
HAL Id: hal-04736516
https://hal.science/hal-04736516v1

Submitted on 15 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Experimental study of the air–steam mixture leakage
rate through damaged and partially saturated concrete
Sonagnon Medjigbodo, Marta Choinska, Jean-Pierre Regoin, Ahmed Loukili,

Abdelhafid Khelidj

To cite this version:
Sonagnon Medjigbodo, Marta Choinska, Jean-Pierre Regoin, Ahmed Loukili, Abdelhafid Khelidj.
Experimental study of the air–steam mixture leakage rate through damaged and partially saturated
concrete. Materials and structures, 2015, 49 (3), pp.843-855. �10.1617/s11527-015-0542-5�. �hal-
04736516�

https://hal.science/hal-04736516v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Acc
ep

ted
 M

an
us

cri
ptExperimental study of the air–steam mixture leakage rate

through damaged and partially saturated concrete

Sonagnon Medjigbodo • Marta Choinska •

Jean-Pierre Regoin • Ahmed Loukili •

Abdelhafid Khelidj

Abstract This study is focused on the tightness of

containment walls of nuclear power plants in case of

loss of coolant accident. This kind of accident results

in the rise from ambient conditions to a temperature of

140 �C and an air steam mixture pressure of 5.2 bars.

This rise creates high hydric, thermal and mechanical

stress in concrete, impairing the tightness integrity of

concrete wall. In this work, we propose to highlight

experimentally the influence of initial water content of

the sample, the compressive load and the percolating

fluid on the hydraulic behavior of concrete. The tests

are carried out on hollow cylindrical samples, using a

device which allows to generate a gas mixture at the

inlet and to measure the leakage rate at the outlet of the

samples. As the tests are performed in isothermal

conditions, the results show that at stress levels lower

than 70 80 % of the peak stress, the leakage rate of the

mixture is slightly influenced by both parameters

(degree of saturation and stress). However, it can be

noted that as the load exceeds this threshold value, the

damage effect due to mechanical loading remains

more important in the leakage rate evaluation.

Keywords Steam � Damage � Degree of saturation �
Leakage � Condensation � Relative humidity

1 Introduction

Permeability of concrete is commonly used as a key

index for assessing the durability of concrete, especially

when concrete is exposed to aggressive environments.

In the specific case of nuclear power plants, the concrete

structure must be sufficiently confined and leak-tight

both in service life and in the event of Loss Of Coolant

Accident (LOCA). This kind of disaster proceeds with

simultaneous effects of temperature (140 �C) and gas (a

mix of air and steam) of pressure (5 bars) exerted on one

face, with the other side remaining at atmospheric

conditions [39]. In this case, the rate of gas escape must

be below 1.5 % of the confined gas volume per day [4].

As this criterion is not practically measurable, the

nuclear power plants safety is evaluated by measuring

the air leak flow through the inner containment wall at

ambient temperature. So, in order to improve the

knowledge of the link between the two situations and

the understanding of the transfer’s phenomenon in case

of LOCA, some experimental full-scale leakage tests

were performed: either on concrete without reinforce-

ment and ‘‘cracking’’ [4, 39] or on reinforced concrete
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CNRS 6183, 1 rue de la Noe, BP 92101,

44321 Nantes Cedex 3, France

e mail: ahmed.loukili@ec nantes.fr

M. Choinska � A. Khelidj
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walls subjected to tensile load [17, 20]. In each case, an

experimental setup was developed. It consists of a

mechanical set-up [17, 20] which determines cracks

through the wall and a thermo-hydraulic set-up [4, 17,

20, 39] which allows producing an air steam mixture in

order to reproduce accidental scenarios. These studies

show that during the heating of concrete, several non-

linear and coupled mechanisms are involved [15]. The

main phenomena that can be observed are heat

conduction, water vapor diffusion, water flow due to

pressure gradients and capillary effects, latent heat

transfer due to water phase change (hydration dehy-

dration process, adsorption desorption phenomena…)

inside the pores… [12, 15]. It results in the significant

changes to the material’s inner structure and properties

such as the increase in porosity and the degradation of

strength properties. On the other hand, the air ? steam

percolation induces major mechanisms such as: steam

condensation inducing plugging of concrete cracks and

porosity, closing of cracks due to thermal induced

compression… [17]. Because of the complexity of

phenomena involved, coupled thermo-hydro-me-

chanical (THM) models are proposed in literature to

assess the thermo-hydraulic and the mechanical behav-

ior of concrete structures [9, 12, 13, 27] under LOCA or

at high temperature. Some of these models have been

validated against results of available experiments

showing their usefulness in understanding and predict-

ing concrete performance [9, 32, 40].

However, considering the evolution of the leakage

rate through the porous media, it is closely related to

the changes in permeability during the LOCA loading.

Physical, chemical and mechanical processes that

result from the ageing process and LOCA scenarios

also generate cracks in the concrete structure. Ac-

cordingly, it is significant to understand the effects and

the interaction of some parameters (damage, tem-

perature and initial degree of saturation) on the air and

air steam mixture flow properties of concrete.

Many research studies have been performed to

investigate the permeability of concrete subjected to

thermal stresses [6, 11, 23, 24, 34, 44] and mechanical

loadings [6, 21, 29, 36, 41]. It was reported that the

intrinsic permeability evolves exponentially with dif-

fuse damage (D \ 0.25) [36]. Sugiyama et al. [41] and

Choinska et al. [6] showed two important phases in the

evolution of the permeability of concrete under com-

pressive loading. The first phase consists in the slight

decrease of the permeability and the second which

occurs after 80 % of the ultimate strength, where the

permeability increases significantly. Gallé and Ser-

combe [11], Zeiml et al. [44] … observed a significant

increase in permeability for large temperatures (above

105 �C). According to the authors, this increase is due

to several phenomena such as removal of free water

from the capillary porosity, dehydration process (above

120 �C according to Noumowé et al. [34] and probably

thermal deformation. Other studies show that the

overall evolution of the permeability k due to damage

and temperature follows a multiplicative format:

k = f (damage) g (temperature) [6, 14]. It means that

the increase of intrinsic permeability of concrete

subjected to thermo-mechanical loading is the products

of two functions (f and g) which reflect the contribution

of each parameter separately. It is important to note that

the above relationship were experimentally proved by

[6] for a moderate compressive damage generated on

ordinary concrete and by [14] for high-performance

concrete (HPC) where damage is not only thermal but

also mechanical. Moreover, in Gawin et al. [14], gas

pressure plays an important role and should be also

taken into account. Concerning cracked concrete (lo-

calized or single residual cracks), a sharp increase of

gas flow and permeability has been observed [37, 42,

Greiner et al. 18]. All of these results assume that the

concrete is dry. When the concrete is partially saturated,

Jacobs [22], Abbas et al. [1], Picandet et al. [36], Villain

et al. [43], Monlouis-Bonnaire et al. [31], Kameche

et al. [26] observed that permeability is not intrinsic. It

was found that permeability decreases with increase of

degree of saturation. The coupled effect of concrete

moisture content and the compressive stresses on its

permeability has also been studied [28, 36, 41]. It

showed that when the concrete is damaged, only the

crack pattern controls the overall gas flow and the

increase of permeability is independent of the sample’s

moisture content. However, the presence of water in

concrete significantly affects its permeability when the

compressive stress level is less than 70 80 % of

ultimate strength.

In these important studies, permeability to dry gas

(oxygen, nitrogen) is preferred compared to permeability

to water or water vapor. The main reason is that with

water or water vapor, several complex and interrelated

physical phenomena (rehydration, condensation, …)

would occur. Due to the difficulty and the lack of

available and appropriate methods for the measurement

of the air steam mixture transfer through concrete at high
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temperature, a limited number of studies have been done

on concrete material [19]. Moreover, these studies did

not take into account all the parameters influencing the

behavior of concrete material in LOCA conditions. Thus,

more understanding is needed.

In our previous study, the coupled effects of

compressive mechanical loading and free water con-

tent on dry gas (nitrogen) permeability of concrete

[28] have been shown. The measurement of the air and

steam mixture leakage rate through dry concrete

samples under conditions (T = 140� C, P = 5 bars

and RH = 75 %) close to LOCA conditions has also

been performed [28]. However, using dry concrete is

not justified because it is not realistic. Although the

saturation state of concrete structures is not well

known, it is obvious that in situ, the concrete is never

completely dry. So, to be realistic, we need to take into

account the influence of the degree of saturation in the

analysis and prediction of air and water vapor leakage

rates through partially damaged concrete. The aim of

the work reported here is to determine the effect of

degree of saturation and the coupled effect of degree of

saturation compressive stress level on the evolution

of the gas mixture (nitrogen ? steam) leakage rate.

2 Experimental program

2.1 Materials, curing and conditioning

The experiments were carried out on an ordinary

concrete with a water/cement (W/C) ratio of 0.57. The

cement used was CEM II/A-LL 42.5R and the

maximum diameter of gravels was 25 mm. The

mixture proportion is given in Table 1. Hollow

cylindrical samples (110 mm in external diameter,

14 mm in internal diameter and 220 mm high) were

cast following the European standards (EN 206-1).

The average strength and porosity are reported as

40 MPa and 14 %. The average standard deviation is

equal to 0.77 MPa and 0.8 % for the compressive

strength and the porosity respectively. More details

about the materials, casting and curing procedure can

be found in our previous research [28].

To study the influence of the water content of

concrete on the gas permeability measurement, four

water saturation levels Sr have been selected. For each

water saturation level, two samples were tested. The

moisture conditioning of the samples was obtained as

described in Fig. 1 and detailed in Medjigbodo et al.

[28]. It can be summarized as follows:

(1) Long lime-saturated water curing after which

concretes are assumed to be fully water-

saturated.

(2) Complete oven-drying at 80 �C.

(3) Partial water saturation process.

Figure 2a and b show respectively the time evolu-

tion of the sample’s weight and their weight loss or

gain during conditioning phase. It can be observed

that, at 80 �C, the removal of free moisture from the

samples is reached rather quickly during the early

stages of exposure. About 80 95 % of the free

moisture in concrete is driven out after 2 weeks.

Unlike concrete drying [3] or wetting (Fig. 2a, b) at

20 �C, where slower drying/wetting kinetics takes

place, the drying kinetics are quite fast at 80 �C.

Moreover, as illustrated in Fig. 2a, b, the absorbed

water increases quickly for a period of a few days. It

should also be noted that after the water immersion

phase (or during the drying process), the distribution

of water through the material is not homogeneous and

a moisture gradient should appear [38]. Despite the

conditioning method used, a homogeneous redistribu-

tion of the water in the samples cannot be expected

before several years. So the tests were performed with

a non-homogeneous distribution of moisture and the

average saturation level was considered representative

of the condition of the material.

The average mechanical response of concrete in

uni-axial compression is illustrated in Fig. 3: after the

storage in water (at 28 days) and after drying at 80 �C.

Table 1 Concrete constituents and mix proportions

Ingredient Cement River sand (0/5) Gravel (5/12.5) Gravel (12.5/25) Effective water Plasticizer

kg/m3 350 772 316 784 201 1.23

W/C ratio = 0.57

Slump = 9 cm
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It can be seen in Fig. 3 that the change in moisture

content caused by drying has a considerable effect on

the mechanical properties of concrete. The compres-

sive test results indicate that there was a partial gain in

strength after drying process. The magnitude of

strength gain is about 10 %.

2.2 Experimental set-up and test procedure

The experimental set-up illustrated in Fig. 4 was used to

perform the permeability tests. A complete description

of this test is given in Medjigbodo et al. [28]. It consists

in:

firstly, imposing a uniform temperature to all parts

of the device (test tube, cylinder, temperature and

humidity sensors) placed inside the climatic

chamber (Fig. 4) in order to avoid any steam

condensation in the experimental device,

secondly, injecting the air (nitrogen) steam

mixture into the cylindrical borehole under the

conditions close to LOCA scenario (Table 2).

The flow is radial. The relative pressure (difference

between the injection pressure and the atmospheric

pressure) is maintained until gas flow stabilization

where the relative humidity (RH) of the output gas

mixture and the air (nitrogen) flow rate are measured.

The full testing procedure is summarized as

follows:

(a) First, the required temperature is applied

(140 �C) at a constant rate of 10 �C/h during

24 h.

(b) After the heating phase, the nitrogen is injected

at 5 bars until gas flow stabilization. The mass

flow rate is measured at the downstream of the

sample by the thermal mass flow meter (MFM)

Fig. 1 Samples curing and conditioning processes

Fig. 2 a Weight versus duration. b Weight loss or gain versus drying or wetting time graphs of concrete samples
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which converts the mass flow rate to an

equivalent volumetric gas flow.

(c) The gas mixture is then injected in experimental

conditions given in Table 2.

(d) At mix flow stabilization, a compressive load-

ing is applied on the sample up to the required

load level (Fig. 5). Load levels correspond to

20, 40, 60, 80, 90 and 95 % of the estimated

peak stress in the pre-peak regime.

3 Results and discussion

All of the tests are performed as described in Sect. 2.2.

It is important to note that a uniform temperature

superior to dew point temperature is needed in order to

avoid any thermal condensation. So, during the test,

the temperature of 140 �C is kept in climatic chamber.

Two parameters are used to characterize the gas

mixture flow through concrete: the output absolute

humidity (as), i.e. the amount of water vapor in a unit

volume of humid gas mixture extracted at the outlet of

the sample, and the nitrogen flow rate (Q0). as is

calculated from the value of the RH of the output gas

mixture [28].

3.1 Characterization of gas mixture flow through

dry and undamaged concrete

In our previous study, the evolution of both parameters

(as and Q0) were highlighted for dry and undamaged

concrete samples submitted to experimental condi-

tions, such as T = 120 �C, Pt = 3.4 bars and

RH = 80 % [28]. In order to investigate the effect of

boundary conditions on the leakage rate value, the

same tests are carried out with the experimental

conditions given in Table 2. The results presented in

Fig. 6 clearly show the same phase evolution as those

obtained in Medjigbodo et al. [28]: a capillary

condensation phase (phase 1), a transient phase (phase

2) and a stabilization phase (phase 3). It is important to

note that the evolution of both parameters seems to be

Fig. 4 Schematic illustration of test equipment [28]

Table 2 Parameters imposed at sample input and output

Input Output

Temperature (�C) Absolute pressure (bars) Relative humidity (%) Pressure (bar)

140 5 75 1

5
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This study shows that no matter what conditions are

imposed, the processes involved remain the same as

long as the pressure gradient is different than zero.

However, it is very important to note that the

stabilization time of two gases mainly depends on

the injection pressure (Pt).

3.2 Influence of initial water content on the air

and steam mixture flow through undamaged

concrete

In this section, the influence of water content located

in the porous network on the gas mixture flow through

concrete is studied. Table 3 gives the different values

of the initial degree of saturation tested. After heating

phase, the degree of saturation of each sample is

measured again. The results given in Table 3 show

that all of the free water disappears after the heating

process.

Graphs of the time evolution of the relative value of

nitrogen leakage rate (Q0=Q0t 0
) and the relative value

of output absolute humidity (as=ast TS
) at different

levels of initial degree of saturation are shown in

Figs. 9 and 10 respectively. From these figures and the

values given in Table 4, four observations can be

highlighted:

(a) The three phases depicted in Fig. 6 for dry

concrete sample can also be distinguished for

non-saturated concrete samples.

(b) Time stabilization (TS) of the water vapor flow

is slightly longer for dry concrete compared to

partially saturated concrete (Fig. 11).

(c) The absolute humidity of the injected mixture

on the upstream side (1,420 g/m3) is 10 20

times as much as the downstream values

(Table 4). This implies that, even after stabi-

lization, most of the moisture conveyed by the

upstream flow is retained by the concrete

sample, regardless of the initial concrete

saturation.

(d) The output absolute humidity increases with the

initial degree of saturation (Sr) of the sample

(Table 4). The nitrogen leakage seems to

decrease with the initial degree of saturation

(except for Sr B 24 %) (Fig. 9). From the

output humidity value, one can assess the RH

of the mixture exiting the test chamber and then

the partial pressures of vapor (Pv) and nitrogen

(PN2
) in the mixture [28]. These values are

given in Table 5. They allow to obtain the ratio

r between the total mixture and the dry nitrogen

output flows (� ðPv þ PN2
Þ=PN2

). From dry to

85 % saturated concrete, this ratio varies be-

tween 1.18 and 1.35. It confirmed that the total

gas leakage through partially saturated concrete

is lower than in dry concrete but the difference

is less than indicated by the dry nitrogen

leakage. These observations show that the

initial saturation has a sizable influence, but

just on the marginal residual humidity of the

nitrogen exiting the test chamber.

Let us evaluate first the total water retained by the

sample after the test. By equating the input and output

nitrogen flow rate, Eq. (1) allows to quantify the

upstream water flow QI
W (g/h) injected in the system

[28]:

QI
W ¼ 60� 10 3 � Q0q0

MW

MN2

� Pv

Pt � Pv

; ð1Þ

where Q0 (mLn/min) is the nitrogen flow rate, Pt (Pa)

is the total pressure at the upstream side, Pv =

RH 9 Pvsat (T) is the partial pressure of water vapor,

Pvsat (Pa) the saturated vapor pressure of water at

temperature T (K), Mw (g/mol) and MN2
(g/mol) are

the water and nitrogen molar mass and q0 is the

nitrogen density at 0 �C and 1.013 bar.

The downstream water flow rate QO
W (g/h) at each

stage from the beginning of a test to the final

stabilization is quantified by the following equation:
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where as (g/m3) is the output absolute humidity.

By assuming that the concrete doesn’t affect the

injected mixture, the total water retained by the sample

during the test may be assess by integrating in time the

difference between the input and output water flow rate.

Based on Table 4 and Figs. 9 and 10, an estimate

gives water retention of 134, 102, 53, and 47 g for

initial degrees of saturation 0, 24, 46 and 85 %

respectively. It means that a significant change on the

degree of saturation takes place during the moisture

flow process.

Let us now consider the case of an initially dry

concrete sample. Previous observations show that at a

given temperature, the presence of RH in the concrete

environment generates physical phenomena such as

molecular adsorption (for lower RH) and capillary

condensation (for higher RH) [3]. At the thermody-

namic equilibrium, the amount of adsorbed water can

be expressed thanks to the moisture sorption isotherm

[16, 35]. At T = 140� C and RH = 75 %, the amount

of adsorbed water is about 28 % of the pore volume.

However this estimate is only valid from a static point

of view. If the total amount of evaporable water is

about 300 g (6 % 9 5,000 g where 5,000 g is the

mass of the sample (Fig. 2), the final saturation of the

dry sample should be 45 % after 36 h flushing with

RH = 75 %. This implies that dry concrete is char-

acterized by higher moisture retention which progres-

sively reduces the concrete permeability.

Accordingly, this delay the appearance of water vapor

at the output of the concrete sample (phase 1 is

longer Fig. 10), delays gas stabilization (Figs. 9,

10), and reduce the water vapor leakage (Table 4).

In the case of an initially partially saturated

concrete sample, several phenomena at the micro-

structural scale take place during the heating phase.

From a physical point of view, among the most

important ones, there is capillary water evaporation

from the porous network (after heating phase, the

saturation of the samples tends to zero Table 3), the

adsorbed water release and the cement hydrates

dehydration [11]. These phenomena, mainly capillary

effects, are associated with hydrostatic stresses gen-

erating damages that can alter the pore structure. For

oven-dried concrete, Gallé [10] shows that the stresses

related to the surface tension of the receding water

menisci generate a collapse of some of the fine pores

and consequently an increase in the volume of larger

pores. Accordingly, when the gas mixture is injected,

the adsorption phenomenon (which occurs in fine

pores) is not very significant and the water vapor flows

more easily (Fig. 10) with a relatively shorter stabi-

lization time (Fig. 11).

From Table 4, after stabilization, the estimate of

the water retained shows that the final saturation

should be 35, 20 and 18 % for 24, 46, and 85 %

saturated concretes respectively. Thus, at increasing

initial saturation levels, the moisture retention process

is progressively reduced and the output absolute

humidity increases. Another ‘‘thermo-hydro-me-

chanical’’ factor contributes to the increase in output

absolute humidity. Indeed, as the gas overpressures are

assumed to be completely dissipated at the end of the

pre-heating phase [25, 30] the higher value of water

vapor leakage rate could be explained by the material

cracking and thermo-chemical degradation. As sug-

gested by Noumowé et al. [33], by heating moist

concrete above the boiling point, the endothermal

nature of the free water vaporization and the water

thermal expansion create locally high thermal gradi-

ents and high vapor pressure in the concrete. Accord-

ingly, this high pore pressure generates either an

expansion of pores by breaking down some partition

walls or serves to trigger micro-cracks. Consequently,

the pore volume available for water and gas increases

significantly. Moreover, the level of tensile stresses

induced by the thermal expansion of the water, from

which results micro-cracks opening, depends on the

amount of the free water content. Finally, higher initial

moisture contents implies anyway a lower degree of

saturation after stabilization, a higher porosity, and

then a higher vapor content in the leaking gas.

The nitrogen leakage rate (Fig. 9 and Table 4)

seems to decrease when the degree of saturation

increases. It is obvious that this cannot be due to the

free water inside the macropores because all of it is

supposed to be vaporized. Similarly, the amount of

condensed vapor (which tends to create a plug effect)

is sufficiently less to be the origin of such behavior (as

specified before, the adsorption/condensation phe-

nomenon observed during the first hours following the

injection is less important in partially concrete than in

dry concrete). However, as written below, since the

moisture is supposed to be transported both in vapor

and water phases [2, 19], it can be assumed that when

the equilibrium is reached, the increase of output

absolute humidity with the initial degree of saturation

leads to the decrease of the pore volume available for

9
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there are two phases. During the first phase, the mean

volumetric behavior of the concrete is strictly con-

tracting, and then the gas mixture leakage rate

decreases slightly. In contrast, the second phase is

characterized by micro-cracking generation, causing

significantly increase of gas mixture leakage rate.

4 Conclusions

The results reported in this study can be summarized

as follows:

(1) For both fluids (air and steam), the stabilization

state is reached after several hours of perme-

ability test. This stabilization time decreases

when the degree of saturation increases. The

free water which induces a large pore-crack

network during the heating phase is mainly

responsible of this behavior. Thus, the amount

of fine pores is reduced. Consequently the

adsorption/condensation phenomena observed

in dry concrete during the first hours following

injection are less important in partially saturated

concrete and the gases flow more easily.

(2) The degree of saturation level significantly

affects the gas mixture leakage rate through

undamaged concrete samples. The results sug-

gest that in an isothermal system (with tem-

perature above the dew point temperature of

water), the more free water the concrete

contains, the higher is the leak rate of steam.

This is due to the capillary effect generated by

the vaporization of free water and the thermal

expansion of water, which lead to create strong

moisture gradients able to cause micro-crack

and so to increase the available volume net-

work. Moreover, it is assumed that the greater

the initial water content, the more concrete

porosity increases, and thus greater will be the

water vapor leakage rate. Nevertheless, as the

water vapor flow increases, the pore network

available for nitrogen seems to decrease induc-

ing the decrease of the nitrogen flow rate.

(3) Two main phases characterize the evolution of

the gas mixture leakage rate when a compres-

sive stress is applied on the concrete sample.

Firstly, when the applied stress level is below

70 % of the ultimate strength, the output

absolute humidity and the nitrogen leakage rate

stay almost constant or decrease and then

increase slightly. Secondly when the concrete

sample is damaged (applied stress exceeds

70 80 % of the ultimate strength), the leakage

rate of both gases significantly increases. Dur-

ing the mechanical loading, the influence of

initial water content appears to be negligible

and becomes insignificant when the material is

damaged.

In this experimental study, we try to highlight the

influence of the water content on the air and steam

mixture flow through concrete samples. In the future,

it could be of interest to analyze the influence of the

water content distribution, thermal gradient and their

effect on the measurements of crack openings and flow

rates.
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