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Abstract

Soil air permeability is one of the most importpatameters which govern the aeration in
agricultural soils and thus has a significant dftecthe plant growth and crop production.
Therefore, it appears important, when analysingetfect of soil compaction due to
agricultural machinery, to correlate air perme&pilvith soil capacity parameters such as
air-filled porosity, degree of saturation, watentant, etc. In the present work, the
relationship between air permeability, soil capapérameters and vertical stress was
analysed by performing confined uniaxial compressests accompanied by air
permeability measurements. Three French soilsgadifferent textures were studied.
Tests were performed on remoulded and undisturbiég] at various initial dry bulk
densities and water contents. For the remoulddsl, $be air permeability has been found
strongly correlated with the applied vertical s¢ré&& sandy loam; by contrast, no obvious
correlation could be established for clay. As fattee undisturbed soils are concerned, the
air permeability could be correlated with the alietl porosity for sandy loam and silty-
clayey loam but also no evident correlation cowddcebtablished for clay. Examination of an
existing model predicting the air permeability froine air-filled porosity using one
tortuosity/connectivity parameter showed that gasameter varies in a small range for
sandy soils and in a larger range for clayey soils.

Keywords: air permeability, confined uniaxial compressiosttair-filled porosity, degree
of saturation, vertical stress, void ratio.



1. Introduction

Prevention of soil degradation is an importantéssuthe context of intensive agriculture
and forest exploitation. Compaction by traffic lieen identified as a major process that
affects the production and the environment by chranthe soil structure and the physical
properties of soils. It changes the mechanicahgtte water and gas transports and thus
affects the root and shoot growth. It changes stslonitrogen and carbon cycles and
increases soil erosion due to water flow (SoanevandOuwerkerk, 1994). Quantifying the
soil damage by compaction is therefore of imporanben establishing strategies for
farming and forest management on a local scald@rehvironmental protection measures
on a larger scale. The evaluation of the soil cartipa effects on soil physical properties is
generally based on the consideration of the chaimgesil mechanical strength, aeration and
hydraulic properties (Horn et al., 1995; Kozlowsk99; Lipiec and Hatano, 2003; Schafer-
Landefeld et al., 2004; Hemmat and Adamchuk, 20DBjerent approaches have been
proposed to assess soil degradation due to coropagting relations between soil
compaction parameters and soil capacity paramstets as air-filled porosity, degree of
saturation, water content, etc: (i) Hakansson () 9@8cribed the soil compactness in terms
of relative soil porosity variations; (i) Koolemd Kuipers (1989) examined the soll
sensitivity to compaction and proposed various cactipn criteria in terms of variations of
soil strength parameters such as the pre-comprepséssure; (iii) Horn et al. (2007) and
Mosaddeghi et al. (2007) investigated the relahgssbetween applied stress and soil air
permeability; (iv) Hakansson and Lipiec (2000) gsat soil compaction using relations
between soil capacity parameters and air permgabiote that after Horn and Kutilek
(2009), a capacity parameter defines a generaisstahile an intensity parameter includes
dynamic aspects over time and space. Goss andsER@&L0) presented their disagreement
about these definitions, arguing that both intgnaitd capacity properties can vary in both
space and time. In the present work, the term ‘@fpparameter” is adopted and it defines
a general status, i.e., the composition of a gik@ame but not the internal structure and
function (as proposed by Horn and Kutilek, 2009tha same time, it is admitted that the
capacity parameters can vary with time (followingsG and Ehlers, 2010).

Laboratory studies on air permeability have shawmépendency on various soil
parameters related to the capacity parameters,asittte degree of saturation (Seyfried and
Murdock, 1997; Juca and Maciel, 2006), the wateteat (Sanchez-Giron et al., 1998) and
the air-filled porosity (Olson et al., 2001; Molgret al., 2003). In general, the air
permeability is lower at a higher degree of sataratvith a lower air-filled porosity. Based
on the experimental data of compacted silty scélaDe et al. (1998) concluded that air-
filled porosity is the unique parameter affectihg tir permeability. Moon et al. (2008)
found that the air permeability of compacted sddpends on the compaction energy as well
as the moisture content at moulding; the lowesievalf air permeability being at the
optimum moisture content (maximum dry unit weigludies on undisturbed and repacked
soils have shown significant effects of the sollisture and pore-space characteristics on the
air permeability (O’Sullivan et al., 1999; Moldrep al., 2001; Tuli et al. 2005; Dorner and
Horn, 2006). It has been found that the air permigatvas greatly reduced for repacked
soils. As far as the anisotropy is concerned, thpeameability measured in the vertical
direction has been found higher than in the hotalairection due to the presence of
biopores and vertical cracks. For further analgbigut the air permeability dependency on
the water and air contents, Tuli et al. (2005g@tthe experimental data to the model
proposed by Mualem (1976) and analyzed the figiagameters. Similar studies were



performed by Seyfried and Murdock (1997), Moldrale (2001), Moldrup et al. (2003),
Kamiya et al. (2006), and Dorner and Horn (200Bpveng that it is appropriate to evaluate
the changes in soil pores structure based on tlasumement of air permeability.

In addition to the soil capacity parameters, tHeatfof applied stress has been also reported
by various authors. Mosaddeghi et al. (2007) nttaticyclic loading is not always
accompanied by significant irreversible strainibgbuld decrease the air permeability by
one order of magnitude. The effects of stress stai@r permeability were also reported by
Horn et al. (1995) and Sanchez-Giron et al. (1998)er factors affecting air permeability
have been also observed: the matric suction (Samiagal., 2003) and the wetting/drying
process (Kamiya et al., 2006). Even if the matuiction can be related to the capacity
parameters (i.e. degree of saturation), it is Ugweainsidered as a stress parameter (see Gens
and Alonso 1992). On the whole, it has been obskthat the air permeability coefficient
decreases when the stress increases or when the suation decreases; the relationships
between air permeability coefficient and suctionwéd hysteresis in drying and wetting
processes.

It can be concluded that air permeability has breengnised as one of the most appropriate
parameters for soil compaction assessment. Nevest)examination of the studies
mentioned above shows that the conclusions madeebguthors were based on the results
obtained on either one soil or a limited range afer content and porosity. The present
work aims at analysing the effects of soil capapayameters on air permeability for three
French soils of various textures, with a large emofjwater content and porosity. Air
permeability was measured in oedometer cell usiagechnique developed by Yoshimi and
Osterberg (1963) and Delage et al. (1998). Empheassput on the effects of various
parameters: soil type (sandy loam, silty clay lcard clay), vertical stress (15 — 800 kPa),
initial dry bulk density (0.98 — 1.66 Mg fhand initial water content (14.0 — 40.5 %). A
comprehensive analysis of the obtained data wa® raiad allowed identifying the most
relevant parameters which affect the soil air peoiley.

2. Materials and method

The studied soils were taken from three sites an€e: (i) Le Breuil; (i) Avignon; (iii)
Epernay. Le Breuil is an experimental forest siated in the Morvan (47°18’N, 4°4’E,
centre of France) where monospecific plantatiorel@een conducted since thirty years
(oaks, beech, spruce and Douglas fir); it involaessndy loam (Dystric Cambisol). The
Avignon site is a sugar beet field (43°55’N, 4°53%6uth of France). The soil is calcareous
with a silty clay loam texture (Calcaric Cambisdihe Epernay site is an experimental site
managed by the CIVC - Technical Institute for Chagme Wine (49°N, 3°56’E, east of
France) and the soil involved is calcareous withag texture (Calcaric Cambisol). Some
physical and chemical properties of the studiets soe presented in Table 1. The soil
properties were determined following the Frencm&aad for Geotechnical Engineering:
the particle density was determined using watenpgeter on soil sieved at 2 mm; the
Atterberg limits were determined on soil sieve®.dtmm; and the blue value was
determined using the Methylene blue absorption otetn soil sieved at 0.5 mmhe
organic carbon content is 82.8 g'kipr Le Breuil soil, 10.2 g.kg for Avignon soil and

16.8 g.kg" for Epernay soilSoil texture was classified following FAO-UNESCO{H4)
system (after Jones et al., 2003) and USDA clasdifin that are based on the particle size
distribution. According to FAO classification, thexture of the tested soils varies from



medium to fine. This classification was in goodesgnent with the plasticity indexes and
the blue values, i.e., the finer the soil textire higher the plasticity index and the larger the
blue value. Note that the physical and chemicaberites of the soils presented in Table 1
were determined from a mixture of soil taken fromayer of 60 cm in thickness. The
variability of these properties within the depth e range of 0 — 60 cm) was therefore not
considered in this study.

Remoulded samples were tested for the topsoil I@80 cm) depth which is frequently
tilled whereas undisturbed samples were testethéosubsoil layer (30-60 cm depth) where
compaction is persistent. For the preparation wiondded samples, the topsoil was air-
dried, crushed and passed through a 2-mm siew@slthen wetted by spraying distilled
water to achieve the desired water content andgtaaked in a hermetic box for 24 hours
for water homogenization. Finally, the soil was malidirectly into the oedometer cell and
manually compacted.

For the preparation of undisturbed samples, a samgpler of 70-mm high, 150 mm in inner
diameter and 1 mm in thickness, was pushed vditicdab the subsoil layer (30-60 cm
depth) in the field. The soil cylinders were theett®d by spraying distilled water to achieve
the desired water content and then covered bysiipfdm for 24 hours for water
homogenization. Finally, the soil specimen (70 mmdiameter and 20 mm in height) was
trimmed directly from the cylinder and insertedoithe oedometer cell. When a drying
process was involved, the soil cylinder was aiedltfior 2 hours, and then covered by plastic
film for 6 hours. The procedure was repeated tinéildesired water content was achieved.
This drying process allowed the soil to be preveritem any dry-cracking during the
preparation. Finally, as for the wet samples, thiespecimen was prepared by trimming and
inserted into the oedometer cell.

The experimental setup developed by Delage e1988) was used for the measurement of
soil air permeability. The soil sample was ingtdlin an oedometer cell. The basis of the
cell was connected to a tank of large voluMe (3120 cr) and a U-shaped manometer.
When measuring the air permeability, an initial le&ue of air pressure was applied in the
tank ( = 6 kPa, that corresponds to a water column di héhigh); that induces an air flow
through the soil specimen from the basis of thetoelard the upper surface. Delage et al.
(1998) recommended an air pressure lower than §d&Rhis method in order to ensure the
validity of Darcy’s law. The reduction of the airgssure in the tank was recorded as a
function of the elapsed time, enabling the caleoiabf air permeability (see Delage et al.
1998 for more details).

After the installation of the soil specimen, a leertical stress (15 kPa) was applied to
ensure a good contact between the piston and theusface. The vertical stress was
incrementally applied to 30, 50, 100, 200, 300,,@IW kPa. Each stress level was
maintained for 5 min and the vertical displacemevdse recorded at the end of each step
using a LVDT (linear variable differential transfhoer) to an accuracy of £0.001 mm. Note
that the short loading duration of 5 min was dedibased on the values generally adopted
when studying the compaction behaviour of agricaltaoils under loading by a tractor
vehicle (Keller et al., 2004; Saffih-Hdadi et &009). After 5 min, the piston was blocked
to keep the soil volume constant and the measureohair permeability was performed.
Note that the piston blockage did not cancel th@ieg stress. After the air permeability
measurement, the piston was un-blocked and thevssilfurther loaded. The test was
stopped when no air flow was observed during theperimeability measurement or when
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the maximum load (800 kPa) was applied. At the @rehch test, the soil sample was taken
out of the cell and its dimension was measuredgusioalliper to an accuracy of

+0.001 mm. Its final water content was determingayen-drying at 105 °C for 24 hours.
The final void ratio and the degree of saturati@remhen determined. The initial void ratio
was back-calculated using the final void ratio #meltotal displacement measured.

A total of 27 samples were prepared: 9 undistugaadples of the subsoil layers and 18
remoulded samples of the topsoil layers. Theirahgarameters (void ratie,; water
contentw;; dry bulk densitya; degree of saturatio;; air-filled porosity,V./V) are
presented in Table 2. Note that the degree of @S is defined as the ratio of the
volume of pore-water to the volume of void; it dacalculated from the water conten),(
void ratio €), particle density4y) and the density of watep) as follows:

§ =22 ®
Pu €
The air-filled porosity,/V, the degree of saturati@ and void ratice are related by the
following equation:

v, _e-s) 2
\% l+e

Tests on the remoulded specimens were performeiaeosoil from Le Breuil that has the
lowest clay content and on the soil from Epernay tias the highest clay content. Nine tests
were performed on each soil: three valuew;ofiere considered; for each valuenpfthe

soil was compacted at three dry densities rangiomg 0.98 to 1.47 Mg.i In the case of
undisturbed specimens, four valueswfvere considered for the soil from Avignon, three
values ofw; for the soil from Le Breuil, and two valueswffor the soil from Epernay.

3. Results and discussion

3.1. Experimental results

The results from the tests on the remoulded soihft.e Breuil are presented in Fig. 1. The
air permeabilityk, is plotted versus air-filled porosiw/V (Fig. 1a on a linear scale and Fig.
1c on a logarithmic scale), void rate(Fig. 1b), degree of saturatio® (Fig. 1d), and

vertical stres, (Fig. 1e). Note also that the air permeability coefficientisually plotted

on a logarithmic scale when it involves a wide en§values (Kamiya et al., 2006) and on
a linear scale when it involves a narrow range f{$/and Murdock, 1997; Moldrup et al.
2001). In this work, both scales were used in otddrave a complete view of the
relationship between the air permeability coefitiand the air-filled porosity. Thelogoy,
plot (Fig. ¥) corresponds to the compression cukigy andS were calculated by
assuming that the gravimetric water content wasteon during each test. This assumption
was justified by measuring the mass of soil spegitefore and after each test.

For each test, it can be observed that comprebssiancreasings, decreased, V,/V and
increaseds. In addition k, decreased whett,was increasing (Fig.€l. Theka,-Va/V plots of
all tests (Fig. &) have similar shape: at the beginning of the casgion with large values
of VJ/V andk, decreased drastically with a large slopgd{ VJ/V) while V4/V remained
almost constant upon compression; at highhgFig. 1If), the soil volume decreased
significantly (bothe andV,/V decreased) leading to a significant decreaseeo$ltipe



dko/d(Va/V). This shape can be also observed when ploktimgth other capacity
parameters as(Fig. 1b) andS (Fig. 1d).

The compression curves shown in Fify.evidence the effect of density on its
compressibility. Indeed, the curves show that tlesér the soil (the larger the initial void
ratio) the lower the pre-compression stress, wharhesponds to the stress where
irrecoverable plastic strain started to take plawen further loading (Défossez and Richard,
2002; Gregory et al., 2006; Pereira et al., 20@hngret al., 2009). Considering for example
the results of test K17 (thick lines in Fig. 1)atbng from the initial vertical stress to 50 kPa
(close to the pre-compression value) did not changaficantly the void ratiog decreased
from 1.39 to 1.35, Fig.fL Further loading significantly decreased the vaitio by

following a larger slope in theloga, plot. The first part of the compression curve (vehe
the vertical stress is lower than 50 kPa) corredpda the first part of thie-Va/V plot
(whereVy/V remains constant, and is equal to 0.4). The shbpleeks-Va/V curve changes
significantly forV4/V lower than 0.39K; lower than 6.39 x I8 m?). These values of point
of maximum curvature are shown in Table 3 forladl tests. It can be noted that the points
of maximum curvature on the-V4/V plot (Fig. 1a) corresponds to that of tledogg;, plot

(Fig. 1f). The similarity between the two relationshikgsyersus capacity parameters and
these parameters versusdggexplains the quasi-linear relationship betwkgeand logx,
observed in Fig.d Application of linear regression over the whdiless range showed that
the slopes ki/dlogg of all tests are similar, ranging from -2I0*° (m?) (test K18) to -
4.3x10"° () (test K20), the mean value being ~816° (m?).

The results of the remoulded soil from Epernaypaesented in Fig. 2. The overall trend
observed previously on the remoulded soil from lkeud can be also observed: the
compression (with increase of) decreased andV,/V, increased& and decreasdd.
Nevertheless, unlike the remoulded soil from Leudréhe shapes di,-V./V plots of
remoulded soil from Epernay are not similar (Fig). Moreover, the range & of the soil
from EpernayK. = 5x10"% to 2x10° m?) was larger than that of the soil from Le Bredil (

= 1x10"° to 1x10° m?). When analysing thie-loga;, plots (Fig. 2), the linear trend was not
as clear as in the case of Le Breuil (Fig). In addition, the range of the slope/dlogao;

was larger, from -3410*2 (m?) (test K02) to -3.810° (m?) (test K04). This difference can
be attributed to the larger difference in the alitioid ratio between the soil from Epernay
(e ranges from 0.82 to 1.73) and the soil from Le Brgiranges from 0.9 to 1.39; see Fig.
2f and Table 2).

Fig. 3 presents the results of the undisturbedfsmh Le Breuil. Three values of water
content were considered € 16.9%, 21.4%, and 22.5% for tests K15, K11, lkhd
respectively, Table 2), corresponding to an ingialfilled porosityV,/V ranging from 0.20
to 0.35 (Fig. 8) and an initial degree of saturati§nranging from 30 to 60% (Figdp. The
ks-e plots of the three tests were almost identicad.(Bb); theks-VJ/V plots (Fig. &, c) and
theks- S plots (Fig. 8l) were similar. Again this similarity can be attrtbd to the close
values of initial void ratio of the three tes¢gsrnges from 0.98 to 1.16, see Table 2) and to
the similarity of thee-loggy, curves (see Fig.fB In addition, the shape of thkgV./V plots
(Fig. 3) and theky,-e plots (Fig. ®) was also similar to that of remoulded soils froen
Breuil (Fig. Ja,b): at the beginning of the compressi&ndecreased drastically while the
volume change remained small; at higher stresfiesianges irk, and capacity parameters
(V4/V ande) upon compression were significant. Furthermdre, relationship betwedq



and logx, of the undisturbed soil from Le Breuil was no lenginear (Fig. 8). Compared to
ghezremoulded soil, the undisturbed soil preseasger range ok, (ka = 5x10* to 2.5¢10
m°).

In Fig. 4, the results of the undisturbed soil frAmgnon are presented. Four values of
water content in the range of 17.7 — 22.9% wereiciened (Table 2). Thelogg, plots
show two distinct families (Fig.f4 However, thé,-V4/V plots of all tests (Fig.& are
almost identical. This is because the differencaitral void ratio between the four tests is
quite limited g ranges from 0.63 to 0.76, see Table 2) and morabeeshape of the foar
loga;, curves are quite similar. The effect of initiaidd@atio can be clearly identified in
other plots as thike-e plots (Fig. 4), logka-Va/V plots (Fig. 4) and lodka-S plots (Fig. 4).
For instance, in Fig.B} the tests K13 and K27 show thatvaried from 0 to 810*° (m?)
while e varied in the range from 0.52 to 0.62 for K13 & 0.63 to 0.75 for K27. Similar
observations can be made when comparing K16 andrK2gy. 4. In Fig. & and Fig. 4,

ka is plotted on a logarithmic scale, that makesdifference between the data clearer in the
range of lowk, values k. <10 m?). When applying linear regression over the whaless
range to thé-logg; plots (Fig. 4), the slope K/dlogg, obtained showed variations
ranging from -1.810%° (m?) (test K16) to -4.810*° (m?) (test K27).

The results of the two tests of the undisturbetifsmin Epernay are presented in Fig. 5.
Except the similar linear relationship observedlmk,-logg;, plot with a slope ki/dlogg,

of about -1.810"° m? (Fig. %), other curves show significant difference betwentwo
tests. The large difference between the initiativattio of the two testsg(ranges from 1.05
to 1.22, see Fig.fand Table 2) can also explain this difference. iVe@mparing the results
of remoulded and undisturbed soil from Epernawas observed that the orders of
magnitude ok, are similark, = 5x10*? - 1x10° m? for VJ/V =0 - 0.2e= 0.8 — 1.25 = 65
—100%.

The effect ofg, onk, has been observed in several studies. Horn €t995) reported the
study of Semmel (1993) on the stress-dependengelsan air permeability observed from
tests on soil samples from 0.4-m depth in a Luvigslved from loess, at a matric suction of
6 kPa. Upon additional loading, it was observed khdecreased sharply as soon as the pre-
compression stress value (100 kPa) was exceed#te imork of Mosaddeghi et al. (2007),
ko was measured on five remoulded soils from sanawylto clay at four matric suctions

(10, 20, 50 and 80 kPa) and three axial stres€¥s 400, and 600 kPa). The results showed
that cyclic loading was not always accompaniediggiicant irrecoverable strain but could
result in up to 10 times decrease in air permeglati low matric suctions. Linear regression
was applied to the relationship between the logariofk, and the logarithm of vertical
stress. In the present work, it was observed Heashape of.-g; relationship is different
from that described by Semmel (1993) and Mossadaggh. (2007) and a satisfactory
linear relationship can be obtained on a semi—ltdgarc scale. This difference may be
explained by the test conditions: in the study ei$el (1993) and Mossaddeghi et al.
(2007), the soil was compressed under constanbsuabndition while in the present work
the tests were carried out at constant water ctsitbas decreasing suctions. Sanchez-
Giron et al. (1998) also measutedn confined uniaxial compression conditions. The
measurements were performed on five remoulded Bausg various textures at four
vertical stresses (50, 100, 200, and 400 kPa)iaadMater contents (5, 10, 15, 20, and
25%). The results showed that the effects of watiatent and applied stress on the



compaction process (thus, on the air permeabiltibnges) depend on soil texture. This is in
agreement with the results obtained in the preserit where the behaviour of remoulded
soil from Epernay (Fig. 2) was found to be sigrafidy different from that of Le Breuil

(Fig. 1).

3.2. Evaluation of the Moldrup et al. (2003) model

To further analyse the experimental data, the mpagosed by Moldrup et al. (2003) was
evaluated by determining the single tortuosity/@muiivity parameter involved in the model,
n. This model is expressed by the following equatio

k /K. =(el€) (3)

whereg =V,/V, k. andé are reference point values of air permeability amdilled
porosity at a given soil matric potential.

Eq. (3) can be re-written as follows:
k, =(&)"(k; /&™) (4)

In the work of Moldrup et al. (2003), the parametewas determined from the point
corresponding to a suction of 100 cm of water (R@)kon the water retention curve. The

paramete k. was the measured valuelgfcorresponding to this value ef. The
tortuosity/connectivity parametey, was fitted from the slope of the soil-water rei@m

curve plotted in a log) — log ©) coordinate systen¥(s the volumetric water content aad

is the soil suction). In the present work, Eq.W&s used to fit the experimental data in order
to determine;. As an example, the results of the test KO1 are shawrig. 6. The
experimental results were best fitted with a pofuection k. = as’; wherea andb are the

two fitting parametersa = k 1" ands = b following the Eq. (4)). The results of test KO1

gave a value off equal to 15.6 with a coefficient of determinati®)(of 0.985. The values
of these two parametergandR?, were determined for all tests and are summaiised
Table 4.

Examination of Table 4 shows that the paramegtef remoulded soil from Le Breuil (K17 —
K25) varies from 1.91 to 3.69 while that of remaddsoil from Epernay (K02 — K10)

varies from 0.49 to 5.09. For test KO8, only oa&ue was available, making impossible the
determination of the parameter. For undisturbel$ spivaries from 1.59 to 3.99 for the soil
from Breuil, from 2.49 to 6.74 for the soil from &won. In the case of the soil from
Epernay, a value of 1.11 was obtained from test &i®a very high value (15.6) was
obtained from test KO1. Note that in the work obIdtup et al. (2003); varies from 1 to 3
for various undisturbed volcanic ash soils in Jaféde larger range of variations of
parameter; for the clay from Epernay reflects its more coexpinechanism for air transfer
compared to the sandy soil from Le Breuil. In ottverds, it seems difficult to describe the
air permeability variations of one soil using aque value of;. Gens and Alonso (1992)
also reported that the hydro-mechanical behavibtrgh plasticity unsaturated soils (clays)
Is significantly different from that of low plasiig unsaturated soils (sands and silts).
Clayey soils having various hydric states (watartent) show different properties at the
level of soil aggregates (compressibility and cabhrebetween aggregates). Thus the soil
structure change upon mechanical loading (compegsi clayey soils strongly depends on
the hydric state. On the contrary, the microstmattproperties of low plasticity unsaturated
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soils (sands and silts) are significantly less siesto the hydric changes. That explains
also why predictive models are usually appliedaiody soils only (Poulsen et al., 2007,
Moldrup et al., 2001; Tuli et al., 2005; Dérner andrn, 2006). It is worth mentioning that
there are a large difference in organic carbonerdritetween the three soils studied (82.8
g.kg* for Le Breuil, 10.2 g.kgfor Avignon and 16.8 g.kffor Epernay). This parameter
would have also an effect on soil structure and thethe air permeability. Dexter (2G04
proposed a soil physical parametgras an index of soil physical quality. Examinatain
various experimental results showed tBatas higher when the organic carbon content was
higher. In addition, Dexter (200 showed a higher hydraulic conductivity at higBer
These observations are in agreement with the presay where the soil from Le Breuil
that has the highest organic carbon content shdwggtbr air permeability.

4. Conclusion

In an attempt to study the relationships betwedrcapacity parameters and the air
permeability coefficient, air permeability testsreearried out on three soils at various
textures, densities, water contents and types (u&ed soils from the topsoil layer and
undisturbed soils from the subsoil layer). Testgaaious densities and water contents were
carried out. For each test performed, the air pahitiey coefficientk, was plotted versus
various parameter¥4/V, e, S, anda,) in order to examine the relationship between
compaction and soil aeration. Note that relatiogtsvben air permeability and the capacity
parameters\z/V, €, §) allow analyse of the processes involved in aingfer. The relations
betweerk, and the applied stress were established in ooderkt the effect of applied stress
with the soil physical properties.

The effects of various parameterslQrobserved in the present work are in agreement with
previous studies found in the literatukg decreases whew/V decreases (O’Sullivan et al.,
1999; Olson et al., 2001) & increases (Delage et al., 1998; Samingan etG03;2Juca

and Maciel, 2006).

The air permeability of the remoulded sandy loaron(f Le Breuil) has a clearer correlation
with the vertical stress than with other soil cafyagarameters. For undisturbed soils, the air
permeability of sandy loam (from Le Breuil) andysitlay loam (from Avignon) has a good
correlation with soil capacity parameters. No ueigorrelation between the studied
parameters (air permeability, void ratio, air-fillporosity, vertical stress, and degree of
saturation) has been observed for both the remdwddd undisturbed clay from Epernay.

Evaluation of the model proposed by Moldrup e{2003) using the tests results showed
that the tortuosity/connectivity parameter, varies in a narrow range (from 1.91 to 3.69)
for the remoulded soil from Le Breuil, from 0.48 5.09 for the remoulded soil from
Epernay, from 1.59 to 3.99 for the undisturbed &oih Le Breuil, from 2.49 to 6.74 for the
undisturbed soil from Avignon, and from 1.11 to@.%or the undisturbed soil from Epernay.
It appears then difficult to describe the air peayikty variations using only one parameter
for clayey soils as the soil from Epernay, espécialthe undisturbed state.

It is finally worth noting that the present studgsMimited to three soil textures, from sandy
to clayey soil. Further studies should be performedther soils in order to refine the
analysis. In addition, it would be interesting tother investigate the effects of water
retention capacity, organic carbon content, andhsterogeneity with depth, etc.
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Table 1. Some physical and chemical properties ofuglied soils (determined from a
mixture of soils taken from the depth of 0 — 60 cm)

Site Le Breuil Avignon Epernay
Particle density (Mg.t) 2.56 2.71 2.68
Liquid limit (%) 58 31 49
Plastic limit (%) 51 20 29
Plasticity index (%) 7 11 20
Organic carbon content (g.Kp 82.8 10.2 16.8
Methylene blue absorption (g.108g 0.4 2.3 7.4
Particle size distribution (g9:

Clay (< 2um) 0.19 0.34 0.47

Silt (2 — 50pm) 0.23 0.51 0.33

Sand (50 — 20Q0m) 0.58 0.15 0.20
USDA Classification Sandy loam Silty clay loam Clay
FAO Classification Medium Medium fine Fine
FAO Taxonomy Dystric cambisolCalcaric cambisol Calcaric

cambisol
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Table 2. Initial conditions of the tests performedk,: air permeability coefficient; V4/V:

air-filled porosity; e: initial void ratio; S;i: initial degree of saturation; g: initial dry

density; w: water content; Ep.: Epernay; Br: Le Breuil; Av.: Avignon)

Test No. Soil Description ¢ w Di Si ViV ki
(%) (Mg.m®) (%) (107 )

K01 Ep. Undisturbed1.05 26.2 1.31 67 017 2.28
K02 Ep. Remoulded 0.9432.5 1.38 92 0.04 0.09
K03 Ep. Remoulded 1.7325.8 0.98 40 o037 12.46
K04 Ep. Remoulded 1.4337.8 1.10 70 o0.18 16.30
K05 Ep. Remoulded 1.5932.5 1.03 55 0.28 17.07
K06 Ep. Remoulded 1.2532.5 1.19 70 o0.17 8.85
K07 Ep. Remoulded 1.1437.8 1.25 88 0.06 0.33
K08 Ep. Remoulded 0.9032.5 1.41 97 0.02 0.04
K09 Ep. Remoulded 0.8225.6 1.47 82 0.07 6.85
K10 Ep. Remoulded 0.9225.6 1.39 74 012 5.72
K11 Br. Undisturbed 1.13 21.4 1.20 49 0.27 24.65
K12 Ep. Undisturbed 1.22 40.5 1.21 89 o0.08 3.13
K13 Av. Undisturbed 0.63 17.7 1.66 89 010 5.23
K14 Br. Undisturbed 0.98 22.5 1.20 58 021 8.59
K15 Br. Undisturbed 1.16 16.9 1.18 36 034 19.81
K16 Av. Undisturbed 0.65 19.8 1.64 80 0.08 2.12
K17 Br. Remoulded 1.3917.3 1.07 31 o040 10.08
K18 Br. Remoulded 1.0917.3 1.22 40 031 6.60
K19 Br. Remoulded 0.9717.3 1.30 45 0.27 8.43
K20 Br. Remoulded 1.3914.0 1.07 25 044 10.29
K21 Br. Remoulded 1.0514.0 1.25 32 035 8.09
K22 Br. Remoulded 0.9314.0 1.32 36 031 7.65
K23 Br. Remoulded 1.3321.0 1.10 40 034 8.78
K24 Br. Remoulded 1.0321.0 1.26 50 025 7.92
K25 Br. Remoulded 0.9021.0 1.34 61 0.19 6.68
K26 Av. Undisturbed 0.75 22.9 1.55 80 0.09 2.17
K27 Av. Undisturbed 0.76 21.1 1.54 74 011 4.94
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Table 3: Results of the remoulded soil from Le Breii— values corresponding to the points of maximum
curvature in the k;-V4/V plots ande-logag, plots (k. air permeability coefficient; V,/V: air-filled porosity;

e: void ratio; gy vertical stress)

Test No.| Kk, VJ/V | e oy
(10%° m?) (kPa)
K17 6.39 0.39 |1.35 |50
K18 4.06 0.29 | 1.02 | 200
K19 5.04 0.25 | 0.90 | 200
K20 7.25 0.43 | 1.34 |50
K21 458 0.32 | 0.97 | 200
K22 4.77 0.29 | 0.88 | 200
K23 5.40 0.32 | 1.24 | 100
K24 4.21 0.21 | 0.93 | 200
K25 3.71 0.18 | 0.85 | 200
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Table 4: Fitting parameters following the modeMildrup et al. (2003)

(:tortuosity/connectivity parameter ; R%: coefficient of determination; Ep.: Epernay; Br: Le
Breuil; Av.: Avignon)

Test No. Soil Description 7 R
K01 Ep. Undisturbed 15.6 0.985
K02 Ep. Remoulded 0.8 0.872
K03 Ep. Remoulded 2.250.867
K04 Ep. Remoulded 2.670.985
K05 Ep. Remoulded 4.330.981
K06 Ep. Remoulded 5.090.999
KO7 Ep. Remoulded 2.411.000
K08 Ep. Remoulded - -
K09 Ep. Remoulded 0.490.850
K10 Ep. Remoulded 1.070.994
K11 Br. Undisturbed 1.96 0.926
K12 Ep. Undisturbed 1.11 0.983
K13 Av. Undisturbed 3.64 0.988
K14 Br. Undisturbed 1.59 0.926
K15 Br. Undisturbed 3.99 0.896
K16 Av. Undisturbed 2.49 0.943
K17 Br. Remoulded 1.910.825
K18 Br. Remoulded 3.530.847
K19 Br. Remoulded 3.130.809
K20 Br. Remoulded 2.720.902
K21 Br. Remoulded 3.670.776
K22 Br. Remoulded 3.040.759
K23 Br. Remoulded 2.320.917
K24 Br. Remoulded 2.200.838
K25 Br. Remoulded 3.690.913
K26 Av. Undisturbed 5.48 0.973
K27 Av. Undisturbed 6.74 0.910

18



1.2x10° — 1.2x10°
1.0x10° — 1.0x10°
8.0x10™ — 8.0x10™°
O - O
3 6.0x10™° — E 6.0x10™°
© ©
X — X
4.0x10™" — 4.0x10™°
2.0x10™" — 2.0x10™°
0.0x10° T ‘ T ‘ T ‘ T ‘ T ‘ 0.0x10° T ‘ T ‘ T T
0 0.1 02 03 04 05 0.6 0.8 1 1.2 1.4
V IV e
1.0x10% — 1.0x10% —
3 (c) 3 (d)
1.0x10° — 1.0x10° —
o 3 o 3
e — = -
~— — ~— —
© — © —
4 X
1.0x10™ — 1.0x10™° —
1.0x10™ T ‘ T ‘ T ‘ T ‘ T ‘ 1.0x10™ T ‘ T ‘ T ‘
0 01 02 03 04 05 20 40 60 80
VIV S, (%)
1.2x10° —
1.0x10°
8.0x10™°
& —~
é 6.0x10™° ~
xm (D]
4.0x10™°
2.0x10™°
0.0x10°

(—6— K17 (p, = 1.07 Mg/m3; w = 17.3%)\
—4— K18 (p, = 1.22 Mg/m3; w = 17.3%)
—— K19 (p, = 1.30 Mg/m3; w = 17.3%)
—Jl— K20 (p, = 1.07 Mg/m3; w = 14.0%)
—O— K21 (p, = 1.25 Mg/m3; w = 14.0%)
—@— K22 (p, = 1.32 Mg/m3; w = 14.0%)
—A— K23 (p, = 1.10 Mg/m3; w = 21.0%)
—A— K24 (p, = 1.26 Mg/m3; w = 21.0%)

\Aﬁ; K25 (p, = 1.34 Mg/m3; w = 21.0%))

Fig. 1. Results of the remoulded soil from Le Brelik,: air permeability coefficient;
V. /V: air-filled porosity; e: void ratio; S;: degree of saturation;gy: vertical stress; g:
initial dry density; w: water content)
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Fig. 2. Results of the remoulded soil from Epernagk,: air permeability coefficient;
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Fig. 5. Results of the undisturbed soil from Eperng (ka: air permeability coefficient;
VJ/V: air-filled porosity; e: void ratio; S;: degree of saturation;a: vertical stress;w:
water content)
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Fig. 6. Example of a comparison between the experantal results and the best fitted curve using the
model of Moldrup et al. (2003). Test KO1 (Soil fronEpernay; undisturbed, g = 1.05;w; = 26.2%; p; =
1.31 Mg.m® S = 67%; V/V = 0.17).
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