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Measurement of the air relative permeability of
compacted earth in the hygroscopic regime of saturation
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Abstract

The hygroscopic behavior of earthen materials has been extensively studied in
the past decades. However, while air flow within their porous network may
significantly affect the kinetic of vapor transfer and thus their hygroscopic per-
formances, few studies have focused on its assessment. For that purpose, a key
parameter would be the gas permeability of the material, and its evolution with
the air relative humidity. Indeed, due to the sorption properties of earthen ma-
terial, an evolution of the water content, and thus of the relative permeability,
are foreseeable if the humidity of in-pore air changes. To fill this gap, this paper
presents the measurement of relative permeabilities of a compacted earth sam-
ple with a new experimental set-up. The air flow through the sample is induced
with an air generator at controlled flow rate, temperature and humidity. The
sample geometry was chosen in order to reduce, as much as possible, its hetero-
geneity in water content and the tests were realized for several flow rates. The
results, which show the evolution of gas permeability with the relative humidity
of the injected air and with the water content of the material, either in adsorp-
tion or in desorption, were eventually successfully compared to predictions of
the well known Corey’s law.
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1. Introduction

In the general context of global warming, earthen constructions are regaining
interest mainly due to their attractiveness in terms of their low embodied energy
[28, 1] and for their high potential to contribute to a passive regulation of the in-
terior climate of dwellings and other buildings [20, 32, 23, 7]. Each construction
can potentially be built with a different material and cannot be totally included
in an industrial process. Therefore, several construction techniques have been
invented adapting them to the nature of the soil used. Among these techniques
the three most common ones are adobe blocks, cob and rammed earth [21].
But, whatever the construction technique, strong similarities exist in the soils
used. For instance, all earthen materials used are described as a porous media
with a relatively high permeability and with a solid matrix composed of non-
negligible amount of clays, therefore, allowing good vapor sorption properties
[26]. The affinity of earthen materials to water also induces substantial com-
plexity in their mechanical behavior. Indeed, in addition to the drop in strength
commonly observed at high water content values [5], recent studies have under-
lined that significant changes in the mechanical behavior (strength variations,
shrinkage, swelling) may be observed under normal operating conditions due to
the modification of air relative humidity [9, 33, 4]. In consequence, a first step
to correctly assess the behavior of earthen walls is the precise quantification of
the humidity field within the in-pore air and within the material. [15].

For that purpose, the main equations which describe the hygroscopic couplings
are nowadays quite well known by the scientific community (cf. [24, 31] for
example). But, one of the main challenges remains the proper estimation of the
material parameters which drive these mass transports equations, such as the
vapor transfer coefficient [25], the isothermal sorption-desorption curve [14, 6],
as well as the liquid and gas relative permeabilities [16].

In particular, the increasing development of research activities on mass transfer
through earthen materials has highlighted the strong lack in literature of mea-

surements of gas relative permeability in the hygroscopic range of saturation.
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This can be explained by the fact that advection of vapor due to gas transport
is almost always neglected. But this quite common simplification has not got
any consensus since some authors have already underlined that air flows may
have a significant impact on the hygroscopic behavior of porous material like
concrete [2], textiles [18], or even earthen and bio-based materials [3].

In this context, this paper presents the development of an experimental set up
to measure the relative permeabilities of a compacted earth sample. The air
flow through the sample was induced with a humid air generator at controlled
flow rate, temperature and humidity. The testing protocol, including the defini-
tion of the sample geometry, is presented in the first part. Then, the results of
gas permeability as function of relative humidity of the injected air and water
content, either in adsorption or in desorption, are presented and compared to

predictions of the well known Corey’s law [10].

2. Material characterization and preparation

2.1. Raw earth material and sample realization

The earthen material presented in this study is sampled from rammed earth
walls of an existing construction located in the South-East of France during
operations of opening new doors and windows. This choice ensures that the
studied material is suitable for building sustainable earth constructions. Parti-
cle size distribution, Atterberg limits and methylene blue value were measured.
It shows a mass content of clay (particles with a diameter lower than 2 pm)

equal to 16%, a plasticity index of 14% and a blue value of 2.7.

Cylindrical samples of 3.5 cm in diameter and 7 cm high were manufactured
at the optimum moisture content resulting in maximum dry density (11% and
1.97 g/cm?). Those parameters were previously determined using a manual
CEB press. More details on the sample realization protocol are given in [9].
Just after their production, the samples were dried at 23°C in a desiccator with

silica gel until a constant mass was reached. The relative humidity within the



60

65

70

75

desiccator was checked with a portable sensor (Rotronic HygroLog HL-NT), and
it was found to be consistently lower than 5% RH.

2.2. Porous and hygroscopic properties

After the drying period, the cylinders were weighed and measured in order
to estimate their dry density. Their specific density and their porosity were
measured with a nitrogen pycnometer. The obtained values are reported in the
Table 1.

Adsorption-desorption curves were measured using the Dynamic gravimetric
Vapor Sorption method, commonly called the DVS method. It consists in mea-
suring uptake and loss of moisture by flowing a carrier gas at a specified relative
humidity (or partial pressure) over a small sample (from several milligrams
to several grams depending on the device used) suspended from the weighing
mechanism of an ultrasensitive recording microbalance. Variations in the gas’s
relative humidity are automatically calculated by the device when the target

condition in mass stability is reached. Results are reported in the Figure 1.
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Figure 1: Adsorption and desorption curves at 23°C of the tested material obtained with the
DVS method.

Water vapor permeability was measured using the wet cup method following

the procedure described in [25]. The vapor pressure gradient is created for the



80

85

90

wet cup by setting the RH at 60% in the chamber and 85% in the cup. It leads

to the values reported in the Table 1.

Symbol Description Value [unity]
1) Porosity 0.26
Pd Dry density 1.97 [g/cm?]
Ps Specific density 2.7 [g/cm?]
Op diffusion coefficient of vapor | 4.2 x 107" [kg/m/Pa/s]

Table 1: Hygroscopic parameters of the samples.

Since this study focuses on the hygroscopic regime of saturation (saturation
degree lower than 20%) the impact of liquid water transport was neglected and

the liquid permeability was not measured.

3. Experimental method to measure the gas permeability

3.1. Intrinsic and relative permeability

The gas permeability, denoted by k¢, characterizes the ability of a fluid
mass to move through the porosity of a material. For an isotropic medium, and

neglecting the influence of gravity, mass flow of gas writes in the form:

K
wg = —pa—Y Pg (1)
Ule;

where wg is the mass flow vector, 7 is the viscosity of the gas, Pg its pressure
and pg its density, which is assumed to satisfy the perfect gas relation:
Mg

PG = ﬁPG (2)

The value of the gas permeability depends on the geometry of the porous
network, which may change when the material deforms, and on the volumet-

ric proportion of the pore space occupied by adsorbed and/or condensed water
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molecules [27]. The present study is limited to unloaded materials, which re-
main in the hygroscopic range of saturation. Thus the impact of the material
deformation can reasonably be neglected and, for an isotropic medium, the gas

permeability can be written in the form:

kG = Kghg(w) (3)

where Iﬂl% is the intrinsic permeability, that is the gas permeability for a totally
dried sample, and kg, (w) is the relative permeability, which is function of the
water content, denoted by w. For the record, the water content is defined as

the mass of water divided by the dry mass of the solid.

3.2. Set up of experimental device

Several methods exist to estimate the intrinsic permeability. Mainly tran-
sient methods [11] or steady-state methods [29]. Indirect estimation methods,
based on the upscaling of transfers within the interconnected pores at several
levels have also been developed [8].

In this paper, a steady-state approach is chosen. When low saturation ratios
are considered, the main difficulty of this method is to be able to generate flows
of gas and/or liquid while keeping a constant and homogeneous saturation state
through the sample. To overcome this problem, one method, already used to
assess the liquid relative permeability of cement based materials [34] and gas
relative permeability of textiles [17], consists in fixing the water content of the
material through the relative humidity of the incoming air. Indeed, as it is de-
picted by the sorption curves (cf. Figure 1), any increase of air relative humidity

will increase its water content.

For that purpose, an experimental device quite similar to the one developed
by Gibson et al. [17] for textiles applications was set up. It is made of a static
triaxial cell (GDS/CEL/STA/100) with drainage systems on its cap and base
pedestal. They are linked to a wet air generator (WETSYS S60/59105) at

constant flow rate, varying between 5mL/min to 200mL/min depending on the
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relative humidity, which varies between 0% and 95% and a temperature between
ambient and 50°C. A special climatic chamber was built to contain the cell and
regulate its temperature (accuracy of 0.1°C). The wet air can be injected in
the sample through its bottom side or its top side, while the other side is kept
at atmospheric pressure. The inlet/outlet pressures, temperatures and relative
humidity are monitored during the whole test. A diagram of the experimental

device is reported in the Figure 2.

Legend
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Figure 2: Schematic diagram of the experimental device. The black arrow through the sample
represent the direction of the gas flow when the black valves are open and the white valves are
closed, and reciprocally for the white arrow. P, is the confinment pressure in the cell, T the

temperature, @ the volumetric flow rate, ¢ the relative humidity and Pg the gas pressure.

Using this device, the gas at controlled relative humidity was injected at
constant flow rate within the material. Difference between inlet and outlet
pressures, respectively denoted by Pg; and Pg,,, was recorded. When this lat-
ter became constant, the steady state was assumed to be reached. To ensure
an unidirectional flow and to avoid leakage at the interfaces with the base and
the cap, the sample was jacketed in an impermeable latex membrane, and a

confinement pressure of 1bar is applied, which remains at least twice the inlet
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overpressure. Given the bulk modulus of the materials, which is higher than
300 MPa even for a relative humidity of 97% [33], the volumetric strain induced
by the confinement pressure is in the order of 10, therefore the impact on

transport properties is assumed to be negligible.

8.8. Principle of measurement, sample geometry and the mazimum flow rate
Under steady-state condition, if the water content is homogeneous through
the sample, the mass conservation of the gas phase (that is V-wg = 0), combined

with (1-2) leads to:

2HPg ;

kG = Kok (W) = QN6 —pr— 53 (4)
A(Pé,z - Pé,o)

where H is the sample thickness, A its cross surface and @ is the incoming vol-

umetric gas flow rate (Q = pgwa - n, with pg; is the gas density of incoming

gas and n the outgoing normal vector).

On the other side, if the water content is not homogeneous though the sam-
ple, the mass conservation of the air does not directly provide the permeability,
but its average value. In consequence, a good control of the heterogeneity in
water content, and thus of the air relative humidity, through the sample is nec-
essary for an accurate measurement of the gas permeability. For that purpose,
the flow of vapor mass within the sample, which is denoted by wy, must be
assessed precisely. Considering both vapor advection and diffusion processes,

wy satisfies:

pv Py
wy = —wqg — Pgd,V 5
YT peE GP(PG> ©)

where ¢ is the relative humidity of the in-pore air, pj, the vapor pressure at
saturation and py its apparent density, which is assumed to satisfy the perfect

gas relation:

p— Mw

4% RT

©py (6)
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In (5), the term (pv/pg)weg represents the mass of vapor advected by the
gas phase, while —P5d,V (pv /Pg) is the diffusion of vapor within the gas phase.
If the incoming flow of air is in the order of 10mL/min, the order of magnitude
of the mass of vapor advected by the gas phase within the sample of cross sec-
tion A = 10cm? is 10~ 5kg/s/m?. On the other side, considering the material
parameters of the table 1, the diffusive flow for a variation of relative humidity
of 0.1 within a lem thick sample is in the order of 10~%kg/s/m?. At first, order,
this latter can thus be neglected.

Under this assumption, the combined use of the relations (1-6), the mass con-
servation equations (V- wg = 0 and V - wy = 0 ), and the relation (4) allows
to express the relative difference between outlet and inlet relative humidity at

constant temperature, denoted by r,, in the form:

rga:u:i(\/WJrl)fl (7)

Pi
where ¢, and ; are respectively the outlet and the inlet relative humidity
while y is a dimensionless number, which is a function of the permeability of
the material, its geometry (thickness and cross section), of the flow rate and of
the outlet pore pressure. It is equal to:
T
=" <n§G - A;;,o (8)

The evolution of r, with x is reported in the Figure 3. To insure a good ho-

mogeneity in water content through the sample, r, must be as low as possible,

and thus x must be as high as possible.

Since the outlet pressure and the sample surface are fixed, the only parame-
ters on which it is possible to act to increase y are the gas flow and the sample
thickness, which should be both as small as possible. The lower flow rate that
can be reached while keeping a good regulation with our system is 10mL/min.
On the other side, in order to avoid too important inlet overpressure, @ will be
limited at 25mL/min.

Under these conditions, and assuming permeability values higher than 1 x 10714
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Figure 3: Evolution of r, with x.

m?, a sample thickness of lcm would lead to values of x higher than 12.7 and

1, lower than 8%. This relative variation, which is range of uncertainties of the

relative humidity sensors, is considered as acceptable.

3.4. Test protocol

The first stage consist in applying through the sample a flow of dry air at
25mL/min. When the permanent state is reached (stable relative humidity and
pressure at inlet and outlet), the flow is progressively reduced to 10mL/min by
steps of bmL/min. For each step, the inlet and outlet pressures were recorded
and the permeability coefficient was estimated using the equation (4) as long
as the permanent state was reached. Even if permeability measurements were
made at different flows, the outlet overpressure remained equal to 0, while the
inlet overpressure was limited to 0.5 bar. Due to these technical constrains,
the mean pressure variations remained quite limited and it was not possible
to study the Klinkenberg’s effect [22]. In consequence, only the apparent gas

permeability was measured in this study.

10
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4. Results of gas permeability measurements

Gas permeabilities measured for all testing configurations are summarized in

the Table 2. At first, the tests performed at the several flow rates underline its
limited impact in the range of values considered in this study (that are between
10mL/min and 25mL/min). This result gives some confidence on the accuracy
of measurements, particularly with regard to those of inlet and outlet pressures.
Whatever the relative humidity of the injected air, permeabilities in the range
of 10mD (10~ '4m?) were observed. It emphasizes the permeable nature of the
tested material. Indeed, it is in the range of gas permeability of permeable rocks
like Voges sandstones [30], while being at least three orders of magnitude higher
than that of cement based materials [13].
This result is interesting by itself. Indeed, given this high value of gas perme-
ability, the mass transfer of vapor through the material by air advection process
might not be negligible if gas pressure variations, caused by wind effect for ex-
ample, are considered. Anyway, it underlines that this point deserves to be
analyzed.

Nonetheless, even if they remained in the same order of magnitude, a notice-
able reduction of the gas permeability was observed when the relative humidity
of the injected air increases. For the record, injection of dry air led to perme-
abilities 35% higher than injection of wet air at 90%HR. This variation may
not be negligible if in-pore vapor advection need to be considered to have a
correct estimation of the humidity field within the material, especially since it
is in the range of relative humidity that may be observed during the lifetime of

an earthen wall.

To analyze further these results, the average relative humidity, defined as
the arithmetic mean between the inlet and outlet relative humidity, was rather
considered. It is supposed to be representative of the average humidity within
the sample. Due to the quite limited gradient of relative humidity within the

sample, this approach, though simplified, is considered sufficient.

11
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The variation of gas permeability with the average relative humidity is reported
in the Figure 4A. Interestingly, a difference is observed between the permeabil-
ities which were measured during adsorption and desorption stages. Because
gas permeability should rather be driven by the water content than by air rela-
tive humidity (cf. eq. (3)), this may be a consequence of the hysteresis between
adsorption and desorption curves as it is depicted in the Figure 1. This assump-
tion seems verified by the results presented in the Figure 4B, in which almost
no more difference was observed between adsorption and desorption stages if
the gas permeability is expressed as function of the water content instead of the
relative humidity. For this graph, the water content was not directly measured,
but it was calculated from the average relative humidity and using either the

adsorption or the desorption curves depending on the stage which is considered.
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Figure 4: Evolution of the gas permeability with relative humidity (A) and water content (B).
The permeability is expressed in mD (ImD = 1.0 10715 m?)

5. Discussion on the evolution of air relative permeability with liquid

saturation

The variation of gas permeability with water saturation can be attributed to
several phenomena A first one, which was already observed in textile materials

by [19], can be the modification of the microstructure due to swelling processes.

12
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However, this explanation might not be consistent with the quite limited volu-
metric swelling, lower than 0.005%/%rh, which was measured in [12] for similar
compacted earth samples (same earth, similar dry density, same compaction

procedure).

A second explanation can rise up from the analysis of the porous network
structure of the material. As it was discussed in [16], it should be composed
by large pores connected to each others by narrow throats. Adsoprtion of wa-
ter molecules at the pore walls when air relative humidity increases may thus
fill some of these narrow throats. As a consequence, the number of percola-
tion pathways through the material for the gas phase would be reduced, which
translates, at the macroscopic scale, by a reduction of the gas permeability. To
go further on that point, it could be interesting to analyses more in detail the
shape of the relation between the gas permeability and the liquid ratio. For
that purpose, several theoretical and empirical laws have been already devel-
oped [11]. Among them, one of the most used is the Corey’s law [10], which
writes in the form:

ke = rg(1 = 50)%(1 = S7) (9)

where S, is the reduced saturation ratio, which can take into account the impact
of both liquid and gas residual saturation. If these two terms are considered to
be null and, if the deformation of the material is neglected, S, can be linked to

the water content, denoted by w, through the relation:
S, = w-L4Ps (10)

Ps — Pd

The comparison between the predictions obtained with the relations (9-10)
and the experimental results is reported in the Figure 4B. A good consistency is
observed even though no calibration parameters were used since both residual

liquid and gas saturation were assumed to be null.

Even if it is not a formal proof, the fact that Corey’s law was intially es-

tablished from experimental data of non-swelling porous materials and for oil

13
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and gas in-pore phases (instead water and air) tends to give some confidence on
the assumption that the variation of permeability is rather induced by filling of

some narrow pores with liquid water than by swelling phenomena.

Finally, to interpret properly this result it is important to underline that, for
a given hydric state, water content value depends on the method which is used
to reach the reference dry state of the sample (that is for which w = 0). For
example, it was shown in [14] that earthen samples will have a lower mass after
being dried in an oven at 105°C than after being dried by a flow of dry air at
23°C. In this study, a flow of dry air at 23°C was used to determine the dry mass
of the samples. In consequence, to obtain same results while considering a dry
mass from oven-drying at 105°C, it would be necessary to take into account a
non-null residual saturation in the expression of S,.. In view of the definition of a
standardized method to estimate a consistent dry mass of earthen materials, this

results, although it needs to be further investigated, may be quite interesting.

6. Conclusion

In this paper, a novel apparatus to measure the evolution of the gas perme-
ability of earthen material in the hygroscopic range of saturation was presented.
From the analysis of the water vapor transport within the porous network of the
material, limits on sample thickness and flow rate of the injected wet air were
determined. The obtained results were analyzed in terms of water content and
relative humidity. The Corey’s law was found to fit accurately the experimental
results, without the needs of any calibration parameters. In consequence, at
least for the same kind of sample than the one studied here (compacted fine
earth with no gravels, quite high dry density), a single measurement of the in-
trinsic gas permeability can be sufficient to estimate the variation of the gas

permeability with water content in the hygroscopic range of saturation.

14
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o1 %] | Q tm/min] | pmey %) | A %] | G [mD)]

Adsorption stage

0.5 24.88 1.1 1.3 11.74
0.5 19.97 1.2 1.4 11.76
0.8 14.64 1.4 1.2 11.6
1.8 9.80 2.3 0.4 12.1
29.1 24.67 26.7 4.8 10.68
29.2 19.75 26.8 4.8 10.61
30.0 14.76 27.2 5.6 10.64
29.5 9.78 27.2 4.7 10.77
57.0 24.67 52.0 10.0 9.94
56.8 19.46 52.0 9.6 9.83
56.7 14.67 51.9 9.6 9.80
56.4 9.66 51.6 9.6 9.90
90.9 24.62 81.5 18.8 8.61
88.9 19.46 80.6 16.7 8.49
91.4 14.67 81.7 19.3 8.42
91.3 9.66 81.5 19.7 8.49

Desorption stage

57.3 24.67 52.8 9.0 9.41
57.8 19.75 53.0 9.6 9.37
58.5 14.71 53.3 10.5 9.29
57.4 9.69 52.4 9.9 9.38
29.6 24.96 27.3 4.7 10.24
29.2 19.61 27.2 4.1 10.03
29.2 14.67 27.2 4.1 10.01
29.2 9.71 27.2 4.0 10.50
0.3 24.85 1.1 1.5 11.02
0.7 19.84 2.0 2.5 10.91
1.2 14.92 2.3 2.1 10.93
1.9 9.91 2.7 1.7 11.12

Table 2: Summary of the results obtained for the several relative humidity and air flow.
¢in is the relative humidity of the injected air, ¢moy is the average between the inlet and
outlet relative humidity while Ap denotes the difference between the inlet and outlet relative

humidity. 19





