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Summary 
The gas pressure of concrete samples was measured in a non-steady state equipment working 
under low injection pressures and in a newly fine tuned steady-state setup working under 
different pressures. These measurements allowed the estimation of the intrinsic and relative 
gas permeability of the concrete and of the effect of boundary conditions on them. 

Permeability decreased with water content, but it was also greatly affected by the hydraulic 
history of concrete, i.e. if it had been previously dried or wetted. In particular, and for a given 
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degree of saturation, the gas permeability of concrete previously saturated was lower than if 
the concrete had been just air dried or saturated after air drying. In any case, the gas 
permeability was about two orders of magnitude higher than the liquid water permeability (10-

16 vs. 10-18 m2), probably due to the chemical reactions taking place during saturation 
(carbonation). The relative gas permeability of concrete increased sharply for water degrees of 
saturation smaller than 50%. 

Also, the boundary conditions affected the gas permeability values, and thus, they seemed to 
be mostly conditioned by the backpressure and the confining pressure, increasing as the former 
increased and decreasing as the latter increased, i.e. as the effective pressure increased. Overall 
the increase of pressure head or injection pressure implied a decrease in gas permeability, 
although this effect was less significant when the pressure head was high. 

1 Introduction 
In most countries the final disposal of low and intermediate-level radioactive waste is 
performed on surface or near-surface facilities, in which concrete is frequently used as a 
barrier. This work is a contribution to the understanding of the behaviour of concrete barriers 
in surface disposal facilities, in particular in the Spanish disposal facility of El Cabril, where the 
waste containers are placed inside concrete cells. The durability of concrete and its mechanical 
properties are intrinsically bound to moisture transport effects, especially when it is subjected 
to repeated wetting and drying regimes, and that is why a detailed thermo-hydraulic 
characterisation is necessary to model its behaviour.  

Thus, with a view on LLW and ILW issues, gas permeability measurements were performed in 
concrete samples of different degrees of saturation under low gas pressure. In addition, the 
saturated hydraulic conductivity of the same samples was measured after saturating them with 
water as percolating fluid. The methodologies followed are described in detail in Deliverable 3.3 
(Villar et al. 2010). 

2 Material 
The concrete used was manufactured at the C.A. El Cabril in September 2006 and May 2008 in 
the form of cylindrical blocks casted in PVC molds of different sizes, following the procedures 
used to manufacture the disposal cells. The samples were cured at El Cabril at ambient 
temperature, and once at CIEMAT they were kept in a high-RH atmosphere and at room 
temperature (Villar et al. 2009). The concrete had a characteristic strength of 350 kp/cm2, with 
a water/cement ratio of 0.43 and a consistency of 14 cm. Its average pore size was 0.03 µm 
(Zuloaga 2008). The specific weight of solid particles of the ground concrete was 2.68. The 
concrete theoretical composition, which included OPC, was the following: 

aggregates 4/16   1023 kg 
sand  0/4    634 kg 
sand 0/2    203 kg 
cement I 42,5R/SR    400 kg 
Melcret-222 additive  6.5 kg 
water     175 L 
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The pore size distribution of the concrete was obtained by mercury intrusion porosimetry in 
some lyophilised fragments (Figure 1). The pore mode was around 60 nm, and the porosity 
about 10 percent. 
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Figure 1: Pore size distribution obtained by mercury intrusion porosimetry in lyophilised 
concrete samples 

3 Methodology 
The cylindrical concrete samples casted at El Cabril were kept in CIEMAT inside a “wet 
chamber”. When needed the samples were cut to fit the cell dimensions and to obtain perfectly 
parallel surfaces on top and bottom. The specimens thus prepared had diameters of 35 or 50 
mm and heights between 40 and 70 mm. These samples were allowed to air dry and their gas 
permeability was measured in several moments along the drying process, hence the gas 
permeability was obtained for different concrete water contents. The same samples were also 
water saturated to determine in them the hydraulic conductivity and then allowed to air dry 
again, measuring the gas permeability at different moments during this second drying process. 
Some of these samples were water saturated for a second time and among them some were air 
dried for a third time. The aim of this testing procedure was to check the impact of hydraulic 
history on permeability. A total of 10 cylindrical samples were used, whose dimensions, dry 
density (ρd) and porosity (n) are given in Table I. The average dry density value was 2.31 g/cm3, 
corresponding to a porosity of 14% and a void ratio of 0.16. The tests performed in them are 
summarised in Table II, in which the duration of the consecutive drying and wetting periods is 
indicated. The gas permeability tests had references starting by “PG” whereas the water 
permeability tests had references starting by “HOR”. 
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At the end of each test, the concrete specimens were measured and weighed to estimate the 
water content and dry density, although the actual values could not be computed until all the 
different tests on a same sample were completed and the sample was dried at 110°C during 48 
h to determine the dry mass. 

Table I: Characteristics of the concrete samples used for the permeability tests 

Sample Height (cm) Diameter (cm) ρd (g/cm3) n (%) 
0 4.7 3.5 2.26 16 

1 6.8 5.0 2.37 12 
2 5.6 5.0 2.32 14 

3 6.2 5.0 2.36 12 
4 6.9 3.5 2.32 14 

5 4.1 3.5 2.32 13 
6 5.4 3.5 2.31 14 

7 5.4 3.5 2.30 14 

9 5.1 3.5 2.32 13 
10 5.2 5.0 2.24 16 

 

Table II: Summary of tests performed on the concrete samples 

Sample Dry 
(days) Tests Wet 

(days) Tests Dry 
(days)  Tests Wet 

(days) Tests Dry 
(days)  Tests 

0   40 HOR0       

1 787 PG1_1 
to 9 511 HOR1s 409 PG1_10 

to 17 253 HOR1s_2   

2 511 PG2_1 
to 7 19 HOR2s 273 PG2_8 

to 11     

3 5  23 HOR3 958 PG3_1 
to 8 254 HOR3s_2 368 PG3_9 

to 18 

4 1  19 HOR4 348 PG4_1 39 HOR4s 395 PG4_2 
to 7 

5 5  56 HOR5 255 PG5_1 
to 5 28 HOR5s 270 PG5_6 

to 8 

 107 HOR5s_2 630 PG5_9 
to 14     

6 179  58 HOR6s 628 PG6_1 
to 2 169 HOR6s_2 601 PG6_3 

to 6 

 92 HOR6s_3       

7 259 PG7_1 
to 3 179 HOR7s 308 PG7_4 

to 8 333 HOR7s_2   

9 346 PG9_1 
to 3 325 HOR9s 137 PG9_4 

to 7     

10 601 PG10_1 
to 10 190 HOR10s       
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3.1 GAS PERMEABILITY 
Two different experimental setups were used to determine the gas permeability, a steady and a 
non-steady state one. The non-steady state method had been used at CIEMAT for more than a 
decade, whereas the steady state method was fine tuned for this project (Villar et al. 2010). The 
aim of the first kind of tests was to determine the influence of water content and degree of 
saturation on gas permeability, whereas the aim of the tests performed on the steady-state 
permeameter was to analyse the effect of boundary conditions, such as gas pressure and 
confining pressure, on gas permeability. 

It must be pointed out that no sample was completely dry (0% water content) during the 
determinations and therefore, the intrinsic permeability could not be directly obtained from 
the measurements performed, since to determine the intrinsic permeability with air flow the 
sample must be completely dry. In order to obtain completely dry samples it would have been 
necessary to dry them in the oven at 110°C and this would have caused changes in the 
microstructure of the concrete and consequently in its hydraulic properties. When there are 
two fluids present in the porous material (gas and water in this case), the permeabilities of each 
fluid depend upon the saturation of each fluid: these are called effective permeabilities. Hence, 
the value obtained in the determinations (apart from the gas permeability, kg) is the intrinsic 
permeability measured with gas flow, kig, multiplied by the relative permeability to gas, krg. In 
turn, the relative permeability to gas is the ratio of the effective permeability of gas at a 
particular saturation to the absolute permeability of gas at total gas saturation, i.e. in 
completely dry material, where the krg value would be 1. 

3.1.1 Non-steady state method 
The cartoon of the assembly for the non-steady stated determination is shown in Figure 2. The 
cylindrical concrete samples were placed in a triaxial cell confined between two porous stones 
and wrapped in two latex membranes, between which vacuum grease was applied in order to 
prevent the loss of gas. The cell walls were made of methacrylate and were capable of 
withstanding pressures of up to 3000 kPa (Figure 3). The cell had three inlets drilled in the base: 
for the sample top drainage/backpressure, for the sample bottom injection pressure, and for 
the confining pressure. A pressure was applied to the chamber of the triaxial cell, high enough 
to ensure perfect adherence of the latex membranes to the walls of the sample (this pressure 
may have an influence on the permeability value obtained, and was usually of 0.6 MPa). The 
inlet at the lower part of the sample was connected to an airtight tank of known volume, in 
which nitrogen gas was previously injected at a pressure slightly higher than atmospheric. The 
tank was instrumented with a pressure sensor, connected to a data acquisition system, which 
recorded the pressure of the fluid contained inside. The inlet at the upper part of the sample 
was left open to the atmosphere. The test consisted in allowing the air in the tank to go out to 
the atmosphere across the specimen, while the decrease in pressure in the tank was measured 
as a function of time. The tests were performed at constant, room temperature. 

Prior to the permeability test, the airtightness of the system was checked for every new test. 
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Figure 2: Schematic representation of the non-steady state gas permeability system 

  
Figure 3: Concrete sample inside a methacrylate triaxial cell 

The permeability to gas was calculated in accordance with the following equation (Yoshimi & 
Osterberg 1963): 
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where kg is the permeability to gas (m/s), V the volume of the tank (m3), L the length of the 
sample (m), A the surface area of the sample (m2), ρg the density of the gas (kg/m3), Patm is 
atmospheric pressure (N/m2), P0 is the excess of pressure over atmospheric pressure in time t0  
(s) and P(t) is the excess over atmospheric pressure in the tank in time t. This equation was 
developed in a manner analogous to that used for the expression of permeability to water using 
a falling head permeameter, with the air continuity equation being applied through 
consideration of compressibility (Lloret 1982). In developing the equation, it was assumed that 
the initial P0 pressures are relatively small compared to atmospheric pressure. Also it must be 
assumed that while the pressure is decreasing in the tank, the distribution of pressure in the 
soil sample is the same as would exist if this instantaneous pressure had been maintained in the 
tank for a long period of time. 

The volume of the spherical tank used was 2.21·10-2 m3 and the gas used for the tests was 
nitrogen, for which a density of 1.12 kg/m3 was taken. The pressure of the tank on test 
initiation was fixed at values close to 103 kPa, since keeping the properties of the gas constant 
throughout the test requires that it not be subjected to high pressures. 

Taking into account the dynamic viscosity of nitrogen (µg, 1.79·10-5 Pa·s), the following relation 
between permeability to gas (kg, m/s) and the product of intrinsic permeability measured with 
nitrogen gas (kig, m2) times the relative permeability to gas (krg) is obtained: 

rgigrgig
g

g
g kkkk

g
k ××⋅=××

×
= 5102.6

µ

ρ
         [2] 

3.1.2 Steady state method 
The concrete cylindrical samples were prepared and placed in a triaxial cell in the same way 
described in the previous section, the only difference being that the injection pressure in these 
tests was applied on top.  

The setup to perform gas permeability measurements was designed to work as a constant head 
permeameter under different gas pressures, with the possibility to change the head value and 
measure the gas inflow and outflow (Figure 4). The triaxial cell was filled with water and 
pressurised with nitrogen, which was separated from the water in the cell through an elastic 
membrane contained in an OLAER’s pressure accumulator. The injection and downstream 
pressures could be independently varied and kept constant during the period of time necessary 
to get steady flow by HI-TEC gas forward pressure controllers. Associated to the pressure 
controllers, DRUCK pressure transmitters (PTX1400 series, 100 bar a, 0.15% typical accuracy, 
overpressure 2 x FS), were placed for redundancy at the inlet and outlet of the cell. Different 
range HITECH gas mass flowmeters measured the inward and outward flows (0.2-10, 2-100 and 
20-1000 STP cm3/min). Gas mass flowmeters were used to prevent the potential impact of 
deviation from the ideal behaviour of gas on the measurement of the molecular flow rate and, 
hence, on the calculated permeability coefficients. Nitrogen gas was used as fluid. The technical 
details of the equipment were given in Villar et al.  (2010). 

The system applied the pressures to the sample and registered flow and pressures from the 
measurement devices. In and outflow gas rates, up and downstream pressure, temperatures 
and the confining pressure were monitored. 

To compute the permeability (intrinsic permeability measured with gas flow, kig, relative 
permeability to gas, krg) the inflow or outflow measurements could be used, applying the 
following equation for incompressible media with compressible pore fluids (Scheidegger 1974): 
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where Qm is the measured flow (volume of fluid as a function of time), A is the sample surface 
area, µg is the fluid dynamic viscosity, L is the sample length and Pup and Pdw are the upstream 
and downstream pressures applied at the top (inlet) and the bottom (outlet), respectively, of 
the sample, and Pm is the pressure of the measured flow (in our case, due to the STP conditions 
of the gas mass flowmeters, the atmospheric pressure). In turn gas permeability, kg, could be 
computed taking into account the gas density and viscosity change with upstream or 
downstream pressures (P): 

rgig
g

g
g kk

Pg
k ××

××
=

µ

ρ
            [4] 

It was considered that the viscosity of nitrogen did not change during the tests because they 
were isothermal, whereas density changed with pressure. The change in density was 
considered as that of an ideal gas, and thus computed as the product of the density of nitrogen 
at atmospheric pressure times the pressure, either the injection or the backpressure, 
depending on what flow was used for the computation. This solution assumed that steady state 
flow was established, what meant that the quantity of gas exiting the sample in the low 
pressure side was equal to that entering the sample in the high pressure side. This aspect was 
verified in the tests. In any case, the underestimation of the calculated permeability coefficients 
should be less than 1.3%. 
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Figure 4: Schematic diagram of the setup for the steady-state gas permeability tests (CF: 
coalescing filter; FPC: forward pressure controller; BPC: back pressure controller; MFM: mass 
flowmeter (1000 mLn/min: 1&6; 100 mLn/min: 2&5; 10 mLn/min: 3&4); black arrow: water 
line for confining pressure) 
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3.2 WATER PERMEABILITY 
The hydraulic conductivity of the saturated samples was measured in a constant head 
permeameter. Basically, the method consisted in measuring against time the volume of water 
crossing a saturated, laterally confined specimen to which a constant hydraulic gradient 
between the upper and lower ends was applied. Thus, the method consisted in applying a 
hydraulic head (∆P) between the upper and lower ends of a sample of known dimensions 
(surface area: A, height: L) previously saturated. Simultaneously, the volume of water passing 
through the sample (∆V) was determined over a given time period (∆t, s). Hydraulic 
conductivity (water permeability, kw) was calculated by applying Darcy’s law for flow in porous 
media: 

PtA
LV

k
∆×∆×

×∆
=w

             [5] 

The intrinsic permeability (kiw) can be easily was calculated from the water permeability 
determined in saturated samples through: 

g
k

k
w

w
iw ×

×
=

ρ
µw

              [6] 

where µw is the water dynamic viscosity (taken as 1·10-3 Pa·s), ρw is the water density (taken as 
1 kg/m3) and g was taken as 9.8 m/s2. 

To perform the determination the samples were wrapped in a latex membrane, porous stones 
were placed on top and bottom and it was mounted in a triaxial cell. The cell was pressurised 
with water at 0.8-1.0 MPa and deionised water was injected through top and bottom of the 
sample at a pressure of 0.6 MPa in order to saturate it. Once saturated a nominal hydraulic 
head of 0.1 MPa was applied to the sample by increasing the injection pressure at its bottom in 
order to perform the flow measurement. 

Due to the particular characteristics of the material, the permeability value changed over time. 
For this reason the measurements were repeated periodically over several months. Between 
measurements, the samples were kept saturating in the same triaxial cells. The determinations 
were done at laboratory temperature. 

4 Results 

4.1 GAS PERMEABILITY 

4.1.1 Non-steady state method 
The aim of the first kind of tests was to determine the influence of concrete water content and 
degree of saturation on its gas permeability. To this point the same specimen was measured 
several times after taking it out of the wet chamber, letting it dry at laboratory conditions 
between the different measurements (Table II). In this way the change of gas permeability 
during drying was evaluated. The Tables in Appendix 1 summarise the results obtained for the 
measurements performed in each specimen, expressed as gas permeability (kg) and as intrinsic 
permeability times relative permeability (kig·krg). The effective degree of saturation is also 
included, e(1-Sr), where e is the void ratio and Sr the water degree of saturation.  
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Most samples were initially air dried to determine the evolution of gas permeability with water 
content. The same samples were later water saturated to determine in them the saturated 
permeability and then let air-dry again while the gas permeability was measured The results 
obtained for these samples are shown in Figure 5, Figure 6 and Figure 7. Conversely, some 
specimens were first water saturated and the gas permeability was measured afterwards 
during air-drying, and later after a second water saturation and air-drying (Figure 8 and Figure 
9). The figures show that the gas permeability increased with the water content diminution and 
that it was systematically lower (for the same water content) when the concrete had been 
previously saturated (up to an order of magnitude). The same trends were found when the 
intrinsic permeability values were considered. These values are shown in Figure 10 as a function 
of water content for all the samples tested. Gas permeability of concrete was between 1.6·10-9  
and 4.8·10-12 m/s or between 1.8·10-15 and 2.5·10-18 m2 if it is expressed as kig·krg, for water 
contents between 0.5 and 4.3 %, corresponding to degrees of saturation between 9 and 86 %. 
Figure 11 shows the same results as a function of the time of drying. Of course, the longer the 
drying time the higher the gas permeability, because the water content decreased on drying, 
but it appears that after approximately 300 days drying, the gas permeability did not change, 
probably because an equilibrium water content (Figure 12) and a chemical equilibrium with the 
atmosphere was reached. 
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Figure 5: Evolution of gas permeability of samples 1 (left) and 2 (right) on drying before (1 and 
2) and after water saturation (1s and 2s) 
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Figure 6: Evolution of gas permeability of samples 7 (left) and 9 (right) on drying, before (7 
and 9) and after water saturation (7s and 9s) 
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Figure 7: Evolution of gas permeability of sample 10 on drying 
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Figure 8: Evolution of gas permeability of samples 3 (left) and 4 (right) on drying, after water 
saturation (3s and 4s) and after drying and water resaturation (3s_2 and 4s_2) 
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Figure 9: Evolution of gas permeability of samples 5 (left) and 6 (right) on drying, after water 
saturation (5s and 6s) and after drying and water resaturation (5s_2, 5s_3 and 6s_2) 
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Figure 10: Concrete gas permeability (kig·krg) as a function of water content during air drying 
(samples with an s in the reference were previously water saturated) 
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Figure 11: Concrete gas permeability (kg) evolution during air drying (samples with an s in the 
reference were previously water saturated) 
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Figure 12: Evolution of water content during drying of the concrete samples (samples with an 
s in the reference were previously water saturated) 
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Overall, the permeability of samples that were not previously saturated was higher than that of 
those previously saturated. After saturation, the gas permeability tended to decrease, although 
this decrease was not so clear if the samples had been air-dried before saturation. This can be 
seen in Figure 13, where the results have been grouped according to the hydraulic history of 
the samples and fit to exponential curves. Also, the permeability increase on drying seems 
more acute in samples that were previously saturated. In this figure the values under the 
reference “saturated after air-drying” correspond to samples that had been saturated after air 
drying once, twice or thrice. These have been separated in Figure 14, where it can be observed 
that the number of wetting/drying cycles does not seem to affect the value of gas permeability. 

The gas permeability is also usually related to the accessible void ratio of the material, which is 
computed as e(1-Sr). These values are plotted in Figure 15, where it can be observed that the 
accessible void ratios of the samples tested are below 0.15, which is high if we take into 
account that the average void ratio of these concrete samples was 0.16 (see section Material). 
The relationship between permeability and accessible void ratio in samples not previously 
saturated is not clear, but for the other samples, there is a clear trend for the permeability to 
increase as the accessible void ratio does. 
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Figure 13: Change of gas permeability (kg) with water content for samples with different 
hydraulic history 
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Figure 14: Change of gas permeability (kg) with water content for samples saturated after air-
drying 
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Figure 15: Change of gas permeability (kg) with accessible void ratio for samples with 
different hydraulic history 
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4.1.2 Steady-state method 
Some of the samples measured with the non-steady-state method were also measured in the 
steady state equipment, in order to analyse the influence of boundary conditions such as 
injection, confining and backpressures, on the value of permeability. It was checked that for a 
given sample and test step the gas outflow was equal to the gas inflow, and thus the intrinsic 
permeability calculated was the same irrespective of the flow (in or out) used to compute it. 
However, when gas permeability was calculated taking into account the fluid properties (i.e. the 
permeability in m/s), the gas permeability upstream was usually slightly higher than 
downstream, up to a maximum of one order of magnitude when the upstream and 
downstream pressures were very different. This was due to the variation of the fluid properties 
with pressure and gave an idea of the possible range of variation of gas permeability inside the 
sample due to the gas pressure gradient. 

Sample 3 was measured twice in the non steady state equipment during the drying process. 
The sample water content in the first measurement (PG3_6, Table XIII) was 1.6 percent. 
Between this measurement and the next one in the steady state equipment (PG3_7, Table XIV), 
the sample was accidentally wetted, and that is why the water content in the latter 
measurement was higher (2.2 percent). 

During the tests, the confining pressure was kept constant (at 400-500 kPa in the first test and 
1500 kPa in the second one) and the backpressure was kept atmospheric (Figure 16). The 
injection pressure was first gradually increased and then reduced. The results obtained in this 
phase for the two tests are shown in Figure 17. As expected, the sample with the higher water 
content showed the lower gas permeability. The values obtained during the pressure increase 
were equal to those found on pressure reduction. Permeability decreased slightly at the 
beginning of the injection pressure increase cycle. Also, the kig·krg values calculated with the 
inflow or the outflow for a given pressure condition were equal, whereas the kg calculated with 
the inflow was not the same as that calculated with the outflow, since the gas density in both 
cases is different due to the pressure difference between top and bottom of the sample. Figure 
17 shows also the permeability determined in the non-steady state equipment in the sample 
with the same water content. In both cases that value is higher, what could be due to the very 
low injection pressure in the tests performed in the non-steady state equipment. 
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Figure 16: Stress paths followed in the tests with sample 3 in the steady-state equipment 
(left: test PG3_6, right: test PG3_7) 
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In test PG3_7, after the pressure cycle under constant confining pressure, the confining 
pressure and the injection pressure were reduced to 500 and 200 kPa, respectively, and then 
increased gradually and simultaneously to 1500 and 1000 kPa, respectively (Figure 16, right, 
phase 2). In this way, two different effective stresses were applied. For a given effective stress, 
the gas permeability decreased slightly as the injection and confining pressures increased 
(Figure 18). 
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Figure 17: Change of gas permeability (kig·krg) with injection pressure for sample 3 at different 
water contents and constant confining pressures. Atmospheric backpressure. The values 
obtained with the non-steady state equipment are shown with dotted horizontal lines 
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Figure 18: Evolution of gas permeability (kig·krg) for sample 3 (test PG3_7) as confining and 
injection pressure increased while backpressure remained atmospheric 
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Sample 5 was initially saturated to determine hydraulic conductivity and then it was air dried, 
measuring gas permeability as the water content decreased with the non-steady state 
equipment (Table VIII, Appendix 1). Then the sample was saturated again to measure for a 
second time the water permeability and it was afterwards again air dried. Twice during this 
second air drying process the sample was tested in the steady state equipment, with two 
different water contents, 1.9 and 0.9 percent. 

A summary of the values obtained during the first measurement is shown in Table XV (PG5_6). 
In test PG5_6 the backpressure was initially kept constant at 174 kPa while the injection 
pressure was increased under a constant confining pressure of 700 kPa (Phase 1); afterwards, 
the backpressure was increased and then decreased while injection pressure was kept constant 
at 800 kPa and the confining pressure at 1000 kPa (Phase 2); and finally, keeping a constant 
backpressure of 200 kPa and a confining pressure of 1000 kPa, the injection pressure was 
reduced (Phase 3) (Figure 19, left). After each pressure change flow became quickly stable and 
for this reason the duration of each step was usually of just a few hours. 
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Figure 19: Stress paths followed in the tests with sample 5 in the steady-state equipment 
(left: test PG5_6, right: test PG5_8) 

The permeability values obtained during the test calculated from the gas outflow, both in terms 
of kg and kig·krg, are plotted in Figure 20 as a function of the pressure head. All the values were 
lower than those determined with the non-steady state method for the same water content. 
The intrinsic permeability tended to be lower in Phase 2 and 3, when the confining pressure 
was higher, than in Phase 1. When the injection pressure was kept constant at 800 kPa (Phase 
2), kg decreased as the pressure head increased (i.e. as backpressure decreased), but it 
remained approximately constant when the fluid properties were not taken into account 
(kig·krg). When the backpressure was kept constant and the injection pressure varied, 
permeability did not show a clear dependence on pressure head. For low pressure heads, there 
was a significant difference between the gas permeability values obtained for low and high 
backpressures, those obtained for high backpressures being higher. Thus, the determining 
factor for the permeability increase seemed to be the backpressure, which was the one 
predominant inside the sample. 
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Figure 20: Gas permeability calculated from outflow during test PG5_6 (ρd=2.32 g/cm3, 
w=1.9%). Confining  pressure was 700 kPa in Phase 1 and 1000 kPa in Phase 2 and 3. The thick 
horizontal line is the value determined in the non-steady state equipment. bP: backpressure, 
Inj.P: injection pressure 

The results obtained during the second measurement, performed with a water content of 0.9 
percent, are shown in Table XVI (PG5_8). There were two phases in this test: in Phase 1, under 
a constant confining pressure of 1500 kPa and atmospheric backpressure, the injection 
pressure was gradually increased and then decreased; during Phase 2, both confining pressure 
and injection pressure were increased and later decreased simultaneously (Figure 19, right). 

The values obtained during Phase 1 as computed from the gas inflow and outflow are plotted in 
Figure 21, both in terms of kig·krg and kg, along with the value obtained in the non-steady state 
method. The difference between the values obtained in terms of kg from the inflow and the 
outflow, which was significant, came from the change of gas density with pressure. This 
difference was not observed for the intrinsic permeability values, except for pressure heads 
below 300 kPa. Since backpressure was kept atmospheric, the kg values calculated from the 
outflow were not affected by the gas density change, although they showed a dependence on 
injection pressure for the low pressure heads (permeability decreased with injection pressure 
increase up to a pressure head of 400 kPa). The values obtained during the injection pressure 
increase and decrease were the same for the same pressure head values. 

Besides, the values were slightly higher than those determined in test PG5_6, due to the higher 
water content in the latter (Figure 22). The difference was not very important though, maybe 
because the confining pressure applied was higher in test PG5_8 and gas permeability is very 
sensitive to it. 

During Phase 2 of test PF5_8, permeability decreased as the confining pressure and injection 
pressures increased, and the values obtained were lower when the pressure inside the sample, 
taken as the difference between the confining and the injection pressures, was higher (Figure 
23). All the values were lower than the value obtained in the non-steady state equipment for 
the same water content.  
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Figure 21: Gas permeability calculated from inflow and outflow during Phase 1 of test PG5_8 
(ρd=2.32 g/cm3, w=0.9%). Confining pressure was 1500 kPa and backpressure atmospheric, 
injection pressure was increased and decreased. The thick horizontal line is the value 
determined in the non-steady state equipment 
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Figure 22: Gas intrinsic permeability obtained for sample 5 (ρd=2.32 g/cm3) with water 
content 1.9% under a confining P of 800 kPa and backP 170 kPa (test PG5_6, Phase 1) and 
with water content 0.9% under a confining P of 1500 kPa and backP 100 kPa (test PG5_8, 
Phase 1) 
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Figure 23: Gas intrinsic permeability obtained for sample 5 (ρd=2.32 g/cm3) with water 
content 0.9% under changing injection and confining pressures and atmospheric 
backpressure (test PG5_8, Phase 2) 

Sample 7 was measured with a water content of 1.2 percent in two phases, in both of them the 
backpressure was kept atmospheric. In Phase 1 the injection and the confining pressures were 
simultaneously increased, so that to keep a constant difference between confining and 
injection pressures of 300 kPa. In Phase 2 the confining pressure was kept constant (1400-1600 
kPa) and the injection pressure was gradually decreased (Figure 24). The results obtained in 
both phases are summarised in Table XVII (Appendix 1) and plotted in Figure 25. Overall, gas 
permeability increased with confining and injection pressure decrease, especially for the low 
injection pressures. 
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Figure 24: Stress path followed in test PG7_3 with sample 7 in the steady-state equipment  
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Figure 25: Gas intrinsic permeability during test PG7_3 (ρd=2.30 g/cm3, w=1.2%). Atmospheric 
backpressure. Phase 1: confining and injection pressures increased simultaneously, Phase 2: 
confining pressure at 1400-1600 kPa, injection pressure decreased. The thick horizontal line is 
the value determined in the non-steady state equipment 

Samples 9 and 10 were tested immediately after they were taken out of the wet chamber, 
however they showed high permeability, both when tested with the non-steady state method 
(Table XI and Table XII, Appendix 1) and with the steady state one, probably because the 
relative humidity in the chamber was not very high and consequently, the water content of the 
concrete was not as high as expected. The results obtained in the steady state equipment are 
summarised in Table XVIII and Table XIX (Appendix 1). Both samples were tested initially under 
a confining pressure of 1500 kPa and atmospheric backpressure while the injection pressure 
was gradually increased (Figure 26). The results obtained during this phase in both samples are 
plotted in Figure 27. The gas permeability kept constant for sample 9 despite the injection 
pressure change, while it decreased for sample 10 as injection pressure increased. Sample 10 
was not further tested, since the gas flow was so high that the pressure steps could not be kept 
for long. Sample 9 was subjected to a second testing phase in which the confining and the 
injection pressures were decreased in subsequent steps, in a proportion that made the 
hydraulic head and the average stress inside the sample also to decrease (Figure 28). As 
observed in other tests, the gas permeability increased as confining and injection pressure 
decreased. 
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Figure 26: Stress paths followed in the tests with samples 9 (left: test PG9_2) and 10 (right: 
test PG10_1) in the steady-state equipment 
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Figure 27: Gas intrinsic permeability calculated for samples 9 (ρd=2.32 g/cm3, w=1.1%) and 10 
(ρd=2.28 g/cm3, w=4.0%). Atmospheric backpressure, confining pressure 1500 kPa. The thick 
horizontal lines are the values determined in the non-steady state equipment 
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Figure 28: Gas intrinsic permeability for sample 9 in Phase 2 of test PG9_2 (ρd=2.32 g/cm3, 
w=1.1%). Atmospheric backpressure, confining and injection pressures decreased 
simultaneously 

4.2 WATER PERMEABILITY 
The hydraulic conductivity of these samples was measured after saturating them with 
deionised water. The tests were performed at room temperature (22±2 °C) in a constant head 
permeameter, applying hydraulic gradients of 185±34. The details of each measurement are 
given in Appendix 1 (Table XX), where the initial and final water contents and degree of 
saturations are given, along with the water permeability (kw), the intrinsic permeability 
obtained from liquid flow (kiw) and the time needed to reach a stable permeability value. It was 
observed that normally, the longer the saturation time the lower the hydraulic conductivity 
(Figure 29). In some instances it took about 100 days to get a stable permeability value. Some 
of the samples were saturated immediately after taking them from the wet room (samples 0, 3, 
4 and 5), and others after air drying and gas permeability measurement. This process was 
repeated twice for samples 3 and 4, and thrice for sample 6. The second time the hydraulic 
conductivity was determined, i.e. after previous saturation and air drying, the value obtained 
was much lower (up to two orders of magnitude), although the difference between both values 
tended to be lower over time. 

From these measurements, which were performed in saturated samples, the intrinsic 
permeability can be directly derived from Equation 6. The values obtained for the 
measurements corresponding to the longer saturation times are shown in Figure 30. The 
hydraulic history of the samples did not seem to affect the intrinsic permeability obtained from 
water flow. The two highest values corresponded to samples saturated during short time 
periods. They were thus disregarded to compute an average intrinsic permeability value, that 
would be 3.6·10-18±5.1·10-18 m2. 
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Figure 29: Hydraulic conductivity of the concrete samples measured after different times of 
saturation. All the measurements performed on previously air-dried samples, except HOR0, 
HOR3, HOR4 and HOR5 
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Figure 30: Intrinsic permeability obtained from water flow in the concrete samples 
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5 Discussion 
The intrinsic permeability depends just on the material characteristics, and its value can be 
obtained either with a liquid in the saturated material or with gas in the completely dried 
material, provided that the fluid does not interact with the material. However, if the fluid 
modifies the characteristics of the material, the value of intrinsic permeability obtained could 
be altered. The gas permeability measurements performed did not allow to derive the intrinsic 
permeability, since the specimens were not completely dry. Drying the samples in the oven 
down to zero water content would have implied modifying their microstructure, and this is why 
they were just air dried to get different water content values. An indirect method to derive 
intrinsic permeability from gas permeability measurements was presented in Villar (2002) and 
Villar & Lloret (2001), and was applied to the measurements shown above.  

Figure 13 showed the gas permeability change with water content for samples with different 
hydraulic history. This parameter presents a better correlation with the permeability values 
obtained than accessible pore volume or degree of saturation. The following relationship 
between gas permeability (kg, m/s) and water content (w, %) could be deduced: 

Not previously saturated:  kg = 3·10-10 e-0.17w        [7] 

Saturated after air drying:  kg = 2·10-10 e-0.65w        [8] 

Previously saturated:   kg = 1·10-10 e-0.92w        [9] 

If in these equations the water content is taken as 0, the gas permeability of the dried concrete, 
which cannot be obtained through direct measurement because of the impossibility of drying 
completely the samples without modifying their microstructure, would be estimated. Then, the 
intrinsic permeability of concrete measured with air flow could be obtained through Equation 
2, considering krg equal to 1, since the degree of liquid saturation would be 0. The values thus 
obtained are shown in Table III. The intrinsic permeability obtained for the three groups of 
samples are of the same order of magnitude amongst them and two orders of magnitude 
higher than the value obtained in saturated samples with water flow (4·10-18, see section 
WATER PERMEABILITY), what is the expected result, since water reacts with the cement paste 
and can hydrate the anhydrated cement and change the chemical equilibria by dissolution, 
leaching and/or precipitation of calcite (if the latter is carbonated). This alteration is probably 
irreversible, since the gas permeability of previously saturated samples is lower than that of 
samples not previously saturated. Saturation after air drying implies a slight increase in gas 
permeability.  

Table III: Values of gas permeability and of intrinsic permeability deduced with gas flow from 
the correlations shown in Figure 13 (Equations 7, 8 and 9) 

Hydraulic history kg0 (m/s) kig (m2) 

Not previously saturated 3·10-10 5·10-16 

Previously saturated 1·10-10 2·10-16 

Saturated after air drying 2·10-10 3·10-16 

 

If we substitute the intrinsic permeability values of Table III in Equation 2 for each test (results 
in Table IV to Table XII) we would obtain the relative gas permeability value for each 
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measurement. The values thus computed are plotted in Figure 31 as a function of the degree of 
saturation for the different hydraulic histories. The following potential correlations were found: 

Not previously saturated:   krg = 1.2 Sr
-0.16      [10] 

Previously saturated:    krg = 12.3 Sr
-1.24      [11] 

Saturated after air drying:   krg = 39.5 Sr
-1.46      [12] 

It is clear that the change of relative gas permeability with degree of saturation is more acute 
for samples previously saturated, whereas for samples not previously saturated the change of 
relative gas permeability with degree of saturation is not so significant and the relative gas 
permeability is distinctly higher for degrees of saturation higher than 20%. 
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Figure 31: Relative gas permeability deduced from the measurements as a function of degree 
of saturation for different hydraulic histories 

It is known that the alkaline composition of the Portland cement matrix renders the 
cementitious material susceptible to chemical alteration during periods of storage in an 
unsaturated environment because of drying, carbonation or precipitation within the pore 
structure. Carbonation modifies the pore network and also the dry mass of the material 
(Ranaivomanana et al. 2011). This could falsify the initial water contents computed from the 
dry mass obtained by drying at 110°C at the end of the wetting/drying process. 

Since the gas permeability depends on porosity, microstructure geometry and connectivity of 
pores, cracking during the drying process prior to gas permeability measurement was also 
invoked as an additional reason for the differences between gas and liquid water permeabilities 
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(Baroghel-Bouny 2007). However, the modification of the microstructure during drying, with 
the formation of microcracking by shrinkage, seems to take place just on the surface of 
concrete, and would not contribute to a faster drying inside the concrete, on the contrary, the 
moisture would decrease extremely slowly deeper inward (Ryu et al. 2011, Asamato et al. 
2011). The drying down to an equilibrium water content at room conditions for the samples 
used in this study, which had volumes between 40 and 130 cm3 (Table I), took about 300 days 
(Figure 12), being faster when the water content was still high. This is usually attributed to the 
movement of water by capillarity when moisture is high in opposition to the slower diffusion-
controlled movement of water for low water contents (Selih et al. 1996). 

The range of pressures used in the steady-state measurements is too high for the Klinkenberg 
effect to be significant (Villar et al. 2011). 

Conclusions 
In order to perform the hydraulic characterisation of concrete, particularly with respect to its 
gas (nitrogen) transport properties, a steady-state setup for the measurement of gas 
permeability of concrete with different degrees of saturation under different pressure 
conditions was fine tuned. The gas pressure of the samples was also measured in a non-steady 
state equipment working under low injection pressures. These measurements allowed the 
estimation of the intrinsic and relative gas permeability of the concrete. 

Permeability decreased with water content, but it was also greatly affected by the hydraulic 
history of concrete, i.e. if it had been previously dried or wetted. In particular, and for a given 
degree of saturation, the gas permeability of concrete previously saturated was lower than if 
the concrete had been just air dried or saturated after air drying. In any case, the gas 
permeability was about two orders of magnitude higher than the liquid water permeability (10-

16 vs. 10-18 m2), probably due to the chemical reactions taking place during saturation 
(carbonation). The relative gas permeability of concrete increased sharply for water degrees of 
saturation smaller than 50%. 

The slowness of the processes occurring in concrete was illustrated by the time needed by the 
samples to get equilibrium water contents under room conditions and to reach a constant 
permeability value when they were saturated. 

Also, the boundary conditions affected the gas permeability values, and thus, they seemed to 
be mostly conditioned by the backpressure and the confining pressure, increasing as the former 
increased and decreasing as the latter increased, i.e. as the effective pressure increased. Overall 
the increase of pressure head or injection pressure implied a decrease in gas permeability, 
although this effect was less significant when the pressure head was high. Consequently, all the 
values obtained with the non-steady state equipment were higher than those obtained with 
the steady-state one, in which the confining and injection pressures applied were higher. 

The behaviour observed, in particular concerning hysteresis, highlighted the importance of 
microstructural analyses to understand the hydraulic properties of concrete. 



FORGE Report: D3.16 – Ver.0   

 32 

Appendix 1  

DATA OF MEASUREMENTS WITH THE NON-STEADY STATE METHOD 

Table IV: Results of gas permeability measurements during air drying in sample 1 (ρd=2.31 
g/cm3, e=0.16) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG1_1 206 24 0.8 55 5.1·10-16 0.07 3.1·10-10 
PG1_2 a 211 22 2.3 38 2.4·10-16 0.10 1.5·10-10 

PG1_3 240 22 1.6 26 3.5·10-16 0.12 2.1·10-10 
PG1_4 260 25 1.4 24 3.1·10-16 0.12 1.9·10-10 

PG1_5 304 24 1.4 24 3.7·10-16 0.12 2.3·10-10 
PG1_6 336 24 1.3 21 4.2·10-16 0.13 2.6·10-10 

PG1_7 398 21 1.1 17 3.8·10-16 0.13 2.3·10-10 

PG1_8 485 21 0.8 14 4.2·10-16 0.14 2.6·10-10 
PG1_9 785 21 0.7 11 4.7·10-16 0.14 2.9·10-10 

After saturation (HOR1s) 
PG1_10 3 23 3.3 55 2.3·10-17 0.07 1.4·10-11 

PG1_11 39 26 2.8 45 1.4·10-17 0.09 8.5·10-12 
PG1_12 88 25 2.2 37 3.2·10-17 0.10 2.0·10-11 

PG1_13 103 25 2.2 37 3.9·10-17 0.10 2.4·10-11 
PG1_14 139 24 1.8 29 5.5·10-17 0.12 3.4·10-11 

PG1_15 178 21 1.8 29 4.0·10-17 0.11 2.4·10-11 
PG1_16 301 24 1.3 21 5.8·10-17 0.13 3.6·10-11 

PG1_17 399 23 1.2 20 7.1·10-17 0.13 4.4·10-11 
a The sample got accidentally wet at the end of the first measurement and it was dried at 60°C 

Table V: Results of gas permeability measurements in sample 2 during air drying before and 
after saturation (ρd=2.32 g/cm3, e=0.16) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG2_1 8 24 3.3 57 5.8·10-16 0.07 3.6·10-10 

PG2_2 33 25 2.4 40 7.1·10-16 0.09 4.4·10-10 
PG2_3 54 23 2.0 35 7.4·10-16 0.10 4.5·10-10 

PG2_4 102 25 2.4 41 4.4·10-16 0.09 2.7·10-10 
PG2_5 168 21 1.8 30 7.3·10-16 0.11 4.5·10-10 

PG2_6 197 23 1.4 23 8.0·10-16 0.12 5.0·10-10 
PG2_7 273 23 1.0 18 9.0·10-16 0.13 5.6·10-10 
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Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

After saturation (HOR2s) 

PG2_8 3 22 3.4 58 3.4·10-16 0.07 2.1·10-10 
PG2_9 10 19 3.1 53 3.8·10-16 0.07 2.3·10-10 

PG2_10 21 21 2.5 43 3.7·10-16 0.09 2.3·10-10 
 

Table VI: Results of gas permeability measurements in sample 3s after saturation and air 
drying (ρd=2.36 g/cm3, e=0.14) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG3_1 123 20 1.5 29 5.6·10-17 0.10 3.4·10-11 

PG3_2 201 22 1.2 23 6.4·10-17 0.11 3.9·10-11 
PG3_3 299 22 0.9 17 4.6·10-17 0.11 2.8·10-11 

PG3_4 424 25 0.5 9 9.7·10-17 0.12 6.0·10-11 

PG3_5 462 17a 1.1 22 7.8·10-17 0.11 4.8·10-11 
PG3_6 543 21a 0.6 12 2.1·10-16 0.12 1.3·10-10 

PG3_7 838 20 0.9 17 1.2·10-16 0.11 7.2·10-11 
PG3_8 925 18 2.2 44 4.2·10-17 0.08 2.6·10-11 

After resaturation (HOR3s_2) 
PG3_9 14 22 3.9 76 no flow 0.03  

PG3_10 24 22 4.0 86 7.8·10-18 0.02 4.8·10-12 
PG3_13 91 21 2.6 55 1.1·10-17 0.06 6.8·10-12 

PG3_14 118 21 2.0 43 1.3·10-17 0.06 7.8·10-12 
PG3_15 138 25 2.5 51 2.5·10-18 0.08 1.6·10-12 

PG3_16 173 23 2.1 46 1.6·10-17 0.07 1.0·10-11 
PG3_18 364 22 1.5 25 1.6·10-17 0.07 9.7·10-12 

a The sample got accidentally wet 

Table VII: Results of the gas permeability measurements in sample 4s after saturation and air 
drying and then during air drying after resaturation (ρd=2.33 g/cm3, e=0.15) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG4_1 316 22 1.5 28 1.8·10-15 0.11 1.1·10-9 
After resaturation (HOR4s_2) 

PG4_2 3 28 4.3 77 6.8·10-17 0.03 4.2·10-11 
PG4_3 25 24 2.3 41 3.2·10-16 0.09 2.0·10-10 

PG4_4 40 23 1.9 33 4.7·10-16 0.10 2.9·10-10 

PG4_5 418 25 1.6 29 6.2·10-16 0.11 3.8·10-10 
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Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG4_7 164 20 1.2 21 9.0·10-16 0.12 5.5·10-10 
 

Table VIII: Results of the gas permeability measurements in samples 5s during air drying after 
saturation and resaturation (ρd=2.32 g/cm3, e=0.16) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG5_1 3 22 2.4 28 1.3·10-17 0.11 8.3·10-12 
PG5_2 30 23 2.5 42 1.7·10-17 0.09 1.0·10-11 

PG5_3 98 24 1.4 25 5.6·10-17 0.12 3.5·10-11 
PG5_4 156 21 1.0 17 6.2·10-17 0.13 3.8·10-11 

After resaturation (HOR5s_2) 
PG5_6 26 24 1.9 34 1.3·10-16 0.10 8.1·10-11 

PG5_7 95 26 0.8 14 3.0·10-16 0.13 1.8·10-10 
PG5_8 250 21 0.9 15 3.5·10-16 0.13 2.2·10-10 

After resaturation (HOR5s_3) 
PG5_10 76 21 2.7 46 1.7·10-17 0.08 1.1·10-11 

PG5_11 125 23 1.3 23 3.5·10-17 0.12 2.2·10-11 
PG5_12a 268 22 1.2 20 3.4·10-17 0.12 2.1·10-11 

PG5_14 628 23 1.4 24 7.9·10-17 0.12 4.9·10-11 
a The sample got accidentally wet at the end of this test 

Table IX: Results of gas permeability measurements in sample 6s during air drying after 
saturation (ρd=2.32 g/cm3, e=0.15) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG6_1 158 25 0.9 16 1.3·10-16 0.13 7.8·10-11 

PG6_2 623 22 0.9 15 7.3·10-16 0.13 4.5·10-10 
After resaturation (HOR6s_2) 

PG6_3 5 20 2.9 48 1.1·10-16 0.08 6.7·10-11 

PG6_4 77 22 1.2 20 1.8·10-16 0.12 1.1·10-10 
PG6_5 336 23 1.1 18 4.6·10-16 0.13 2.8·10-10 

PG6_6 587 22 1.1 18 4.2·10-16 0.13 2.6·10-10 
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Table X: Results of gas permeability measurements in sample 7 during air drying (ρd=2.30 
g/cm3, e=0.16) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG7_1 20 24 3.6 59 2.3·10-16 0.07 1.4·10-10 

PG7_2 36 24 1.7 28 4.5·10-16 0.12 2.8·10-10 
PG7_3 62 26 0.9 15 3.6·10-16 0.14 2.2·10-10 

After saturation (HOR7s) 
PG7_4 4 23 3.6 61 1.7·10-17 0.06 1.0·10-11 

PG7_5 25 27 2.7 46 2.5·10-17 0.09 1.5·10-11 
PG7_6 56 24 1.7 28 2.4·10-17 0.12 1.5·10-11 

PG7_7 182 23 1.3 21 6.7·10-17 0.13 4.1·10-11 
PG7_8 303 22 1.2 20 4.1·10-17 0.13 2.5·10-11 

 

Table XI: Results of gas permeability measurements in sample 9 during air drying (ρd=2.32 
g/cm3, e=0.15) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG9_3 344 24 0.8 14 1.1·10-15 0.13 7.1·10-10 
After saturation (HOR9s) 

PG9_4 3 23 3.9 65 8.7·10-18 0.05 5.4·10-12 
PG9_5 18 26 2.9 49 5.3·10-17 0.08 3.3·10-11 

PG9_6 39 24 2.4 39 3.8·10-17 0.09 2.3·10-11 
PG9_7 135 20 1.8 31 8.9·10-17 0.11 5.5·10-11 

 

Table XII: Results of gas permeability measurements in sample 10 during air drying (ρd=2.28 
g/cm3, e=0.18) 

Test Drying 
(days) 

T (°C) w final (%) Sr final (%) kig·krg (m2) e (1-Sr) kg (m/s) 

PG10_1 48 21 4.0 60 1.7·10-15 0.07 1.0·10-9 
PG10_3 154 24 2.5 38 1.0·10-16 0.11 6.4·10-11 

PG10_4 168 24 2.2 34 1.5·10-16 0.12 9.1·10-11 
PG10_5 206 25 1.7 27 1.7·10-16 0.13 1.0·10-10 

PG10_6 231 24 1.4 21 2.0·10-16 0.14 1.2·10-10 
PG10_7 400 21 1.2 19 2.2·10-16 0.14 1.3·10-10 

PG10_8 427 21 1.4 21 2.2·10-16 0.14 1.3·10-10 
PG10_9 463 22 1.1 19 1.9·10-16 0.14 1.2·10-10 

PG10_10 689 21 1.1 26 1.9·10-16 0.13 1.2·10-10 
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DATA OF MEASUREMENTS WITH THE STEADY-STATE METHOD 

Table XIII: Results of gas permeability measurements in sample 3 (test PG3_6) obtained with 
the steady-state method (ρd=2.36 g/cm3, w=1.6%) 

Duration 
(days) 

Confining P 
(bar) 

Injection 
P (kPa) 

Back P 
(kPa) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

3 4.01 210 100 9.1·10-17 1.0·10-16 1.2·10-10 6.3·10-11 
3 4.13 200 100 8.4·10-17 1.1·10-16 1.0·10-10 7.0·10-11 

3 4.49 220 101 8.0·10-17 8.8·10-17 1.1·10-10 5.4·10-11 
1 4.50 150 100 8.5·10-17 1.1·10-16 7.8·10-11 6.6·10-11 

1 4.51 160 100 8.2·10-17 9.9·10-17 8.1·10-11 6.1·10-11 
2 5.49 300 100 6.5·10-17 6.9·10-17 1.2·10-10 4.3·10-11 

4 6.50 401 85 5.7·10-17 5.9·10-17 1.4·10-10 3.1·10-11 
 

Table XIV: Results of gas permeability measurements in sample 3 (test PG3_7) obtained with 
the steady-state method (ρd=2.36 g/cm3, w=2.2%) 

Duration 
(h) 

Confining P 
(bar) 

Injection P 
(bar) 

Back P 
(bar) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

4.0 15.2 2.0 1.1 1.90·10-17 1.84·10-17 2.4·10-11 1.3·10-11 

16.0 15.0 3.0 1.1 1.81·10-17 1.81·10-17 3.4·10-11 1.2·10-11 
2.7 15.0 4.0 1.1 1.71·10-17 1.74·10-17 4.2·10-11 1.2·10-11 

1.5 15.0 5.0 1.1 1.65·10-17 1.67·10-17 5.1·10-11 1.1·10-11 
1.3 15.0 6.0 1.1 1.68·10-17 1.65·10-17 6.3·10-11 1.1·10-11 

0.8 15.1 7.0 1.1 1.70·10-17 1.65·10-17 7.4·10-11 1.1·10-11 
1.0 15.1 8.0 1.1 1.70·10-17 1.67·10-17 8.4·10-11 1.1·10-11 

67.2 15.3 9.0 1.1 1.77·10-17 1.74·10-17 9.8·10-11 1.2·10-11 
1.1 15.3 10.0 1.1 1.81·10-17 1.78·10-17 1.1·10-10 1.2·10-11 

0.7 15.3 9.0 1.1 1.74·10-17 1.76·10-17 9.7·10-11 1.2·10-11 
1.9 15.3 8.0 1.1 1.76·10-17 1.74·10-17 8.7·10-11 1.2·10-11 

1.3 15.3 7.0 1.1 1.70·10-17 1.73·10-17 7.4·10-11 1.2·10-11 

41.7 15.2 6.0 1.1 1.56·10-17 1.58·10-17 5.8·10-11 1.0·10-11 
1.4 15.2 5.0 1.1 1.58·10-17 1.63·10-17 4.9·10-11 1.1·10-11 

2.2 15.2 4.0 1.1 1.68·10-17 1.70·10-17 4.2·10-11 1.2·10-11 
3.3 15.2 3.0 1.1 1.59·10-17 1.77·10-17 3.0·10-11 1.2·10-11 

18.5 5.6 2.0 1.1 3.16·10-17 3.51·10-17 4.0·10-11 2.3·10-11 
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Duration 
(h) 

Confining P 
(bar) 

Injection P 
(bar) 

Back P 
(bar) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

1.1 6.3 3.0 1.1 2.85·10-17 3.12·10-17 5.3·10-11 2.1·10-11 
4.9 7.2 3.0 1.1 2.65·10-17 2.82·10-17 4.9·10-11 1.9·10-11 

16.3 7.3 4.0 1.1 2.86·10-17 2.92·10-17 7.1·10-11 2.0·10-11 
0.3 8.2 4.0 1.1 2.69·10-17 2.68·10-17 6.7·10-11 1.8·10-11 

1.0 8.3 5.0 1.1 2.73·10-17 2.74·10-17 8.5·10-11 1.9·10-11 
1.7 9.3 5.0 1.1 2.49·10-17 2.48·10-17 7.7·10-11 1.7·10-11 

71.0 10.2 6.0 1.1 2.23·10-17 2.26·10-17 8.3·10-11 1.5·10-11 
1.1 10.2 7.0 1.1 2.36·10-17 2.35·10-17 1.0·10-10 1.5·10-11 

0.6 11.3 7.0 1.1 2.11·10-17 2.15·10-17 9.2·10-11 1.4·10-11 
1.6 11.3 8.0 1.1 2.27·10-17 2.24·10-17 1.1·10-10 1.5·10-11 

1.4 12.4 9.0 1.1 2.16·10-17 2.15·10-17 1.2·10-10 1.4·10-11 

0.5 13.2 9.0 1.1 2.03·10-17 2.00·10-17 1.1·10-10 1.3·10-11 
0.5 13.3 10.0 1.1 2.12·10-17 2.10·10-17 1.3·10-10 1.4·10-11 

0.4 15.3 10.0 1.1 1.82·10-17 1.79·10-17 1.1·10-10 1.2·10-11 
 

Table XV: Results of gas permeability measurements in sample 5 (test PG5_6) obtained with 
the steady-state method (ρd=2.32 g/cm3, w=1.9%) 

Duration 
(days) 

Confining P 
(bar) 

Injection 
P (kPa) 

Back P 
(kPa) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

Phase 1 
5 7.19 300 174 2.1·10-17 2.3·10-17 3.8·10-11 2.4·10-11 

1 7.16 401 174 1.9·10-17 1.1·10-17 4.8·10-11 1.2·10-11 
1 7.16 501 174 2.1·10-17 2.2·10-17 6.4·10-11 2.3·10-11 

1 7.13 601 174 3.6·10-17 3.7·10-17 1.3·10-10 3.9·10-11 
1 9.94 700 174 1.6·10-17 1.7·10-17 7.0·10-11 1.9·10-11 

Phase 2 

3 9.99 800 174 2.5·10-17 2.6·10-17 1.2·10-10 2.8·10-11 
1 9.99 800 273 1.7·10-17 1.7·10-17 8.4·10-11 2.9·10-11 

1 9.99 800 374 1.7·10-17 1.7·10-17 8.2·10-11 3.8·10-11 
1 9.99 800 435 1.6·10-17 1.6·10-17 8.0·10-11 4.3·10-11 

<1 9.99 800 474 1.6·10-17 1.6·10-17 8.0·10-11 4.7·10-11 
1 9.99 800 574 1.6·10-17 1.5·10-17 7.8·10-11 5.5·10-11 

<1 9.99 800 670 1.6·10-17 1.3·10-17 7.8·10-11 5.4·10-11 
<1 9.99 800 749 1.6·10-17 1.2·10-17 7.9·10-11 5.7·10-11 
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Duration 
(days) 

Confining P 
(bar) 

Injection 
P (kPa) 

Back P 
(kPa) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

<1 9.99 800 648 1.6·10-17 1.5·10-17 7.9·10-11 6.1·10-11 
1 9.99 800 550 1.5·10-17 1.5·10-17 7.6·10-11 5.2·10-11 

1 9.99 800 349 1.5·10-17 1.6·10-17 7.5·10-11 3.5·10-11 
<1 9.99 800 299 1.4·10-17 1.4·10-17 7.1·10-11 2.6·10-11 

1 9.99 800 250 1.5·10-17 1.5·10-17 7.4·10-11 2.4·10-11 
<1 9.99 800 200 1.5·10-17 1.6·10-17 7.4·10-11 2.0·10-11 

Phase 3 
1 9.99 700 200 1.4·10-17 1.5·10-17 6.2·10-11 1.9·10-11 

1 9.99 601 200 1.4·10-17 1.5·10-17 5.1·10-11 1.8·10-11 
1 9.99 501 200 1.3·10-17 1.5·10-17 4.0·10-11 1.8·10-11 

3 9.99 401 200 1.3·10-17 1.5·10-17 3.2·10-11 1.9·10-11 
 

Table XVI: Results of gas permeability measurements in sample 5 (test PG5_8) obtained with 
the steady-state method (ρd=2.32 g/cm3, w=0.9%) 

Duration 
(h) 

Confining P 
(bar) 

Injection 
P (bar) 

Back P 
(bar) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg outflow 
(m/s) 

Phase 1 

1.3 14.8 1.7 1.0 4.4·10-17 4.8·10-17 4.7·10-11 2.9·10-11 
1.0 14.9 2.2 1.0 1.4·10-17 4.1·10-17 1.9·10-11 2.5·10-11 

3.3 14.9 2.7 1.0 2.4·10-17 3.6·10-17 4.0·10-11 2.2·10-11 
1.5 14.9 3.2 1.0 2.6·10-17 3.4·10-17 5.3·10-11 2.1·10-11 

16.5 14.8 3.7 1.0 2.9·10-17 3.1·10-17 6.7·10-11 1.9·10-11 
1.0 14.7 4.2 1.0 2.9·10-17 3.0·10-17 7.7·10-11 1.8·10-11 

3.7 14.8 4.7 1.0 2.9·10-17 2.9·10-17 8.5·10-11 1.7·10-11 
1.0 14.8 5.2 1.0 2.9·10-17 2.8·10-17 9.3·10-11 1.7·10-11 

18.8 14.6 5.7 1.0 2.9·10-17 2.7·10-17 1.0·10-10 1.6·10-11 

1.8 14.7 6.2 1.0 2.8·10-17 2.6·10-17 1.1·10-10 1.6·10-11 
2.7 14.7 6.7 1.0 2.7·10-17 2.5·10-17 1.1·10-10 1.5·10-11 

1.8 14.8 7.2 1.0 2.7·10-17 2.5·10-17 1.2·10-10 1.5·10-11 
1.0 14.8 7.7 1.0 2.8·10-17 2.5·10-17 1.3·10-10 1.6·10-11 

15.8 14.6 8.2 1.0 2.8·10-17 2.6·10-17 1.4·10-10 1.6·10-11 
2.0 14.6 8.7 1.0 2.9·10-17 2.6·10-17 1.5·10-10 1.6·10-11 

2.0 14.7 9.2 1.0 2.9·10-17 2.7·10-17 1.6·10-10 1.6·10-11 
1.3 14.7 9.7 1.0 2.9·10-17 2.8·10-17 1.7·10-10 1.7·10-11 
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Duration 
(h) 

Confining P 
(bar) 

Injection 
P (bar) 

Back P 
(bar) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg outflow 
(m/s) 

0.9 14.7 9.2 1.0 2.9·10-17 2.7·10-17 1.7·10-10 1.7·10-11 
0.8 14.8 8.7 1.0 2.8·10-17 2.6·10-17 1.5·10-10 1.6·10-11 

0.8 14.8 8.2 1.0 2.9·10-17 2.6·10-17 1.5·10-10 1.6·10-11 
14.5 14.6 7.7 1.0 2.8·10-17 2.5·10-17 1.3·10-10 1.5·10-11 

1.9 14.6 7.2 1.0 2.7·10-17 2.5·10-17 1.2·10-10 1.5·10-11 
0.7 14.6 6.7 1.0 2.7·10-17 2.5·10-17 1.1·10-10 1.5·10-11 

1.2 14.6 6.2 1.0 2.8·10-17 2.5·10-17 1.1·10-10 1.5·10-11 
1.0 14.6 5.7 1.0 2.8·10-17 2.6·10-17 1.0·10-10 1.6·10-11 

1.0 14.6 5.2 1.0 2.8·10-17 2.6·10-17 9.0·10-11 1.6·10-11 
3.3 14.7 4.7 1.0 2.8·10-17 2.7·10-17 8.1·10-11 1.7·10-11 

1.8 14.7 4.2 1.0 2.8·10-17 2.8·10-17 7.4·10-11 1.7·10-11 

61.1 14.5 3.7 1.0 2.9·10-17 2.9·10-17 6.6·10-11 1.8·10-11 
2.7 14.5 3.2 1.0 2.4·10-17 3.1·10-17 4.9·10-11 1.9·10-11 

2.2 14.5 2.7 1.0 3.6·10-17 3.4·10-17 6.1·10-11 2.1·10-11 
2.8 14.5 2.2 1.0 3.8·10-17 3.8·10-17 5.2·10-11 2.3·10-11 

18.0 14.2 1.7 1.0 4.2·10-17 4.5·10-17 4.5·10-11 2.8·10-11 
Phase 2 

1.6 5.9 1.7 1.0 8.9·10-17 9.5·10-17 9.6·10-11 5.8·10-11 
1.7 8.9 4.7 1.0 6.3·10-17 6.8·10-17 1.8·10-10 4.1·10-11 

1.6 11.9 7.7 1.0 5.5·10-17 5.4·10-17 2.6·10-10 3.3·10-11 
1.1 14.9 10.7 1.0 4.9·10-17 4.8·10-17 3.3·10-10 2.9·10-11 

1.6 14.9 7.7 1.0 2.4·10-17 2.3·10-17 1.1·10-10 1.4·10-11 
0.5 11.8 7.7 1.0 5.6·10-17 5.4·10-17 2.7·10-10 3.3·10-11 

16.0 11.8 4.7 1.0 2.9·10-17 2.9·10-17 8.5·10-11 1.8·10-11 
0.8 8.8 4.7 1.0 6.5·10-17 6.5·10-17 1.9·10-10 4.0·10-11 

23.5 8.9 1.7 1.0 4.5·10-17 5.7·10-17 4.9·10-11 3.5·10-11 
6.3 5.9 1.7 1.0 9.2·10-17 1.0·10-16 9.9·10-11 6.3·10-11 

18.8 6.1 0.8 1.0 3.6·10-18 1.4·10-16 1.9·10-12 8.5·10-11 
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Table XVII: Results of gas permeability measurements in sample 7 (test PG7_3) obtained with 
the steady-state method (ρd=2.30 g/cm3, w=1.2%) 

Confining P 
(bar) 

Injection 
P (bar) 

Back P 
(bar) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

Phase 1 
6.0 4.0 0.9 1.1·10-16 1.1·10-16 2.7·10-10 6.9·10-11 

7.0 5.0 0.9 8.1·10-17 8.1·10-17 2.0·10-10 5.2·10-11 
8.0 6.0 0.9 7.1·10-17 7.2·10-17 2.2·10-10 4.5·10-11 

9.0 7.0 0.9 6.6·10-17 6.6·10-17 2.4·10-10 4.2·10-11 
10.0 8.0 0.9 6.0·10-17 6.0·10-17 2.6·10-10 3.8·10-11 

11.0 9.0 0.9 5.8·10-17 5.7·10-17 2.9·10-10 3.6·10-11 
12.0 10.0 0.9 5.6·10-17 5.4·10-17 3.1·10-10 3.5·10-11 

13.0 11.0 0.9 5.3·10-17 5.2·10-17 3.3·10-10 3.3·10-11 
Phase 2 

14.0 12.0 0.9 5.0·10-17 4.8·10-17 3.7·10-10 3.0·10-11 
14.0 11.0 0.9 4.8·10-17 4.6·10-17 3.2·10-10 2.9·10-11 

14.0 10.0 0.9 4.5·10-17 4.4·10-17 2.8·10-10 2.8·10-11 
14.0 9.0 0.9 4.4·10-17 4.3·10-17 2.4·10-10 2.7·10-11 

14.0 8.0 0.9 4.4·10-17 4.2·10-17 2.2·10-10 2.7·10-11 

14.8 7.0 0.9 4.1·10-17 4.1·10-17 1.8·10-10 2.5·10-11 
14.9 6.0 0.9 4.3·10-17 4.2·10-17 1.6·10-10 2.5·10-11 

14.9 5.0 0.9 4.4·10-17 4.4·10-17 1.4·10-10 2.6·10-11 
15.0 4.0 0.9 4.9·10-17 4.6·10-17 1.2·10-10 2.8·10-11 

15.3 3.0 0.9 4.8·10-17 5.0·10-17 8.9·10-11 3.0·10-11 
15.7 2.0 0.9 5.0·10-17 5.8·10-17 6.3·10-11 3.5·10-11 

16.0 1.5 0.9 4.5·10-17 7.4·10-17 4.3·10-11 4.3·10-11 
 



FORGE Report: D3.16 – Ver.0   

 41 

Table XVIII: Results of gas permeability measurements in sample 9 (test PG9_2) obtained with 
the steady-state method (ρd=2.32 g/cm3, w=1.1%) 

Duration 
(h) 

Confining P 
(bar) 

Injection 
P (bar) 

Back P 
(bar) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

Phase 1 
1.8 15.1 1.2 0.9 1.6·10-16 7.2·10-17 1.1·10-10 4.4·10-11 

0.5 15.1 1.5 1.0 6.7·10-16 6.5·10-16 6.3·10-10 4.3·10-10 
2.6 14.9 2.0 1.0 7.5·10-16 6.8·10-16 9.2·10-10 4.4·10-10 

16.4 14.9 2.5 1.0 1.4·10-16 6.4·10-16 2.2·10-10 4.1·10-10 
1.1 14.9 3.0 1.0 1.0·10-16 6.5·10-16 1.9·10-10 4.3·10-10 

1.3 14.9 3.5 1.0 7.9·10-17 6.5·10-16 1.7·10-10 4.3·10-10 
0.8 14.9 4.0 1.0 6.6·10-17 6.7·10-16 1.6·10-10 4.4·10-10 

0.6 14.9 4.5 1.0 5.2·10-17 6.9·10-16 1.5·10-10 4.5·10-10 
1.6 14.9 5.0 1.0 4.5·10-17 7.0·10-16 1.4·10-10 4.7·10-10 

0.8 14.9 5.5 1.0 3.8·10-17 7.1·10-16 1.3·10-10 4.7·10-10 
2.4 15.0 6.0 1.0 3.4·10-17 7.2·10-16 1.3·10-10 4.8·10-10 

Phase 2 
17.0 12.1 6.0 1.0 9.0·10-16 9.0·10-16 3.4·10-9 6.1·10-10 

1.5 12.1 3.0 1.0 1.7·10-16 9.9·10-16 3.2·10-10 6.6·10-10 

4.1 9.1 3.0 1.0 1.8·10-16 1.5·10-15 3.4·10-10 1.0·10-9 
1.9 7.1 3.0 1.0 1.9·10-16 2.1·10-15 3.6·10-10 1.4·10-9 

17.4 7.1 2.0 1.0 5.5·10-16 2.2·10-15 6.8·10-10 1.5·10-9 
4.9 5.1 2.0 1.0 5.8·10-16 3.2·10-15 7.2·10-10 2.1·10-9 

 

Table XIX: Results of gas permeability measurements in sample 10 (test PG10_1) obtained 
with the steady-state method (ρd=2.28 g/cm3, w=4.0%) 

Duration 
(h) 

Confining P 
(bar) 

Injection 
P (bar) 

Back P 
(bar) 

kig·krg 
inflow 
(m2) 

kig·krg 
outflow 
(m2) 

kg inflow 
(m/s) 

kg 
outflow 
(m/s) 

1.5 15.0 1.2 1.0 5.4·10-16 1.4·10-16 3.7·10-10 8.6·10-11 

1.1 14.9 1.7 1.0 6.5·10-16 7.0·10-16 6.1·10-10 4.7·10-10 
2.1 14.8 2.2 1.0 5.5·10-16 5.5·10-16 6.9·10-10 3.7·10-10 

1.8 14.8 2.7 1.0 4.4·10-16 4.4·10-16 6.9·10-10 3.0·10-10 
1.8 14.8 3.2 1.0 3.7·10-16 3.7·10-16 7.0·10-10 2.5·10-10 

21.8 14.4 3.7 1.0 3.1·10-16 3.0·10-16 6.7·10-10 2.1·10-10 
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DATA OF MEASUREMENTS OF WATER PERMEABILITY 

Table XX: Values of hydraulic conductivity obtained in the concrete samples used for the gas 
permeability tests after saturation with deionised water 

Ref a ρd inicial 
(g/cm3) 

Initial  
w (%) 

Initial Sr 
(%) 

Time b 
(days) kw (m/s) kiw (m2) Final w 

(%) 
Final Sr 
(%) 

T 
(°C) 

HOR0 2.26 4.8 68 40 4.1·10-11 4.2·10-18 6.2 91 22 
HOR4 2.30 2.6 42 19 1.1·10-7 1.1·10-14 4.0 65 24 
HOR4s 2.33 1.5 28 17 2.0·10-10 2.0·10-17 4.9 89 22 
HOR3 2.36 1.9 36 16 6.3·10-11 6.4·10-18 3.7 72 26 
HOR3s 2.36 1.2 23 246 6.5·10-12 6.6·10-19 4.6 94 23 
HOR6s 2.32 0.0 0 50 4.1·10-9 4.1·10-16 4.1 71 22 
HOR6s_2 2.31 0.9 15 51 4.0·10-11 4.0·10-18 4.9 82 20 
HOR6s_3 2.30 1.1 18 86 4.7·10-11 4.8·10-18 5.0 87 22 
HOR5 2.32 0.8 14 23 1.9·10-11 1.9·10-18 4.3 74 23 
HOR5s 2.32 4.0 69 18 4.5·10-11 4.6·10-18 4.8 82 21 
HOR5s_2 2.32 0.9 15 66 1.5·10-11 1.6·10-18 5.0 97 19 
HOR2s 2.32 0.9 15 5 1.9·10-9 1.9·10-16 4.7 81 24 
HOR1s 2.37 0.7 11 356 1.3·10-11 1.3·10-18 4.6 95 20 
HOR1s_2 2.37 1.2 23 43 7.7·10-12 7.9·10-19 4.7 92 21 
HOR7s 2.30 1.1 18 23 1.8·10-11 1.9·10-18 5.4 87 22 
HOR7s_2 2.30 1.2 19 123 6.3·10-12 6.4·10-19 5.7 94 23 
HOR9s 2.32 0.8 14 101 4.5·10-12 4.6·10-19 5.2 92 23 
HOR10s 2.24 1.7 23 121 2.0·10-11 2.1·10-18 5.9 95 21 

a An s in the refer ence indicates that the sample was previously air dried 
b Time needed to get a stable permeability value. In the case of values <50 it indicates the time the measurement 
was performed, although it was not an equilibrium value 
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