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Massive concrete structures such as the containments of nuclear power plant must maintain their tightness at
any circumstances to prevent the escape of radioactive fission products into the environment. In the event of
an accident like a Loss of Coolant Accident (LOCA), the concrete wall is submitted to both hydric and mechanical
loadings. A new experimental device reproducing these extreme conditions (water vapor transfer, 140 °C and
5 bars) is developed in the GeM Laboratory to determine the effect of the saturation degree, the mechanical loading
and the flowing fluid type on the concrete transfer properties. The experimental tests show that the previous
parameters significantly affect the concrete permeability and the gas leakage rate. Their evolution as a function of
the mechanical loading is characterized by two phases that are directly related to concrete microstructure and

crack development.

1. Introduction

Knowing the concrete transfer properties is essential for the perfor-
mance and durability of structures. Several concrete structures are
designed to contain liquids (water or liquefied gas tanks) or gas (contain-
ment walls of nuclear power plants) and thus they have to resist to any
liquid, gas and/or ion penetration to prevent contamination and corrosion
[1,2]. Recent studies and field surveys [1,3,4] show that the poor perfor-
mance of some concrete structures is more or less directly related to the
ability of these agents to penetrate into the material [5]. Permeability is
one of the main durability indicators. According to Darcy's law, perme-
ability is defined as an intrinsic material property. For example, its value
does not depend on the injected fluid. This last point is true for sandstone
or granite materials [6,7], but not for cement matrix materials. Indeed,
water permeability is often lower (from 1 to 2 orders of magnitude)
than gas permeability [8]. Almost all researchers agree that water inter-
acts with the cement matrix, either by dissolving hydrates (mainly
portlandite) or, by leading to an in-depth hydration of anhydrous cement
particles [9]. It is also important to notice that gas permeability depends
on several parameters: the mean free path covered by gas molecules,
the pressure, the temperature and the nature of the gas (N2, 02...) [10].
Moreover, massive concrete structures are rarely completely dry or
completely saturated (test conditions for the measurements of gas or
water permeability respectively). They are more often characterized by
an intermediate state where water, water vapor and air coexist in the
pore network. Quantification of concrete permeability under these
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conditions is therefore a fundamental question. This is the reason why
in this article a new experimental device is proposed.

Hereafter, we focus mainly on the specific case of leakage quantifica-
tion through containment buildings of nuclear power plants for the case
of a Loss of Coolant Accident (LOCA). Pressurized water reactors (PWRs)
with a double reinforced concrete wall (Fig. 1) are constructed in France
to improve their structural performance. The outer wall is designed to
resist an external impact while the inner wall is mainly designed to
limit leakage. The inner wall is characterized by bi-axial pre-stressing
and has a 90 cm thickness. The space between the two containment
walls is kept under slight depressurization (>15 mbar) to filter any
potential leaks from the inner containment [11,12].

If a LOCA occurs, the ambient conditions are rapidly changing inside
the inner containment building. The temperature increases up to 150 °C
and the absolute pressure of a gas (a mixture of air and steam) reaches
up to 0.52 MPa (steam and air pressure equal to 0.372 MPa and
0.148 MPa respectively). Important gradients of temperature, pressure
and relative humidity appear in the wall (as the inner face is subjected
to a thermo-hydric loading and the outer face is kept at ambient condi-
tions) leading to wall damage which increases the global permeability
and thus the leakage rate of percolating gas through the concrete wall.
In order to quantify leakage, in-situ experiments are conducted every
ten years following the French recommendations that limit the leakage
rate per day to 1.5% of total mass in the containment building [12,13]. In
these tests, the inner containment building undergoes pressurization
(dry air pressure up to 5.8 bars) at ambient temperature.

However, this approach does not consider explicitly all the parameters
affecting the material behavior (for example the effect of fluid type
flowing through the wall). Research has been done on the effect of
mechanical and thermal loadings on the evolution of permeability using
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Fig. 1. Simplified drawing of a pressurized water reactor (PWR) [12].

injected air [14-17]. An exponential relationship linking permeability and
damage was proposed by Picandet et al. [14]. In these experiments,
permeability was measured on previously damaged specimens (after
loading removal) and it was found that for low levels of compressive
loading (inferior to 80% of ultimate strength), the residual permeability
(ratio between measured and initial permeability) stays constant.
Beyond 80%, it increases significantly. Permeability measurements
under maintaining loading are proposed by Choinska et al. [15] and
Sugiyama et al. [16]. The two stages were confirmed (beyond and
after 80% of ultimate strength), but during the first stage residual
permeability slightly decreases.

The two stages were also observed for the evolution of water perme-
ability as a function of the compressive loading [18,19]. In this case how-
ever, the threshold is located at 30-40% of the ultimate strength. It was
also found that the temperature loading affects the gas permeability
[15,20]. A significant increase in permeability is observed for large tem-
peratures (105 °C-200 °C) due to the development of micro-cracks
and their gradual interconnection (related to the pore widening).
Further studies [15] showed that the effect of temperature and loading
on permeability could be decoupled. All the previous experimental
campaigns were conducted on dry concrete specimens. In order to take
into account the effect of water content, gas permeability tests were
carried out on partially saturated concrete specimens [21] where it was
found that permeability decreases with increasing degree of saturation.

The material behavior under LOCA conditions (air and steam perco-
lation, pressure of 5.2 bars and temperature of 150 °C) was studied by
Billard [13] and Laghcha [22]. A non-cracked concrete wall was tested
to determine the effect of a percolating fluid on permeability and its
interaction with the cementitious matrix. Their work showed that the
flow detected after the wall was principally dry air as steam condenses
into concrete [13,22]. The transfer through a porous material submitted
to temperature gradients induces several physical phenomena such as
capillary water evapo-condensation, and capillary suction [23,24]. The
gradual damage of the material under LOCA conditions increases signif-
icantly the complexity of these phenomena and therefore new tests
are necessary in order to understand the physical mechanisms and to
improve the performance of the numerical models.

A new experimental device allowing the production and injection of
gas mixture (steam -+ nitrogen) on concrete specimens subjected to
thermo-mechanical loadings has been developed in GeM (Institut de
Recherche en Génie Civil et Mécanique). With this new device a more
accurate reproduction of the LOCA conditions is possible. We present
hereafter the first experimental campaign results. The purpose of this
campaign is to determine the effects of temperature, degree of satura-
tion, damage of wall and the influence of different types of percolating
fluids on the permeability and leakage rate.

2. Experimental program
2.1. Materials

The studied concrete mixture, named B11, is a typical concrete
composition used for the construction of nuclear parks. It consists of
cement CEM II/A-LL 42.5R, limestone aggregates and river sand. Glenium
21 is added as superplasticizer. The mixture proportions are given in
Table 1. The slump, the compressive strength at 28 days (fog) and the
water porosity measured according to the AFREM recommendations
[25] are provided in Table 2.

Hollow cylindrical specimens (Fig. 2b) are cast following the NF P
18-404 standards [26]. The cylindrical borehole is created by placing a
metallic bar (diameter equal to 14 mm) in the center of the molds
(Fig. 2a). This bar has to be rotated every hour to avoid its adhesion
with concrete specimen.

After 1 day, all the specimens are demoulded and kept at 20 °C
under water curing during 28 days. After, two types of test are realized:

(i) Teston dry specimens: To obtain these conditions, specimens are
kept in an oven at 80 °C during eight months until a constant
mass (mass change not exceeding 0.05% after 24 h) is achieved.

(ii) Test on partially saturated specimens: To obtain different degrees
of saturation, the specimen preparation is composed of several
stages:

a. All specimens are kept during five months under water to
obtain a saturation degree equal to 100%. Their mass M,, (g)
is measured after this curing.

b. Then, specimens are drying in an air oven at 80 °C during
several months until a constant mass My (g) is achieved.
The intrinsic permeability is determined for each specimen.

c. The specimens are progressively re-saturated in order to
obtain the required saturation degree. This value is determined
with the Eq. (1) and the mass Mg (g) is measured continuously
during the moist curing. To obtain a low degree of saturation

Table 1
Concrete constituents and mix proportions.
Ingredient Quantity (kg/m?)
River sand, 0-5 mm 772
Gravel, 5-12.5 mm 316
Gravel, 12.5-25 mm 784
Cement 350
Effective water 201
Plasticizer 1.23
Water/cement ratio 0.57




Table 2
Concrete properties.

Slump (mm) feos (MPa) Open water porosity (%)

140 3855 15

(about 50%), specimens are firstly kept at 20 °C and 50% R.H.
and secondly at 20 °C and 100% R.H. from one to two weeks.
For significant degrees of saturation (from 50 to 90%), a water
curing at 20 °C is applied during several days. In order to have
a uniform saturation state, the extremities of specimens are
covered with aluminum paper and they are kept in a watertight
bag [27] until experimental campaign.

d. Dry air permeability test is performed. Before the permeability
test, Mg is again measured to correct the degree of saturation.

_ Sr*(Mw_Md)

MSR - 100 +Md' (1)

2.2. Experimental set-up

The experimental set-up consists of a climatic chamber, a hydraulic
loading frame MTS 500 KN and a system of gas and liquid flow regula-
tion to measure permeability (Fig. 3). The schematic illustration of the
apparatus is shown in Fig. 4.

In this experiment, the imposed conditions are temperature T, total
pressure P, relative humidity R.H. of the gas mixture to be injected inside
the concrete specimen and the nitrogen flow rate Qs (In/min). From
these experimental parameters, the required water flow rate Q,, (g/h)
is calculated using Eq. (2). This relation is based on two assumptions:
an ideal gas and a stationary state established during the flow.

_ Mw PVP
QW_GO*QaS*M—aS*P—GS*pas (2)

where Py, = RH. * Pysqe (T) and Pos = P; — P, are the partial pressures
of water vapor and nitrogen (Pa) respectively, P,s,: (Pa) the saturated
vapor pressure of water at temperature T, M,, (g/mol) and M, (g/mol)
are the water vapor and nitrogen molar mass and pg; (g/1) is the nitrogen
density.

Before the beginning of the test, all the parts of the device placed
inside the climatic chamber (Fig. 4) are heated to the test temperature
in order to avoid any water vapor condensation in the experimental

a)y b)
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device. In the mix box, distilled water and nitrogen are introduced.
The flow rate of both fluids (water and nitrogen) is regulated thanks
to a liquid and gas mass flow controller (Fig. 4). Liquid is transformed
into steam by means of an evaporation device which is subjected to
the same temperature as that of the gas mixture. The total pressure of
the injected mix is regulated thanks to a pressure regulator equipped
with an evacuation gate placed directly after the evaporation device.
The temperature and the relative humidity of the injected mix are con-
tinuously measured by the transducer. The mix flows to the specimen
through a heated pipe. A metallic drilled plate is placed on the top of
the specimen allowing the mixture gas injection into the cylindrical
borehole. In order to ensure a radial flow of the gas, the upper and
lower faces of the cylindrical specimen are protected by an aluminum
film, circular rubber tight joints and silicone grease (Fig. 4); a minimum
load of 5 kN is also applied on the concrete specimen placed between
the two platens of the hydraulic. To avoid leakage, a flexible tube is
placed around the specimen. At the downstream of the specimen, the
temperature and the relative humidity of the output gas mixture are
also continuously measured. Then, the mix is evacuated using an isolated
pipe fitted by a condenser. At the end of the system, the dry gas flow is
measured by means of a gas flow meter. The accuracy of the sensor
measurements is +0.2 °C for the temperature and +2% for relative
humidity.

When the relative humidity of the output gas mixture is known, the
absolute humidity may be calculated as follows:

a, - Hpg PVSEI-IET) * M, 3)

where a (g/m?), My, (g/mol), T (K), R (J-mol~'-K™ "), Pysqr (Pa) and Hgs
(—) are the output absolute humidity, the molar mass of water vapor,
the mix temperature, the ideal gas constant, the saturated vapor
pressure of water at temperature T and the output relative humidity
respectively.

At mix flow stabilization (from 24 to 60 h in our study), a compres-
sive loading is applied on the specimen with a displacement rate of
0.02 mm/min up to the required load level. Then the dry gas leakage
rate and the output relative humidity of the gas mixture are measured
again in order to obtain the effect of the mechanical loading.

To validate partially our device, two test campaigns (one with our
experimental set-up and one with the device developed by Choinska
et al. [15]) were realized to measure the dry gas permeability on the
same concrete specimen and with the same experimental conditions
(20 °C-50% R.H.). Results are shown in Fig. 5. The agreement between
both apparatus is quite good.

Fig. 2. (a) Concrete specimen and its mold — (b) Specimen geometry.
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3. Results and discussion
3.1. Influence of hydro-mechanical loading on concrete permeability

In this section, the influence of water content located in the porous
network and the loading level on gas permeability are studied. Perme-
ability measurements were realized on partially saturated concrete
specimens (saturation degrees: 0%, 25%, 44% and 81%) at different
gas (nitrogen), pressure levels (0.1; 0.2; 0.3 and 0.4 MPa). For each
saturation degree, one concrete specimen was tested. The tests were
performed at ambient temperature. At each pressure level, the nitrogen
leakage rate Q; (m>/s) was measured and the apparent (or effective)
permeability k,(m2) was calculated using the Darcy's law adapted for
cylindrical hollow specimens supposing a unidirectional laminar flow
(Eq. (4)).

_ PixQixpx(ry—ry)
T mxHx (P2—P4,) x 1y

(4)

where P; and P, (Pa) are the injection and atmospheric pressure re-
spectively, p (Pa-s) is the fluid dynamic viscosity, H (m) is the height
and r; and r; are the inner and outer radius of the specimen.
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Based on the Klinkenberg approach [24], the concrete intrinsic per-
meability k,(m2), valid for dry concrete specimens, is calculated using
Eq. (5) (valid for a laminar gas flow).

k, =k, (1 +PE)

m

()

where P, = % (Pa) is the average gas pressure and 3 (Pa) is the

Klinkenberg coefficient. The parameter 3 gives an indication about the
pore size available for the gas flow in cement matrix and it depends
on material and percolating gas.

For each specimen at a given saturation degree Sr, the relative gas
permeability k., is calculated from:

kg (SR) = @ (6)

According to its definition, k. varies in the range of [0;1] whatever
the specimen considered. Results about permeability measurements
prior to mechanical loading are presented in Fig. 6 and Table 3. Fig. 6
displays effective permeability k, for different degrees of saturation
and gas pressures. The results confirm the good linearity between k,
and 1/P,,,. In accordance with results obtain by Abbas et al. [21], Picandet
etal. [14], and Vilain et al. [28], the results given in Table 3 show that the
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Fig. 4. Schematic illustration of test equipment.
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relative permeability decreases with the degree of water saturation (Sr).
According to Kelvin's law, water tends to occupy pores characterized by
small diameter due to capillary effect. This phenomenon induced pore
clogging. The continuity of the liquid phase is also possible through
pore network even if R.H. is inferior to 100%. Therefore, a part of the
pore volume becomes inaccessible to gas leading to a decrease in gas
permeability. According to Abbas et al. [21], the presence of a liquid
phase reduces the non-viscous flow rate as soon as the saturation
degree increases. As the Klinkenberg coefficient takes into account in
the contribution of the non-viscous flow, it decreases too.

The specimens were then loaded at different percentages (from 35 to
95%) of the ultimate compressive strength. At each loading level, the gas
permeability was measured. Results are shown in Fig. 7 and the perme-
ability evolution can be divided in two phases for all the studied satura-
tion degrees. During the first phase, the permeability decreases and then
it increases till its initial value. The second phase is characterized by an
important permeability increase. These observations are similar to re-
sults obtained for dry concrete specimens [15]. The transition between
phases 1 and 2 occurs at a stress level about 76% of the ultimate compres-
sive strength. A more detailed description of these two phases is given
below:

Phase 1: The permeability ratio is inferior to one for all saturation
degrees. In this phase, the permeability ratio tends to decrease slightly
and then increase up to one (Fig. 7).

The first stage is attributed to the contraction of the solid skeleton
under loading. It leads to the partial closure of pores, water re-
distribution into the pores and micro-cracks [15,29]. There is a compet-
itive effect between these phenomena. As the value of permeability
ratio (Fig. 7) is inferior to one, the two first phenomena seem to be
more important. This effect is clearly marked for the permeability
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Fig. 6. Apparent permeability for different degrees of saturation and gas pressures.

Table 3
Relative gas permeability and Klinkenberg coefficient for
concrete specimens characterized by different degrees of

saturation.
Sr(%) ke (=) B (MPa)
0 1.00 0.114
25 0.54 0.074
44 0.22 0.117
81 0.08 0.034

ratio at the highest degree of saturation (81%). In Table 4, it appears
that the Klinkenberg coefficient for saturation levels equal to 0% and
81% increases significantly during loading. As this parameter is inversely
proportional to the radius of the capillaries pores [10], it can be assumed
that mechanical loading generates a decrease in pore radius, thus in the
global porosity. Notice that at lower degrees of saturation (25%), the
Klinkenberg coefficient evolution is not clear. Since the experimental
campaign is essentially macroscopic, and little information are provided
in the literature, it is very difficult to determine the predominant factors
influencing this coefficient. Thus, these results have to be confirmed by
supplementary tests.

The second stage is characterized by the development of diffused
micro-cracks through all the cement pastes [15]. Consequently, the
permeability increases until it reaches its initial value (Fig. 7).

Phase 2: During this phase, the specimen is progressively damaged.
Micro-cracks coalesce, grow and are progressively interconnected to
form macro-cracks. This network of cracks leads to a permeability in-
crease. Some studies show that moisture content causes degradation
in the compressive strength of concrete [30,31]. However, Picandet
et al. [14] show that the increase of permeability is independent of the
specimen moisture content. According to these authors, only the crack
pattern controls the global gas flow on damaged specimens.

3.2. Measurement of the mix gas leakage rate

3.2.1. Stabilization state of an air and steam mix flow

Before the test, all the specimens were completely dry. Thus, their
initial saturation degree is supposedly equal to zero. To approach the
LOCA conditions, permeability tests were realized with a percolating
fluid composed with air (nitrogen) and steam. For this kind of tests,
it is important to obtain a steady state flow. The definition of a steady
state is clear for the case of a water or dry gas flow. For a steam
flow however, the situation is highly more complex. Several coupled
physical phenomena (adsorption, isothermal and capillary condensa-
tion) happen during the steam transfer [32,33] leading to a partial
saturation of dry porous materials. Thus, the space available for gas
transport is modified and its intensity is reduced due to the condense
water in the pore network. In addition, the water vapor transport seems
to be essentially a diffusive phenomenon. Theoretical investigations of
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Fig. 7. Evolution of the gas permeability for partially saturated concrete specimens under
an increasing loading.



Table 4
Evolution of Klinkenberg coefficient for partially saturated concrete specimens under an
increasing loading.

B (MPa) F/Fr (%)

2 40 50 60 76 80 90
Sr = 0% 0.114 0.145 - 0.183 - 0.094 0.092
Sr = 25% 0.074 0.016 - 0.014 - 0.089 0.023
Sr = 44% 0.117 - 0.151 - - 0.051 0.134
Sr = 81% 0.034 0.175 - 0.933 5370 0.228

the water vapor flow in concrete were beyond the scope of this work. Fol-
lowing previous studies [24,34-36], it also appears clearly that a steady
state of the mixture cannot be reached. However, a stabilization state of
the two fluid transfers can be expected. In this study, this condition is
characterized by a constant value of output absolute humidity and nitro-
gen flow rate. Notice that a significant time is needed to reach this stabi-
lization state [34,37].

To illustrate this explanation, a test is realized with a mix of nitrogen
and steam injected at 120 °C as described in Section 2.2. Moreover, to
obtain a uniform temperature in the specimen, the required temperature
(120 °C) is applied during 60 h before the injection of air and steam.
Experimental conditions are given in Table 5 and the evolution of the out-
put parameters (nitrogen flow rate Q, and absolute humidity as) is shown
in Fig. 8. We describe hereafter how a stabilization state (the output
absolute humidity and nitrogen flow rate became constant) is obtained
for the studied air and steam mix.

During the first hours following the injection, the output absolute
humidity stays low whereas the output nitrogen flow rate decreases
rapidly. This last observation is due to a decrease in the paths accessible
to nitrogen flow because of the formation of plugs in the porous
network by steam condensation. In porous media as concrete, small
pores are filled first. Once the menisci in the smallest pores become
flatten, water fills the largest pores [34]. The maximum size of pores
filled by water is determined from the Kelvin-Laplace relation (Eq. (7)).
It is equal to about 3 pm (experiment conditions: 80% RH. and 120 °C).
From this result and the cumulative pore-size curve measured by
mercury porosity [15], it appears that 70% of the pore network can be
saturated. Nevertheless, the Kelvin-Laplace relation is based on the
assumption that the pores are cylindrical and the water is a perfectly
wetting liquid [38].

2074 M,

"= T RTp, » In(hr) @

where 0y, (N/m) is the liquid surface tension (54.96 + 103 N/m at
120 °C[39]), M, the water molar mass (g/mol), T the absolute tempera-
ture, R the universal gas constant, p; (kg/m?) the water density and hr
the relative humidity.

Then the nitrogen leakage rate becomes constant and the value of
the output absolute humidity begins to significantly increase until stabi-
lization (after 60 h). When the equilibrium is reached in the capillary
pore, the different phases move independently through the porous
network [34]. Stabilization happens thus later in this case than that for
a gas test (after 1 h). A similar observation is made by Laghcha [22].
Furthermore, more tests were realized with this experimental device
but for different relative humidity and a constant total pressure of the

Table 5
Parameters imposed at specimen input and output.

Input Output

Temperature (°C) Absolute pressure (bars) Relative humidity (%) Pressure (bar)
120 34 80 1

50 60

1
] .
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Fig. 8. Evolution of the leakage rate of dry air and the output absolute humidity.

injected mix confirmed this phenomenon [40]. It can however reduce
with increasing total pressure of the injected mix.

3.2.2. Measurement of the steam effect on air permeability

The effect of the capillary condensation on the air permeability when
water vapor percolated through the concrete specimen is highlighted
by the following tests. Firstly, the air permeability is measured on a
dry specimen. Secondly, an air and steam mix is injected through the
same specimen. The experimental conditions are given in Table 5.
After reaching stabilization state, the specimen is kept under ambient
temperature and its air permeability is measured.

The apparent permeability of both tests for several average pressures
is shown in Fig. 9. The permeability and the Klinkenberg coefficient are
given in Table 6. After water vapor injection, the air permeability of con-
crete decreases. To explain this difference of behavior, an assumption is
proposed: water condensation in the porous network leads to a decrease
in paths available to the gas flow. However, this difference is quite low
and close to the reproducibility.

3.3. Influence of the mechanical loading on the air-steam flow

The objective of this study is to determine the effect of mechanical
loading on air and water vapor leakage rate. Several tests were performed
on dry concrete specimens under different levels of compressive loading.

The experimental conditions are close to the LOCA conditions and
are equal to 140 °C for the temperature and 5 bars for the total pressure
of the injected fluid. The external surface is kept under atmospheric
pressure and at 140 °C. The test conditions are given in Table 7.

Figs. 10 and 11 show the evolution of the leakage rate of the dry air
and the output absolute humidity as a function of the applied stress
level.
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Fig. 9. Measurement of apparent permeability ka before and after steam injection at 120 °C.



Table 6
Permeability values for different water contents.
ky, (10718 m?) B (MPa)
Dry material 9.92 049
Material with previously water vapor injection 9.41 0.25

Similar evolution (two stages) is observed for the partially saturated
specimens (Fig. 7). So, mechanisms driving it are probably quite similar.
Below 80% of the peak load, nitrogen leakage rate decreases slightly
(Fig. 10) due to the closure of pores. Indeed, under the mechanical
loading the material porous network decreases and steam condenses
faster following the relations of Kelvin-Laplace. It is partially confirmed
by the slight decrease in the output absolute humidity below 80% of the
peak load (Fig. 11). Beyond the nitrogen leakage rate (Fig. 10), the
output absolute humidity (Fig. 11) increases rapidly due to the gradual
material damage. Indeed, the effective pore network available for the
fluid transfer grows thanks to the development of cracks for making it
easier for the steam mix to flow.

To check this assumption, the value of the molar ratio r (Eq. (8)) of the
injected and outgoing fluid is determined for the specimens SP1, SP2 and
SP3 (Table 7) under a mechanical preloading (“intact specimen”) and a
loading equal to 90-95% of the ultimate compressive strength (“damaged
specimen”). This molar ratio is calculated from the Eq. (8) based on the
partial pressure ratio. This relation assumes that the gases are ideal.

LI ®)
nﬂS PﬂS
where n,,, and n,, are the molar quantities of steam and air respectively,
the water vapor pressure P, is measured by two transducers located at
the output and input of the specimen (Figs. 3 and 4), the partial air
pressure Py of the injected fluid is determined from the initial total
pressure and of the outgoing fluid is equal to the atmospheric pressure.
These results are shown in Fig. 12. It appears that the difference be-
tween the ratios rippyr and oy, decreases for the damaged specimen.
This is due to the fact that the water vapor content increases for the out-
going fluid of the damaged specimen (as assumed previously). Similar
observations can also be found in the literature [22,41,42]. For the intact
specimen, a different behavior is observed: the main gas detected in the
outgoing fluid is nitrogen (see Fig. 12 where r is low). This last result
shows that undamaged concrete is a good barrier to steam flow. The dif-
ference between relative humidity values (both for intact and damaged
specimen) can be explained by the appearance of microcracks, which
causes a slight decrease of the injected water vapor pressure (and there-
fore the molar ratio).

4. Conclusions

To understand the complexity of steam transfer through concrete,
a new device was developed at GeM and described in this article.
This first experimental study allowed determining the effect of hydro-
mechanical loading and the steam injection on concrete permeability.
Moreover, the substantial influence of the mechanical loading on steam

Table 7
Test conditions.

Specimens  Relative Water vapor Nitrogen Total pressure
humidity (%)  pressure (bars)  pressure bars) (bars)

SP1 18.00 0.70 430 5

SP2 33.46 137 3.64 5

SP3 49.50 1.87 3.13 5

Output: Pressure = 1 bar

1000

—-SP1

-~ SP2 —&SP3

Qa (mLn/min)

10 T T T T
0% 20% 40% 60% 80% 100%

Applied to ultimate stress

Fig. 10. Evolution of the leakage rate of dry air as a function of mechanical loading.

flow (output absolute humidity and air leakage rate) at LOCA conditions
was also underlined.
The main conclusions of the study are emphasized below:

(i) When the compressive loading is lower than 80% of the ultimate
strength, the intrinsic permeability decreases. Beyond this thresh-
old value it increases rapidly. This behavior is amplified with the
degree of saturation. However, it is difficult to explain the role of
water content on the apparent permeability increase beyond

80% of the ultimate strength, as permeability is also linked to me-

chanical damage.

For both fluids (air and steam), stabilization state is reached after

several days. This duration depends on the injection pressure, the

pore network available to fluid flow and the process of water
condensation.

(iii) Two phases characterize the evolution of the leakage rate of dry
air and the output absolute humidity when a concrete specimen
is loaded under LOCA conditions. These parameters stay constant
during the first phase (below 80% of the ultimate strength). This is
due to the fact that a large number of pores are filled with water
that limits the nitrogen and the steam flow. When the concrete
specimen is damaged, during the second phase, the leakage rate
of both gas and output absolute humidity significantly increases.

(i

=

These first experimental results underline the effect of steam flow on
concrete properties under extreme conditions and the complexity of the
steam transfer process. Future experimental works will be focused on
the influence of crack width, temperature gradients and the type of
loading on the gas/steam permeability.
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