follows by 12 months at 20°C ± 2°C and 50 ± 5% RH 
  

 
 
At the term of the cure, an air permeability test was realized on the specimen. After that the specimens of type 

n°1 were mechanically damaged. The next section explains the used methods.  

2.2 To damage mechanically the specimens of type n°1 
A uniaxial compressive load was applied on the specimen to damage the specimens. This method has the 

advantage to realize a relatively uniform damage in the specimen. Furthermore, it is interested, for structural 
application, to do a link between the level of stress and the permeability induced in the material. In this study, only 
residual permeability was measured. To estimate the damage, the stress-strain curve was used.   

The stress-strain curve shows a linear-elastic behavior up to 30 percent of the ultimate strength (f’c), because 
under short-term loading the micro cracks in the transition zone (interfacial region between the particles of coarse 
aggregate and hydrated cement paste) remain undisturbed. For a stress between 50 to 75 percent of f’c, increasingly 
the crack system tends be unstable as the transition zone cracks begin to grow. When the available internal energy 
exceeds the required crack-release energy, the rate of crack propagation will increase and the system becomes 
unstable. This happens at compressive stresses above 75 percent of f’c, when complete fracture of the test 
specimen can occur by bridging of the mortar and transition zone cracks. Then, the main cracks are oriented in the 
loading direction, what was positive for this study, because the objective was to create cracks in the same direction 
that the gas flows. Above the critical stress level, concrete shows a time-dependant fracture. The described 
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phenomenon indicated that the level of load applied on the specimens must be very high, to obtain notable cracks 
in uniaxial compression. 

2.2.1 Compressive test procedure 
First, an investigation on three standard specimens (Φ = 0.16 m, H = 0.32 m) was made with concrete coming 

from each batch which was used to obtain the large specimens. The ultimate strength (f’c) of the concrete was 
obtained (NF P 18-406). The stress-strain curve was recorded. The strains of the standard specimens were 
calculated from the measures of relative displacements (given by three LVDT displacement transducers, in the 
section of the cylinder they were placed at 120° from each to other) of two rigid rings fixed on the surface of the 
specimen at a distance of 0.2 m. The speed of loading was 4.5 kN/s. 

The table 4 presents the main mechanical characteristics of the concretes, which can be deduced from 
stress-strain curve. To estimate the modulus of elasticity, only the stress less than 0.25 f’c were considered. The 
results indicate that there are no notable mechanical differences between the concrete coming from the different 
batches. 

Table 4: Mechanical characteristics obtained on standard specimens 
Standard specimens from batch used to 

realized the large specimens named: 
A AO1 AO2 

Compressive strength f’t (MPa) 36.33 35.76 35 
Strain at f’t level 2.37 E-3 2.1 E-3 2.2 E-3 
Modulus of elasticity E (GPa) 31.22 30.65 31 

 
 

 

Figure 1: Some details on compressive test on large specimen 
 
In a second time, the previous results were used to manage the tests on the large specimens. The compressive 

loading was realized, with a press having a capacity of 1 500 000 kN, in the laboratory of civil engineering at 
Karlsruhe University. The press was controlled by the relative displacement of the platens (the speed was: 200 
µm/min). The strain measurements were made with the help of two independent equipments. One used six strain 
gages sticked on the surface of the specimen in the central part, along three vertical lines being at equal distance 
each from others. Three gages measured the longitudinal strain and the three others the transversal strain. The 
second equipment used three LVDT displacement transducers which measured the relative displacement between 
two points  0.3 m away from one another, fixed parallel to axis of the specimen cylinder, and placed between the 
gages (cf. Figure n°1). In each case, the specimen axial strain was obtained by doing the average from the three 
measures. Test data were digitally recorded with a numerical chain data acquisition system, so the stress-strain 
relation was evaluated. For the strains measurement, the two equipments give nearly the same axial strain but with 
the gages the recorded values of the three longitudinal strains were more scattered.  

The specimen had been subjected to three load cycles between a pre-load level (0.05 MPa) and 0.25 f’c; this 
allowed the control of the centering of the specimen. After that, the specimen was loaded, the load was removed 
when a define value of strain was obtained. At this time, a new load cycle was made till 0.25 f’c to have 
information on the residual modulus and the consumed energy during the damaged process. 

The figure 2 presents the stress-strain curves for the standard specimens and for the AO1 large specimen, 
which was loaded to rupture when permeability tests were finished. The stress-strain curve of AO1 does not go 
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through the origin of the axis, because when the rupture test began this specimen had a residual damage, that can be 
seen on figure 3.  

0

8

16

24

32

40

0 0,0005 0,001 0,0015 0,002 0,0025
Strain

St
re

ss
 (M

pa
)

Large specimen AO1
Standard specimen AO1

 
Figure 2: Stress-strain curves to rupture, for standard specimens and the large specimen AO1 

  
The slenderness ratios of the two types of specimen are different: 2 for the standard specimen and 2.6 for the 

large specimen. It seems that the stress of rupture and the ultimate strain of the large specimens are lower, this can 
be attributed to the differences in the experimental procedure: the control of loading (in one case stress control, in 
the other case strain control) and the speed of loading. 

2.2.2 Damage evaluation 
The stress-strain curves obtained during the cycle of loading, realized to damage the specimens A, AO1, AO2, 

are given on figure 3. 
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Figure 3: The stress-strain curves (specimens: A, AO1, AO2) recorded during the damaging 

loading 
 

Specimens A AO1 AO2 
σmax(MPa) 28.5 30.9 27.9 
εmax 1.91 E-3 1.67 E-3 1.47 E-3 
σmax/f’c (%) 81 85 78 
εmax/εc  (%) 87 68 70 
σmax/σr (%) 89 96 87 
εmax/εr  (%) 91 80 70 
EnP  (J/m3) 17 100 9190 9130 

 
Table 5: Mechanical elements to characterize the obtained compressive damage 
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Table 5 presents the characteristics of loading on each large specimen. The used symbols and notations are: 
 

σmax : the maximum stress applied on the specimen  
εmax : the maximum strain obtained with the damage loading on the large specimen 
f’c    : compressive strength of standard specimen from the same batch 
εc     : strain obtained at the peak of the stress-strain relation with standard specimens from the same batch  
σr : stress obtained at the peak of stress-strain relation with the AO1 large specimen  
εr    : strain obtained at the peak of stress-strain relation with the AO1 large specimen  
 
It is propose to characterize the level of damage with the rate εmax/εr, obviously only one test was made to 

obtain εr, but it seems much more suitable to compare results obtained by the same experimental procedure.  
An other way to estimate the damage is to calculate the consumed energy (EnP) during the loading process 

from the stress-strain curve and the residual modulus. The results show the AO1 and AO2 specimens have 
dispersed inside the same quantity of energy; on the other hand A specimen consumed much more energy.  

3. AIR PERMEABILITY TESTS  
Permeability is defined as that property of a fluid medium which characterizes the ease with which a fluid will 

pass through it under the action of a pressure differential. This section presents the results of dry air permeability 
tests realized on the specimens, which gave the characteristics of permeability and the type of flow through the 
specimen.  
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Figure 4: Humidity content before testing 

 
The permeability is influenced by the pore size distribution, the continuity of the pores or cracks, but also the 

internal humidity of concrete. Usually standard tests of gas permeability are made on dried concrete; in this study, 
the tests were made on the specimens after a natural cure as described on table 3. To characterize the humidity in 
the concrete, the values given by humidity sensors were collected before testing. Figure 4 gives the level of liquid 
saturation in the specimen A (type 1). These humidity ratios were determined with the quantity of locally 
evaporable water giving by the resistive sensors and the sorption curve. Positions of the sensors within the concrete 
are placed on the horizontal axis of the graph, the origin being positioned on the faced in the autoclave (in pressure). 
The layers of concrete, closed to the surfaces, presented a slightly lower humidity due the natural authorized drying 
on the plane faces.   

During the air permeability test, the flow output measured, Qtot, was essentially dry air, at ambient temperature, 
while the mass of vapor stayed under 0.4% of Qtot, so during this test there was a non notable variation of humidity.  

The same method was applied for the specimen type 2 (B), but an additional calibration has to be done to 
confirm the presented result of figure n°4. 

3.1 Test procedure  
The imposed pressures on the exposed face were successively 0.1, 0.18, 0.26, 0.34 and 0.42 MPa (scenario 

T1); the other face was at atmospheric pressure. The change of pressure was made when a constant rate of output 
flow appeared. So the duration of the stages could be very long for the lower permeable material to be sure that a 
constant regime was obtained. 
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The equipment allowed obtaining some local pressure measures inside the specimen. Figure 5 presents the 
effective pressure field in steady flow during the air test on A specimen, a similar result was found with B specimen. 
At constant regime, the pressure field has a convex profile. This is consistent with the theoretical study of the 
pressure field of a porous and homogeneous material (Verdier, 2001). 
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Figure 5: Effective pressure field in steady flow during the air test of specimen A 

 
The results show that the measured gas output flow Qs (m3/s) was linearly linked to the term ( ), in 

which P

2
atm

2
i PP −

i (Pa) was the applied absolute pressure and Patm (Pa) the atmospheric pressure. So, the Hagen-Poiseuille 
law can be used to obtain the apparent permeability coefficient kapp, equation (1), and the air flow through the 
concrete was laminar, this for all the A, AO1, AO2, and B specimens. 

)P(P
LP2

S
Q

k 2
atm

2
i

atms
app −

=
µ

       (1) 
L: thickness of the sample (m); S: cross-sectional area (m²); µ: coefficient of viscosity for gas (Pa.s-1). 
From observations according to the fact that the differences, between the permeability measured with a liquid 

and the apparent permeability measured with a gas, were more and more low when the pressure increased, 
Klinkenberg (1941) proposed the next general equation to study the gas flow through a porous medium: 

)
P
b(1kk

m

*

vapp +=        (2) 

kv: intrinsic gas permeability (m²); Pm : mean gas pressure, )/2P(PP atmim += (Pa); b*: Klinkenberg 
coefficient (Pa). kv is the limiting value of gas permeability when the mean pressure Pm tends towards infinity. 

3.2 Permeability of specimens after the cure 
The table 6 gives the main results obtained with the permeability tests realized just after the cure. In the table, 

the gas output flow in Nl/h.m2 was calculated with reference to normal condition, using formula (1) in which   
L=1.3 m, S= 1 m2, Patm = 1.01325 105 Pa, Pi-Patm = 4.2 105 Pa, Pi

2–Patm
2 = 2.62 1011 Pa2, and µair (0°C) = 1.72 10-5 

Pa.s-1.  
 Table 6: Permeability of the specimens, just after cure 

Specimen Intrinsic 
permeability (m²), kv 

Gas output flow (Nl/h.m²) 
at the 0,42 MPa 

b* (Pa) Molecular flow 
Qmol (%) 

A 5.10 E-18 2.10 3.14 E5 58.3 
AO1 3.10 E-17 7.37 8 E4 28.7 
AO2 1.48 E-16 34.8 7.8 E4 28.6 
B 4.01 E-15 938 5.28 E4 18.7 

 
 

With the same composition, and the same material for the specimens of type n°1, the difference of 
permeability came essentially from the process of compacting: by punning the surface of the concrete to dislodge 
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the air and force the particles into a closer configuration for specimen AO2, and using an internal vibrator for the 
AO1 and A specimens. 

The Klinkenberg’s concept (or the Carman’s concept) allows differentiating the different characteristics of the 
gaseous flow in the concrete (Abbas et al. 1999): during the air test the molecular contribution (noted Qmol), i.e. slip 
flow and Knudsen flow, was noted as a percentage of the total flow (Qtot). The Klinkenberg’s parameter b* (Pa) is 
indicative of the porous network fineness, much higher it is, lower are the porous network. The slight contribution 
of Qmol for specimen B to the total flow confirms that the gaseous flow would be mainly governed by a more 
spacious capillary network than ordinary concrete. Note that the given value of b* coefficient here corresponds to 
a humid state (the decrease of liquid saturation induces indeed a bigger contribution of the micro-pores to the total 
gas flow). 

The B specimen was very permeable. When the pressure gradient was fixed between the two faces of the 
specimen, a constant outflow rapidly appeared. The crossing artificial flaw could be seen as an equivalent crack of 
length L (m), width Φ (m) and crack opening w (m). So using a leak formula (3) available in the literature (Nagano 
et al. 1989), the crack opening could be estimated from the measured value of the flux through the wall Q (m3s-1):  

3

atmi ξ)P(P
Lµ12Qw
⋅−

⋅⋅⋅
=        (3) 

ξ is a corrective factor (lower than 1), which takes into account the lengthening of the real path of the fluid 
particles in movement  through the voids of the permeable medium, in comparison with theoretical current lines 
which follow the convective flow given by the Darcy law (Torenti et al. 1999). For an ordinary concrete and a 
natural crack, a value of 0.03 has been proposed by several authors (Gérard, 1996), (Edvardsen, 1999). With these 
hypotheses, w was found equal to 1.3 µm, for B specimen. 

3.3 Effect of damage (axial compression) on gas permeability 
After the compressive test realized on specimens A, AO1 and AO2, the permeability test was done again with 

the same method. On the figure 6, there is a comparison of the results obtained before and after compressive 
damaged test for the A specimen. The intrinsic permeability of each case, healthy A concrete (kava) or damaged A 
concrete (kid), is given by the Y axis value for the X zero point of the straight line going through the experimental 
points.. 

y = 1,9E-12x + 1,3E-17

y = 1,6E-12x + 5,1E-18
5,1E-18
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1,3E-17
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2,E-06 4,E-06 6,E-06 8,E-061/Pm (Pa-1) 

k a
pp

 (m
? Specimen A with damage

Specimen A before damaging

 
Figure 6: Apparent gas permeability according to variation of mean gas pressure for A 

specimen 
 
Table 7 gives the intrinsic permeability before and after mechanical damage. For AO1 and AO2 specimens, 

the permeability does not change, or gives a very little variation. For A specimen, the permeability doubles. This 
type of result was confirmed by Picandet et al. (2001), who showed that there was a strain threshold around 80% of 
the critical strain (relative to specimen rupture), from what the permeability increases notably. These variations 
come from the development of new connected cracks, beyond this threshold 

 Picandet et al. (2001) propose the formula (4) to estimate an equivalent crack opening in the concrete, based 
on the increase of intrinsic permeability between two states: healthy concrete and mechanically damaged concrete.  
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Applying this method on A specimen, the crack opening was found equal to 0.15 µm. On the two specimens A 
and B, the air permeability tests showed that a large part of the air flux was going through particular paths (cracks 
or connected flaws), so the flows through the specimen were not uniform in the sections. 

 

3
ξL

)vkvd(k12
w

⋅

−⋅
=        (4) 

Table 7: Intrinsic permeability before and after mechanical damage. 

Specimen Level of damage εmax/εr (%), 
with reference to AO1 

Permeability of concrete 
just after cure kv(m2) 

Permeability of concrete after 
damage by compression kvd(m2) 

AO1 80 3.10E-17 4.66E-17 

AO2 70 1.48E-16 1.49E-16 

A 91 5.10E-18 1.30E-17 
 

 
   

4. CONCRETE WALL UNDER ACCIDENT SCENARIO 
On fourth step, an accident scenario was applied on specimen A and B. During the tests, the lower face of the 

specimen was kept at ambient conditions in the collection tank. The upper face was subjected to thermo-hydric 
loading. The imposed experimental conditions on the exposed face are detailed hereafter. The conditions 
accounted for the capabilities of the autoclave, which limited the kinetics of the pressure and temperature rises. 

4.1 Accident scenario 
The scenario T2 involved two phases. The first phase consisted of a controlled rise in temperature with heating 

in the autoclave and production of water vapour simultaneously till 141°C (0.7°C/min), at this time the pressure of 
saturated vapour reached 0.32 MPa (the autoclave contained only vapour), after this the temperature was 
maintained. The second phase started with the insertion of dry air in the autoclave to obtain the total pressure of 
0.42 MPa. This situation was maintained constant during several days with the control system. The ratio of gas mix 
(massvapour / (massair + massvapour)) was equalled to 62% on this stage. This was to simulate in a realist way the gas 
mix present in the reactor during an accident.  

Figure n°7 shows the values of temperature and pressure as functions of time in the autoclave. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Figure 7 : Environmental conditions in the autoclave for accident scenario 
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For B specimen, three hours after the beginning of scenario T2, there was an unsuitable superpressure peak of 

vapour pressure in the autoclave (duration: one hour and a half, linear increase and decrease without stage, till 0.53 
MPa).    
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4.2 Results and discussion 

4.2.1 Temperature distribution 
In the autoclave, the surface temperatures of the specimens were slightly under the ambient controlled 

temperature (141°C), on account of the effect of convection heat transfer coefficient. Concerning the thermal 
transfer, about a hundred hours was necessary to obtain the steady state, Figure n°8. At this state, the 100°C 
isotherm reached around 0.1 m for A specimen and 0.18 m for B specimen from the face subjected to accidental 
conditions. At the lower face, the temperature was around equal to 20°C for A specimen and 30°C for B specimen. 
In fact the internal gradients of temperature were nearly the same for the two cases. They could be simulated with 
equation (5) from Incropera and DeWitt (1996): 

∞+−+
∞−
∞−∞−

=











Tx)]sinh[m(Lsinh(m.x)

)TS(T

)TL(T

sinh(m.L)

)TS(T
T(x)   (5) 

Sλ
Phm

⋅
⋅

=  

Ts : Temperature on the specimen surface placed in the autoclave (°C), 
h : Lateral heat transfer coefficient (W/m2 . °C), 
T∞  : Ambient temperature (°C),  
TL : Temperature on the specimen surface at the base (extrados) (°C), 
λ : Thermal conductivity of concrete (W/m.°C), 
P : Specimen perimeter (m)  
This observation allows to estimate the thermal conductivity, λ = 0.27 ±  0.02 W/m.°C of the specimens. 

This type of behaviour was also obtained by calculation by Schrefler and Pesavento (2004).  
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Figure 8 : Temperature variation in A specimen. 

4.2.2 Pressure distribution 
Figures 9a and 9b present the pressure field at different moments, from the records values of pressure sensors, 

in the specimens during accident test. The levels of pressure during accident test were lower than that obtained 
during the air test. 

In the central part of the A specimen, between 0.05 m and 1 m, there was a very low variation of pressure, 
which confirms the connectivity of the cracks inside the material.  

In B specimen, there was nearly a linear variation of pressure along the specimen, which is in accordance with 
Darcian behaviour.  After 30 hours, the level of pressure decreased inside the specimen, the raison was the 
progressive increase of humidity in the damage construction joint, in that a way that the first layers near the 
autoclave were nearly saturated 

4.2.3 Moisture evolution 
In this section, the information given by the resistive moisture gauges are reported.  
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On the A specimen, the gauges were not all placed near the cracks, which were induced by the compression 
test. Furthermore the humidity did not progress in a uniform way in the specimen, so not any general information 
can be deduced from the recorded values. For example, it was observed that a gauge placed near the extrados had 
received some humidity before a gauge placed near the middle of the specimen. 

On the B specimen, it was observed the progression of a front of liquid water. On Figure 10, the experimental 
points give the time when the front touched the gauges (a sudden variation of resistance was noticed on the gauges). 
The front appeared on the first sensor (0.12 m from the intrados of the specimen) two hours after the beginning of 
the test. When this front reached the ambient face of the specimen liquid water was collected 
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Figure 9a: Effective pressure field in steady flow during the air test of specimen A 
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Figure 9b: Effective pressure field in steady flow during the air test of specimen B 
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Figure 10: Progression of humidification front from the intrados 
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4.2.4 Leak rate 
The gas flow, measured on the extrados of the A specimen, regularly increased to a maximum of 1.02 

Nl/(h.m²) after about 50 hours of the beginning of the accident scenario. After that, it stabilized during 100 hours, 
and then it progressively decreased to become nearly negligible (Figure n°11a).  

On the other hand, the gas flow, measured on the extrados of B specimen, rapidly increased during the first 
hours (about 3 hours), it was like with the air test, after that it dropped nothing going out during 4 hours. It 
supposed that there was a condensation phenomenon in the concrete cavities near the intrados, which placed a gas 
flow barrier at this time. This phenomenon could be link with the super pressure which arrived at this time. The gas 
flow came back after 8.5 hours; it reached a maximum of 25 Nl/(h.m2), 18 hours after the beginning of test. After 
that, it decreased and was imperceptible 27 hours after the beginning of the test (Figure 11b). This kinetic of the gas 
flow can be explain by the presence of the liquid phase. 
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Figure 11 a: Gaseous leak flow, A specimen 
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Figure 11 b: Gaseous leak flow, B specimen 
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Figure 12 a: Liquid water collected at the extrados during the accident test, A specimen 
 
The Figures 12 a and b show the cumulative condensed water collected at the extrados according to time. For 

A specimen, the liquid flow was recorded 110 hours after the beginning of the test, the speed was 0.04 g/h.  
For B specimen, the liquid flow was recorded four hours and a half after the beginning of the test. When steady 
state conditions appeared (after 50 hours), the value of the liquid flow was 52.5 g/h). 
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Figure 12 b: Liquid water collected at the extrados during the accident test, B specimen 
 

5.  DISCUSSION 
Transposition ratios give simple information between the air flow measured during the air test and the fluids 

flow measured during the accident test. This kind of information has some interest to suggest what could happen in 
situation of accident. 

5.1 Instantaneous ratio of transposition 
The experimental instantaneous transposition ratio (6) between the air flow at ambient temperature (noted 

) and the air plus vapour plus liquid flow during accidental conditions (noted ) can be 
theoretically defined at any moment, the origin of the time being the beginning of the tests, in both cases the mass 
flow was considered (kg/h). The level of applied pressure was an essential element for the mass transfers. So to 
compare the two situations with the same historic of pressure, a special scenario T1 bis (air permeability test) was 
applied on the A and B specimens, the effective pressure following the pressure given on Figure 7 for scenario T2. 
Obviously, the scenario T1 bis was realized before the scenario T2.  

(t)Qm
air (t)Qm

accident

(t)Q
(t)Qr(t) m

accident

m
air=          (6) 

 The Figures 13 show the evolution of the instantaneous transposition ratios according to time, obtained with 
the A and B specimens. The ratios were higher than one, nearly all the time investigated.  

In function of time, the curves of Figures 13 express the relative influence of the phenomena. Schematically, 
three periods can be exhibit from A specimen and four from B specimen. Below, the discussion explains what 
happens on these periods. 

On B specimen, during the first 3 hours, the instantaneous transposition ratio increased rapidly from 2 to 6.6, 
because during T1 bis (air test) the leak flow was important. After that, the ratio dropped till 0.6, the leak flow from 
T1 bis staying constant and the gas leak flow from T2 (accident) increasing notably, being also subjected to the 
super pressure that arrived at this time, in the autoclave. On A specimen, the first gas leak flow appeared 8 hours 
after the beginning of scenario T2, so the calculation of the rate began at this time. 
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Figure 13 a: Instantaneous transposition ratio, according to time, for A specimen 
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Figure 13 b: Instantaneous transposition ratio, according to time, for B specimen 

 
Between 8 and 40 hours, the ratio of A specimen increased regularly, more gas flowed through the specimen in 

situation T1 bis than in situation T2. For B specimen, between 3 and 25 hours, the ratio increased essentially 
because the flux of water leak flow decreased. 

Between 40 and 160 hours, the ratio of A specimen decreased from 4 to 3, the gas output flow increasing 
during scenario T2, the liquid output flow staying constant. For B specimen, the ratio increased slightly, between 
25 and 53 hours, and more sharply after, because the gas leak flow became nil, and the flow of water slowed down 
in accidental situation (T2). 

Between 160 and 210 hours the ratio of A specimen increased, in fact the gas leak flow decreased 
progressively, during T2, because the level of humidity increased in the fluid paths.  

5.2 Average transposition factor 
R is the average transposition ratio. It gives an evaluation of the fluid mass which goes through the specimen 

on the duration of one accidental scenario, the base of time being 24 hours. This ratio is calculated from 
experimental results, with the formula (7). The table 6 presents the results for the first hours of the tests. In all cases 
these average values stayed upper than 2. 

∫ ⋅

⋅

=
∫

24
dt(t)m

accidentQ
24

dt(t)m
airQ

R        (7) 

Table 6: Some values of the average transposition ratio, for specimen A and B 
 
 

Period of time (h) 
considered 

Air flow collected 
(kg) during 24 hours

Air + vapour + water 
flow collected (kg) 
during 24 hours 

Average 
transposition ratio  

4 – 28 6.77 E-3 1.12 E-3 6.04 

28 – 52 2.12 E-2 2.96 E-3 7.15 Specimen A 

52 – 76 2.12 E-2 6.81 E-3 3.11 

4 - 28 5.60 2.71 2.06 
Specimen B 

24 – 52 5.60 1.43 3.91 
 

 

6.  CONCLUSIONS  
In the present report, the results of an experimental study on leak rate evaluation obtained from damaged 

specimens have been presented. The merit of the present research lies on the used methods of investigation which 
stay close to industrial procedures of control and which allow comparisons between different situations.   

The experimentations specify the relative level of uniaxial compressive strain which induces connected cracks 
in concrete and modifies the residual permeability properties.  

From the results of permeability tests, a geometrical characterization of the damages, generated in the two 
large specimens, has been done. One specimen (A) has been damaged by a compressive applied load, and the other 
one (B) by a crossing flaw realized during the concrete placing. Comparatively specimen B allowed the transit of 
an air flow 200 times more important than this one which was possible through A. But in all cases, a laminar flow 
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became firmly established, a large part of the air flux was going through particular paths (cracks or connected 
flaws) and so the flows through the specimen were not uniform in the sections. 

On each specimen, two different scenarios were applied successively to study the leak flow under the same set 
pressure gradient: one (T1 bis) at ambient temperature using air, the other one (T2) with a temperature gradient and 
a mix of air and vapour as fluid. On each test, sensors (temperature, pressure, humidity), placed inside the concrete, 
gave information. For the two specimens, with scenario T2, the flow of gas progressively vanished (250 hours for 
A and 27 hours for B), and liquid water appeared at the extrados of the specimen (110 hours for A and 5 hours for 
B). So the if the scale of time was quite different for the two specimens, the macro phenomenon observed was the 
same, and progressively decreased the quantity of fluids, going through the wall. In the voids or cracks, the vapour 
condensed under the effect of temperature gradient. 

The transposition ratios, which compare the leak flows obtained with the two different scenarios, were higher 
than one, all the time investigated, the lower values being the first 24 hours. 
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