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GAS AND WATER PERMEABILITY OF CRACKED CONCRETE
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The goals of this research are to study the relationship between cracking and permeability of concrete and to compare the experimental results against theoretical models. Three concrete mixes are used; one of ordinary concrete, and two of high performance concrete, with similar composition save that one is reinforced with steel fibre. Two discs, 50 mm thick slices, are cut from the mid section of 110 x 220 mm cylindrical specimens and are dried prior to being subjected to permeability tests. The discs are diametrically loaded, as for a normal splitting test, until obtaining a predetermined lateral displacement, normal to the loading direction, also called the crack opening displacement (COD). A special removable device, equipped with two transducers, monitors the COD on both sides of the discs. When the predetermined COD level is reached, the discs are unloaded, and a gas permeability test is performed. After the last loading phase, gas and water permeability tests are both performed in order to compare the influence of the percolating fluid. Intrinsic gas permeability is measured, using a constant head permeameter. To take into account of the slip flow in undamaged specimens and the inertial flow inside the cracks, a specific procedure is applied. Experimental data show a coherent transition between Klinkenberg's and Dupuit-Forcheimer's laws. In the most cracked specimens, the water permeability and the gas permeability are equal if only the first percolating water flow produced in time is considered. Results suggest that permeability increases as COD cubed, as shown in theoretical models for cracked rocks. The correction factor, accounting for the tortuosity of the cracks induced in each concrete is compared and also discussed.

INTRODUCTION

Permeability of concrete plays a critical role in controlling the properties of concrete and the serviceability of reinforced concrete. Beside the permeability and general stability, the ability of cracks to conduct gases and water is of significant importance for structures subjected to water and/or vapour pressure (i.e. basement, water retaining structures, water reservoir, waste container and confining enclosure of nuclear power plant).

Tensile cracks are unavoidable in reinforced concrete structures. However, due to difficulties in generating desirable crack patterns in concrete specimens and the availability of appropriate methods for concrete permeability measurements, a limited number of studies have been done on the global permeability of cracked concrete. Most researchers focus on the water permeability of concrete. However assessing the effect of mechanical cracking on global transport properties is difficult due to water-cement matrix interactions [1]. Tensile cracking may occur as a result of the exposure of previously unhydrated components and also, dissolution and precipitation of hydrates, resulting in the autogeneous healing of cracks [1,2].

In the present research, permeability is measured using a constant head permeameter with nitrogen as the neutral percolating fluid. During the ultimate phase, the permeability of cracked specimens is also measured using water as the percolating fluid in order to compare the results. Controlled splitting tests are introduced to generate width controlled cracks in concrete specimens. This testing method has been used by other researchers [3,4,[START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF] and has several advantages: Cracks are produced by tensile stresses; The crack opening displacements (COD) is recorded during loading and after unloading; The loaded cylindrical specimens can also be used for conventional concrete permeability test, as the Cembureau test method. In this study, the same specimen can be loaded several times, and its increase in permeability can be observed without scattering results related to the measurements taken on different discs and due to the natural heterogeneities of the material. Thus, it is possible to evaluate the influence of small lateral displacements on the permeability of one disc [START_REF] Picandet | Proceedings of the 2 nd International Symposium on Cement and Concrete Technology[END_REF].

In an other way, after each loading phases, sequential crack patterns are viewed under a video microscope. The cracks length and width can then be accurately measured.

EXPERIMENTAL PROGRAM

2.1. Materials, mix proportion and specimens curing Three concrete mixes are made; one of ordinary concrete (OC) with a water/cement ratio of 0.5, and two of high performance concrete (HPC), with similar composition save that one is reinforced with steel fibres (HPFRC) with a water/cement ratio of 0.3. The last mix contains 1% volume fraction of end hooked steel fibres (30 mm length and 0.38 mm diameter).

The concrete mixtures are cast in steel moulds and compacted using a mechanical vibrator. The cylindrical specimens are stored in a room maintained at 20°C with 95% relative humidity (RH) for 24 hours after casting, and are cured in water at 20°C during the next 4 weeks. They are then put in a non-ventilated drying oven and heated at 60°C for 2 days. Finally, they are stored in an air-conditioned room (20 ± 1°C and RH 50 ± 5%) during four months prior to testing. Their mechanical characteristics and material properties at 28 days are measured as shown in table [1]. The water content of concrete has a direct influence on the gas permeability measurements [START_REF] Picandet | [END_REF]. The moisture conditioning of specimens is carefully controlled and the degree of water saturation in the discs is maintained constant during all the gas permeability tests and until the ultimate water permeability tests.

2.2. Pre-cracking of samples using controlled splitting test Controlled splitting tests are used to induce cracks in the specimens. Diametrically loading (i.e. under Brazilian test configuration), is one of the methods for estimating the tensile stress of concrete through indirect tension. This stress mode is applied to the discs (110 mm in diameter and 50 mm in thickness) obtained from slicing 110-220 mm concrete cylinders ( § 2.3). These discs can be directly tested in the permeameter cell after each loading cycle. The discs are diametrically loaded until obtaining a predetermined lateral displacement.

Two LVDT sensors, with a range of 0.5 mm and a precision of 1 µm, measure the diametrical displacement which is normal to the load axis along the two opposite faces of the disc. Their average is called lateral displacement or crack opening displacement (COD) [3,4,[START_REF] Picandet | Proceedings of the 2 nd International Symposium on Cement and Concrete Technology[END_REF]. The sensors are maintained by two U-bolts clamped to the disc via screw-punch (see Fig. [1]). At the end of each loading cycle, the U-bolts are removed. The axis of loading, as well as the sites of the screw-punch, is located with a marker. When a disc is reloaded, the axis is preserved, as well as the site of the U-bolt. The plywood load-bearing strips are changed. The lateral displacement measurements are re-initialised with the value of the last displacement recorded on the same disc, (i.e. the last COD, recorded 30 minutes after unloading). Every disc undergoes 4 to 11 cycles, in order to obtain various lateral displacements under loading.

The load induced tensile stresses concentrated around the secant diameter with the loading plan. The damage is localized and a single crack crossing the disc is generally observed in this plan [3,[START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF][START_REF] Picandet | Proceedings of the 2 nd International Symposium on Cement and Concrete Technology[END_REF]] ( § 3.1). 
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Fig. [1]: COD measurement set-up using during splitting test

Gas permeability test

Intrinsic permeability is measured using a Cembureau constant head permeameter with nitrogen as the neutral percolating gas [8]. The relative pressure (P i -P atm ) applied to the sample ranges between 0.05 MPa and 0.3 MPa for sound or moderate damaged specimens and between 0.01 and 0.1 for the most cracked specimens. The inlet gas pressure is read using a digital pressure gauge with an accuracy of 100 Pa.

Permeability measurements are carried out in an air-conditioned room (20 ± 1°C). Each disc is tested with minimum five differential pressures. The outlet gas percolating through the specimen is measured in atmospheric pressure using a soap bubble volumetric gas flow meter. The establishing of the steady state flow before actual measurements requires significant time (varying from 30 minutes to several hours). This condition is verified by taking two measurements at a 10-minute time interval. If two values differ by less than 2%, the steady state flow condition is assumed.

For each differential pressure, the apparent coefficient of permeability k A (m²) is calculated from the Hagen-Poiseuille relationship, laminar flow of a compressible viscous fluid through a porous body, using the following well-known relationship (Eq. [1]) :

k A = ²) P ² P ( P . L . µ 2 A Q atm i atm - ⋅ [1]
Where L is the thickness of the sample (m), A is the cross-sectional area (m²), Q is the measured gas flow (m 3 /s), µ is the coefficient of viscosity (1,76.10 -5 Pa.s for nitrogen gas at 20°C), P i is the inlet pressure, (i.e. applied absolute pressure) (Pa), and P atm is the atmospheric pressure (Pa)

Laminar and slip flow in uncracked concrete:

The gas percolation through a fine porous body like concrete, and especially HPC, results from two flow modes: viscous flow and slip flow or Knudsen flow. Various methods exist to calculate the non-viscous flow. The most widely used is the relationship proposed by Klinkenberg [9], Eq. [2], which introduces the notion of an intrinsic coefficient of permeability k V (m²) relative to viscous flow only.

k A = k V (1+ m P b ) [2]
Where P m is the mean gas pressure, ( P m = (P i + P atm )/2 ) and b is the Klinkenberg coefficient (Pa). k V is the limiting value of gas permeability when the mean pressure P m approaches infinity. The determination of k V consists in measuring k A at different pressures (P i ) and in plotting it against the inverse of the mean pressure (1/P m ). From the five differential pressures applied, the correlations of the linear regressions are satisfactory with a coefficient higher than 0.99.

Turbulent and inertial gas flow in cracked concrete: Considering a macroscopic scale, the equation of a monodirectional flow (in O x direction) is given in Dupuit-Forcheimer's law [10] which can be written for this case in Eq. [3].
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Where P is the gas pressure at the abscise x (Pa), ρ is the fluid density (kg.m -3 ), v is the gas velocity at the abscise x (m.s -1 ), α is the constant value equal to the inverse of k V (m -2 ) and b is a constant value (m -1 ). The conservation of the mass flow through the specimen leads to another relationship (see Eq [4]) where k A and k V are expressed according to the global volumetric outlet gas flow Q.
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Where M is the molar mass (g.mol -1 ), R is the universal gas constant (J.mol -1 .K -1 ) and T is the temperature (K). The velocity of flows inside the cracks depends on the relative pressure applied to the sample. Then, the determination of k V consists in measuring k A for different pressures (P i ) and in plotting the inverse of the apparent permeability (1/k A ) against the global gas flow Q. From the several differential pressures applied, the correlations of the linear regressions are satisfactory and allow to determined the intrinsic permeability coefficients k V of tested specimens.

The permeability value is then regarded as the intrinsic gas permeability, k V, determined in Eq. [2] or in Eq. [4] according to the gas flow rate observed. This permeability value depends only on the cracking state and/or on the degree of water saturation of the tested specimen.

Water permeability test

Water permeability test are run directly on cracked samples. In order to avoid any turbulent water flow inside the cracks, the relative inlet pressure ranges between 0.02 and 0.1 MPa and is kept constant throughout one day. The outlet water flow is measured every minutes during the first hour and every hour thereafter.

RESULTS AND DISCUSSION

Crack patterns

To investigate the crack characteristics, some specimens were examined using a video microscope with a 200 times magnification. It is noticed that, as observed in other studies [3,4,[START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF][START_REF] Picandet | Proceedings of the 2 nd International Symposium on Cement and Concrete Technology[END_REF], the first crack initiates in the centre of the specimens (where the uniform tensile stress is developed under the splitting load), and the crack grows toward the edge of specimen as the COD increased. With further loading, additional fine cracks appeared but the width of the main crack still grew. It is measured after each loading phase with an accuracy of a few microns on both faces using a video microscope. An example of the evolution of the loadinduced cracks pattern detected under the video microscope of an OC concrete disc after few loading phases is given in Fig. [2]. Generally, beyond a 30 µm COD, a crack is observed on both faces of the discs after unloading. The average opening of this crack is about 3 µm and its length is about 30 mm. The specimens should not break apart during the splitting test. Under loading, beyond a COD of 500 µm, further branch cracks are observed and specimens become too fragile to be handled for a permeability test.

Global increase in the permeability of specimens

After unloading, the applied splitting tests can increase the initial permeability k V o of uncracked concrete specimens by about four orders of magnitude. The Fig. [3] shows the evolution of the permeability of each tested disc according to the COD after unloading.

The permeability grows in a very significant way starting from a certain threshold of COD after unloading, around 15 µm. This threshold corresponds to a lateral displacement under loading of about 25 µm. When comparing these results to various published data [3,4], it is assumed that concrete gas permeability is more sensitive than water permeability to loadinduced damage [START_REF] Picandet | Proceedings of the 2 nd International Symposium on Cement and Concrete Technology[END_REF]. Beyond this threshold, the crack pattern controls the global gas flow through the disc [START_REF] Picandet | [END_REF]. Then, it should be noted that the degree of water saturation of specimens does not affect the global gas permeability measurement. 

Fig. [3]: Gas permeability versus COD after unloading

When the permeability ranges between 8.10 -16 and 8.10 -15 m² and the inlet gas pressure is superior to 0.1 MPa, a laminar-turbulent gas flow transition always occurs during the test.

Then, seven to eight measurements are made in order to determine the intrinsic permeability according to equation [2] for the lower inlet pressure and according to equation [4] for the greater inlet pressure. The pairs of plots reported in the graph correspond to the two different determined permeability values.

Laminar-turbulent gas flow transition

When the gas flow transition occurred during testing for an inlet gas pressure closed to 0.1 MPa, the permeameter range of inlet pressure allows a precise observation, on one hand, of laminar and slip flows, and on the other hand, of turbulent or inertial flows. In the first case, the determination of the intrinsic gas permeability consists in measuring k A from the lower inlet pressures and in plotting it against the inverse of the mean pressure (1/P m ), (see the graph k A = f(1/P m ), Fig [ 4a]). In the second case, it consists in measuring k A from the greater inlet pressures and in plotting the inverse of k A against the global gas flow Q, (see the graph

1/k A = f(Q), Fig [4b]).
The graphs shown in Fig.

[4a] and Fig. [4b], report the experimental data obtained during a gas permeability test procedure for an OC cracked specimen with a 100µm of COD after unloading. It should be noted that experimental data show a coherent transition between Klinkenberg's and Dupuit-Forcheimer's laws. The intrinsic permeability values determined according to each method ( § 2.3.) lead to a difference lower than 10%, (see Fig. [3]). 

Water permeability test

After the last loading phase and after an ultimate gas permeability test, a water permeability test is performed. Due to the water-cement matrix interaction, (i.e. precipitation of calcite inside the cracks due to leaching and exposure of previously unhydrated components [1]), the water flow through the cracks gradually reduces with time. The global permeability of cracked concrete tends to decrease with time of exposure to water [1,2]. Thereafter, only the permeability values deduced from the first water flow measurements in times are considered. The comparison between the permeability values deduced from gas test, k G , and water permeability test, k W , are shown in Fig. [START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF] for discs of different concrete types. The two values are similar and the ratios k W /k G range between 0.5 and 1.15. water permeability / intrinsic gas permeability

Fig. [START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF]: Comparison between gas and water permeability of cracked specimens 3.5. Relationships between COD and relative increase in permeability.

The model proposed to analyse the increase in permeability of cracked disc derived from the parallel-plate theory commonly used in cracked rocks permeability. The matrix is then assumed impermeable and the percolation occurs only in the cracks. The global permeability k V ' of this hypothetic media can be written as following (Eq. [START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF]) :

12 w ' k 3 v Δ ξ = [5]
Where ξ is the reduction factor comprising the roughness of cracks, w is the crack width (m) and Δ is the crack density (m/m²). The lateral displacement or COD corresponds to an extension of the concrete. The yield tensile strain of concrete is negligible and the recorded CODs can be regarded as the sum of the width of all occurred cracks in the discs due to diametrical load. In fact, it could be assumed that there is a single main crack crossing the discs ( § 3.1.). The flows inside the cracks varies as the width cubed. The few other fine cracks would only contribute to a limited flow to the total gas flow through the sample.

Nevertheless, the sum of the width of these other cracks must be taken into account in term of displacement. A correcting factor γ is introduce in order to estimate the main crack width, w 1 , from the measured COD. From the main crack width measured using the video microscope and the recorded COD after unloading, this factor can be adjusted to a value equal to 0.5 for all concrete type discs and Δ is determined to equal 0.1.

The global permeability of a damaged disc, k V (d) is the sum of its initial permeability, k V o, and of the permeability of the load-induced cracks in an impermeable media, k V '. According to this model, the relative increase in permeability (i.e. the ratio k V (d)/ k V o) versus the COD after unloading, δ, is given in the following equation (Eq. [START_REF] Picandet | Proceedings of the 2 nd International Symposium on Cement and Concrete Technology[END_REF]).
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A polynomial regression is then carried out by assuming the relationship given in Eq. [2]. The Fitted parameter is F, with F = ξ γ 3 . The adjustment between the relative increase in permeability measured for the OC discs and the model is given as an example in Fig. [START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF] 1,E+00 

Fig. [5]: Relative increase in permeability of OC discs versus COD after unloading

It should be noted that, the relative increases in permeability of discs for the same concrete type are similar, and the theoretical curves fit well. The numerical values of F, determined by fitting, for each concrete tested are reported in Table [3]. The values of the correcting factor ξ can be evaluated from the adjusted value of γ (2 nd row of the table) or from the average width measurements of the main crack, w 1, ( § 3.1.) using the relationship given in Eq. [START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF], (3 rd row of the Table [3]).

Table [3]: Fitted parameter, F, and determinations of the reducing factor, ξ OC HPC HPFRC F = ξ γ 3 1,93.10 -3 7,54.10 -3 1,46.10 -3 ξ value if γ = 0,5 0,015 0,060 0,012 ξ value determined from the main crack width w 1 measurement 0,03 0,1 0,01

The value of ξ can not be accurately determined but the results shows a marked difference concerning HPC. The results let suppose that the roughness of cracks is lower in HPC. The steel fibres increase the tortuosity and the crack branching in HPRFC [START_REF] Shah | Proceedings of the 3 rd International Conference on Concrete under Severe Conditions[END_REF], so the global roughness of the tensile cracks occurred in HPRFC is higher than in HPC without fibres, and is also lower than the roughness of cracks occurred in OC.

CONCLUSIONS

1. The gas permeability testing require several measures of apparent permeability, (i.e. different inlet gas pressures). The analysis of results show a coherent transition between Klinkenberg's and Dupuit-Forcheimer's laws, and allow to determined the intrinsic permeability of cracked specimens (or permeable specimens) using gas.

2. Considering the most cracked specimens, the water permeability and the gas permeability measurements lead to the same intrinsic permeability, if the first percolating water flow produced in time during the tests is only considered. This result confirms that the permeability should be considered as an intrinsic value, whatever the percolating fluid used, to evaluate the global effect of load-induced cracks on concrete durability or performances.

3. Results suggest that permeability increases as COD cubed, as shown in theoretical models for cracked rocks. A parameter γ, accounting the tensile crack density and the crack-width distribution should be introduce to estimate the reduction factor ξ. 4. In spite of the difficulty in achieving a precise experimental determination of ξ, the results show that the correction factor depends on the concrete mixes. in HPC should be smoother than the tensile cracks in OC and also in HPRFC. 5. Reinforcing fibres should change the crack morphology and increase the tortuosity. Fibre reinforced concrete appears to be a more effective structural material than plain concrete, in terms of permeability and durability, as well as mechanical properties.
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Table [

 [ 

	Open porosity measured by water saturation ( % )	12.1	9.6	10.4
	2.3. Samples preparation and drying procedure			
	Concrete cylinders are cut using a diamond blade saw to obtain 50 mm-thick discs. Two discs
	are extracted from each central portion of the cylinder in order to avoid end effect. The discs
	are then ground true. Their thickness is measured with an accuracy of 0.1 mm. Their curved
	surface is sealed with two epoxy resin coats to ensure a one-dimensional gas flow inside the
	discs during permeability tests.				
	Drying the discs is necessary before proceeding to the gas permeability test. The discs are
	first oven-dried at 60°C during the first three months. Then, they are cooled for 48 hours in a
	desiccator at 20°C before being tested.			
		Table [2]: Drying procedure		
			OC	HPC	HPRFC
	Number of tested specimens		4	2	2
	Conditioned room: 20 ± 1 °C; 50 ± 5 % HR	4 months	4 months
	Ventilated oven: 60 ± 1 °C		1 months	1 months
	Ventilated oven: 105 ± 2 °C		-	1 month
	Mean water saturation degree	13 %	3 %	4 %
		1]: Material properties		
			OC	HPC	HPFC
	Modulus of elasticity	(GPa)	42	45	46
	Compressive strength	(MPa)	65	110	130