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Abstract

Double-porosity is an important characteristic of microstructure in
a large range of geomaterials. It designs porous media with connected
fissures/fractures or aggregated soils. The origin of double-porosity can
be natural or/and it can result from mechanical, chemical or biological
damage. The presence of double-porosity can significantly affect the be-
haviour of geomaterials. In this paper we provide an experimental evi-
dence of the double-porosity effects by performing laboratory
experiments. Series of tracer dispersion experiments (in saturated and
unsaturated steady-state water flow conditions) in a physical model of
double-porosity geomaterial were carried out. For the comparative pur-
poses, experiments of the same type were also performed in a single-
porosity model medium. The results clearly showed that the double-
porosity microstructure leads to the non-Fickian behaviour of the tracer
(early breakthrough and long tail) in both saturated and unsaturated
cases.

Key words: double-porosity, physical model, unsaturated/saturated con-
ditions, tracer dispersion, non-Fickian behaviour.
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1. INTRODUCTION

Geomaterials are very often heterogeneous formations. They are named
“double-porosity” structures, when showing strong contrast between charac-
teristic pore sizes at microscopic or REV (Representative Elementary Vol-
ume) scale, as for example in the case of fractured/fissured porous rocks or
aggregated soils. The origin of double porosity can be natural or/and it can
result from mechanical, chemical or biological damage. The presence of
double-porosity can significantly affect the behaviour of geomaterials. From
the point of view of transfer/transport processes it is generally believed that
double-porosity is responsible for local non-equilibrium conditions due to
local mass exchanges. It leads to non-Fickian behaviour, preferential trans-
fer/transport and tailing observed in the breakthrough curves. A great num-
ber of theoretical (or conceptual) models describing such a behaviour has
been developed in the literature since the first pioneer papers by Barenblatt
et al. (1960) and Warren and Root (1963).

In general, the non-Fickian behaviour can result from many different
causes, other than the double-porosity microstructure. So far, various aspects
of this complex problem have been investigated in many publications, for
example: Scheidegger (1958), Elrick and French (1966), Cassel et al. (1975),
van Genuchten and Wierenga (1977), Matheron and de Marsily (1980), Rao
et al. (1980), Nkedi-Kizza et al. (1983), Seyfried and Rao (1987), Silliman
and Simpson (1987), Koch and Fluhler (1993), Gaber et al. (1995),
Sternberg et al. (1996), Delay et al. (1997), Carrera et al. (1998), Berkowitz
et al. (2000), Katterer et al. (2001), Levy and Berkowitz (2003), Haws et al.
(2004), Zinn et al. (2004), Knudby and Carrera (2005), Pot et al. (2005),
Kohne et al. (2006, 2009), Carminati et al. (2008), Gouze et al. (2008),
Willmann et al. (2008), Fourar and Radilla (2009), Le Goc et al. (2010),
Dentz et al. (2011), Koestel et al. (2012), Bijeljic et al. (2013) and others.

Very often the interpretation of experimental data concerning the non-
Fickian behaviour, preferential transfer/transport and tailing effect appears
very difficult. In natural systems, different effects (of physical, chemical or
biological nature), are superposed. One way to overcome this difficulty
seems to be the development of physical models in which the double porosi-
ty microstructure is the only source of the anomalous behavior. For example,
in Lewandowska et al. (2005, 2008), Tran Ngoc et al. (2007, 2011), and
Szymkiewicz et al. (2008), a physical model of double-porosity was used to
investigate the water flow in saturated and unsaturated conditions, and to
validate a mathematical model obtained by periodic homogenization.

The main objective of the study presented in this paper is to provide the
experimental evidence of the anomalous dispersion due to the double-
porosity microstructure. For this purpose, several dispersion experiments of
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conservative tracer (NaCl) in single- and double-porosity media under satu-
rated and unsaturated steady-state water flow conditions were conducted.

2. EXPERIMENTS
2.1 Double-porosity physical model

The materials which were employed to build the physical model of double-
porosity consisted of fine sand and solidified clay spheres. The spheres were
distributed periodically in the sandy matrix, forming central cubic type of ar-
rangement. The average diameter of spheres after solidification is 6.4 mm.
The sand is Hostun HN38 (Flavigny ef al. 1990) and the clay comes from La
Bisbal, North-East Spain. The physical and hydraulic properties of these two
materials were previously investigated by Lewandowska et al. (2005, 2008),
Szymkiewicz et al. (2008), and Tran Ngoc et al. (2011). The saturated hy-
draulic conductivity of the Hostun sand and clay material are about 3 x 10~
and 2 x 10°* m/s, respectively, determined from both infiltrometer and pump-
pressure device. Note that the obtained clay conductivity at saturation was
comparable to the value derived from mercury injection data (Daian 2007).
The grain-size distribution of sand is relatively uniform with mean diameter

Sintered clayey
sphere

Hostun sand

13 x10% m

Fig. 1. Microstructure of the double-porosity medium.
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dso =162 um. Its chemical composition is mainly quartz. According to mer-
cury injection analysis the average pore-size in clay spheres is around
0.7 pum. We estimate that the ratio of characteristic pore sizes of sand and
clay spheres is of the order of 1:250. The double-porosity model was built in
a column, by putting alternatively a layer of spheres and a layer of sand, and
then mechanically compacting the two layers. By scrupulously following the
established procedure, the periodic structure was obtained. In each layer of
spheres, each sphere touches the neighbouring spheres in four contact points
(Fig. 1). The height of the microstructure period is around 13 mm.

2.2 Experimental apparatus

The tracer dispersion experiments were independently conducted in the three
media: (i) sand, (ii) solidified clay, and (iii) double-porosity medium (Ta-
ble 1). The experiments in sand and in double-porosity medium were per-
formed in a Plexiglas column whose height is 60 cm (the medium height is
~50 cm) and inner diameter of 6 cm, whereas a cylinder with 25.9 cm of
height and 5.25 cm of diameter was used for the experiments in the solidi-
fied clay. In the latter case, the cylinder was wrapped up by a rubber mem-
brane and covered by plastic gel to ensure the containment. The vertical
water flow was controlled by inflow rate (peristaltic pump) and outflow rate
(balance). The water content inside the medium was locally measured by

Table 1
Characteristics of single- and double-porosity media
Test Medium Height L [cm] wy Wy n ny S
Saturated condition
1 Sand 50.1 0.399 1
2 | Double-porosity 50.3 0.483 | 0.517 | 0.386 | 0.343 1
3 Clay 25.9 0.343 1
Unsaturated condition

4 Sand 50.3 0.404 0.86
5 Sand 50.2 0.400 0.87
6 | Double-porosity 51.0 0.490 | 0.510 | 0.378 | 0.343 | 0.88
7 | Double-porosity 46.9 0.483 | 0.517 | 0.386 | 0.343
8 | Double-porosity 51.0 0.490 | 0.510 | 0.378 | 0.343 | 0.82

Explanations: w; and w, — volumetric fraction of sand and clay; n; — porosity of
sand measured by gravimetry; n, — porosity of clayey spheres measured by gamma
ray attenuation technique; S — saturation degree, S = 6/n; 6 — average water content
measured by gamma ray attenuation technique; n — average porosity,
n=win +wyn,.
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gamma rays attenuation technique (Tran Ngoc 2008). Salt (NaCl) solutions
with concentrations of 5 and 20 g/l were used as a tracer. The breakthrough
concentrations were measured every 300 s by means of a densitometer (An-
ton Paar, mP 200). The relative concentration is expressed by

Q: p(l)_pmin
CO Prmax ~ Phmin ’

where C [M/L?] is the measured concentration in the BTC evolution at the
outlet, Cy [M/L3] is the reference concentration, p(¢), pmin and Prax [M/L3 ] are
the measured densities with time, minimal and maximal, respectively. Note
that the density measurement precision is of 0.0005.

The experimental conditions were isothermal, and at relatively high water
saturation (i.e., the water saturation degree varied between 0.82 and 1).

2.3 Experimental procedure

The experimental procedure consisted of three steps: (i) preparing a sample
of single- or double-porosity medium, (ii) establishing saturated or unsatu-
rated water flow, and (iii) launching tracer dispersion (Tran Ngoc et al.
2007). The main parameters of the experiments are presented in Tables 1 and
2. For the experiments in saturated conditions, several pore volumes of CO,
were first injected into the initially dry medium, and then the NaCl solution
was pumped from the bottom of the column to saturate the medium com-
pletely (Tests 1-3). For the experiments in unsaturated conditions, the pure
water or tracer solution was injected from the column bottom, until steady-
state unsaturated flow was obtained. The unsaturated conditions of Test 8
were obtained in a different way than those of Tests 4-7. In Test 8, the dou-
ble-porosity medium was at first saturated and drained by applying a suction

Table 2
Experimental conditions

Test Medium Concentration | Concentration | Darcy flux | Temperature
C@<0)[gN] | C(=0)[g/N] q [cm/s] T[°C]
1 Sand 20 z=L, C=0 |590x10*| 19.9-19.3
2 |Double-porosity 20 z=L, C=0 |590x10"| 19.1-19.5
3 Clay 20 z=L, C=0 | 128x10* | 24.5-247
4 Sand 0 z=L, C=5 |344x10"| 204-21.5
5 Sand 0 z=L, C=5 |344x10"| 20.9-22.8
6 |Double-porosity 0 z=L, C=5 |344x10*| 20.5-22.2
7 |Double-porosity 0 z=L, C=5 |344x10"| 20.2-20.4
8 |Double-porosity 5 z=0, C=0 |344x10"| 19.9-20.3
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of —85 cm at the column bottom, and then the steady-state unsaturated flow
was established by pumping the solution from the column top. The experi-
ments of NaCl transport with stepwise concentration input started by switch-
ing the four-lines valve to change the displacing substance (solution or pure
water) from the column bottom for Tests 1-7 and from the column top for
Test 8.

3. RESULTS AND DISCUSSION

The first experimental results concern water saturation profiles, since water
content inside the column was measured before each experiment. The second
results are tracer concentration curves versus time. Concentration at the out-
let of the column was monitored during each experiment. In order to com-
pare the single-porosity and the double-porosity media, two cases were
analyzed separately:

O saturated conditions,

0O unsaturated conditions.

In order to enable the comparative analysis, the BTC data of Tests 2 and 8
(Table 1) were subjected to conversion from “depollution” to “pollution”
type experiment by plotting the quantity (1 — C/C;) — see details in Tran
Ngoc (2008). This transformation seems delicate and can introduce an error
of interpretation.

3.1 Saturated case

In Figure 2 the distribution of water content, as measured by gamma ray at-
tenuation technique, for three porous materials, namely: sand (Test 1), dou-
ble-porosity (Test 2), and solidified clay (Test 3), is shown. It can be seen
that the water content profile in the double-porosity medium is more dis-
persed that in the sand (the single-porosity medium). It is believed that this
effect is related to the presence of layers of clay spheres. The results for the
column made of solidified clay show that there exists a local heterogeneity
in the column: the water profile depends on the measurement direction and
a local peak value was detected. In Figure 3 three tracer breakthrough curves
for all three materials are drawn. The complete saturation of sand and solidi-
fied clay samples is confirmed by the fact that the ratio C/Cy=0.5 is ob-
tained for V/V,=1 where V' [L’] is the volume of displaced fluids (water or
brine solution), and V), [L*] is the volume of pores in the sample (thus ¥/ V,is
defined as the relative time corresponding to the travel time of the tracer af-
ter injection at the inlet). The curves for sand (Test 1) and solidified clay
(Test 3) are symmetrical, while the curve for the double-porosity medium
(Test 2) shows the non-Fickian characteristics. It can be concluded that clay
inclusions in sandy matrix make the concentration at the outlet of the column
to decrease more dramatically than in pure sand. We also observe a retarda-
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Fig. 2. Water content profiles measured locally by gamma ray attenuation technique
for three saturated media: sand (Test 1), double-porosity medium (Test 2), and solid-
ified clay (Test 3). A-A — profile measured along a sample axes, B-B — profile which
is perpendicular to A-A.
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tion (tail) effect at long time: the concentration is slowly decreasing over
more than 2.5 V.

3.2 Unsaturated case

We considered the measurement of water content and water flux at the outlet
of the column as a global criterion of the permanent unsaturated water flow.
It was observed that the outlet water flux was slightly less than the inlet flux,
which could be due to degasing air from the medium. The measured average
water contents of the unsaturated single- and double-porosity media after
dispersion test are presented in Fig. 4. The tracer breakthrough curves are
presented in Fig. 5. The behaviour of tracer in sand is as expected for a sin-
gle-porosity medium under unsaturated conditions, i.e., C/Co=0.5 is ob-
tained for V/V, < 1. On the contrary, the breakthrough curves for the double-
porosity medium (obtained in the same conditions of water flow as in case of
sample porosity medium) show an earlier arrival of concentration (at V/V,
<0.5) and a long tail effect. As in the saturated case, the double-porosity
medium shows the non-Fickian behaviour.

Finally, in Fig. 6 the comparison of all breakthrough curves (for saturat-
ed and unsaturated cases) obtained for the double-porosity medium is pre-
sented. For the case with the lowest saturation (Test 8, Table 1), the arrival
of detectable signal was the earliest (Fig. 6b). The normalized arrival time
VIV, of first 5% of the relative concentration C/Cy (Knudby and Carrera
2005) decreased with lower water saturation: about 0.60, 0.59, 0.51, and
0.43 for Tests 2, 6, 7, and 8, respectively. These relative 5% arrival times
were longer than ones (0.2-0.3) observed in a great number of literature
breakthrough experiments in undisturbed soils, reviewed by Koestel et al.
(2012). Remember that our experiments were carried out under the condi-
tions close to the full saturation (Table 1). Based on the trend observed in
Fig. 6, the faster 5% arrival time would be expected in the order of 0.25,
even less for experiments with low saturation. As it can be seen, the BTC
curves for the double-porosity media present non-Fickian characteristics in-
dependently of the saturation degree: (i) non symmetrical curves, (ii) early
breakthrough, and (iii) tail effect. We can distinguish two types of tendency
at early and at long times, as a function of water content: (i) the break-
through occurs slightly earlier for less saturated medium (see Fig. 6b for
clearer), and (ii) the tail is longer for a more saturated medium. The latter ef-
fect is very well pronounced.

Finally, it has to be underlined that the distribution of water in the dou-
ble-porosity medium is very heterogeneous (Fig. 4). It is related to the dou-
ble-porosity periodic structure but can also result from, for example, the
local non equilibrium of water pressure. Therefore, it should be investigated
in the future tests.
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Fig. 4. Water content profiles measured locally by gamma ray attenuation technique
after the end of dispersion test for the unsaturated media: sand (Tests 4 and 5), and
double-porosity medium (Tests 6 and 8). This figure is reprinted from Tran Ngoc et
al. (2011) with permission.
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Fig. 5. Evolution of the tracer breakthrough versus time for three unsaturated media:
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of volume of water to the pore volume. This figure is reprinted from Tran Ngoc et
al. (2011) with permission.
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Fig. 6. Evolution of the tracer breakthrough versus time for the saturated (Test 2)
and unsaturated (Tests 6-8) double-porosity media: (a) linear graph, and (b) semi-log
graph for the relative concentration enabling to observe earlier breakthroughs in the
zoom of the figure (a). Note that the precision of detectable concentration is equiva-
lent to the relative concentration at the order of 1x 107>, V/¥,, is the ratio of volume
of water to the pore volume.

4. CONCLUSION

The qualitative analysis of the results of dispersion tests carried out in the
physical model of double-porosity medium showed non-Fickian behaviour
in both saturated and unsaturated water flow conditions. In all cases the
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breakthrough curves are non-symmetrical, the tracer arrival is accelerated
and there is a long-tail in the concentration distribution curves.

The experimental results reported in this paper can be used to validate
different theoretical models for double-porosity/dual-permeability media
proposed in the literature or new ones. The laboratory dispersion tests pre-
sented in this paper can also be considered as a non-destructive method of
detection of the double-porosity structure in geomaterials.
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