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Abstract

The compaction of cultivated soils by agriculturgchines considerably affects both the
structure and physical properties of soil, thusifga major impact on crop production and
the environment. The soil mechanical strength tmmaction is highly variable both in time
and space because it depends on soil type (texgokstructure (porosity) and soil moisture
(suction). This paper is devoted to the effect af suction on the compression ind€x
which is one of the mechanical parameters thatrdescthe soil mechanical strength to
compaction. We used an oedometer compressionwestsuction control implemented by
using the osmotic technique to study the comprassidex of a loamy soil and a sandy soil.
Soil samples were prepared by compacting soil powessed through 2 mm sieve, to a dry
bulk density of 1.1 or 1.45 Mg th The mechanical stress and the suction rangesdeved
corresponded to field conditions, with verticaless less than 800 kPa and suction less than
200 kPa. The results show that the compressiorxi@dehanged little with suctions ranging
from 10 to 200 kPa for the two soils at differemitial densities. By contrast, the variation of
C. is significant when soil suction is close to zéoo the loamy soil at an initial dry bulk
density of 1.1 Mg m. From a practical point of view, this variation Gempression index
with suction is a useful result for modelling ssitain due to traffic and predicting the
compaction of cultivated soils.
Keywords: Soil compaction, compressibility, suction
1. Introduction

Soil compaction due to the passage of agricultorathines is a major factor in the
evolution of soil structure in heavily mechanizegrieultural systems. It therefore has
considerable consequences on crop production amcerikironment. The intensity of soil
deformation caused by machines depends on thes soéchanical properties which are
themselves dependent on moisture related to thmatit conditions and agricultural
operations. From a mechanical viewpoint, it is eBakto know how mechanical parameters
vary as a function of soil moisture, in order tedlict soil compaction.

Soil compaction mainly depends on two mechanicedrpaters, i.e. precompression stress
(pe) and the compression inde€ . Precompression stress indicates the maximurasstee
which the soil has been subjected. The compressmex corresponds to the slope of the
Virgin Compression Line (VCL). These parametersemtémated from oedometer tests giving
the soil compression curve-log ;) linking the void ratiog, and the applied vertical stress,
oy. Note that in soil mechanics, the two parameggrand C; are specific parameters for
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saturated soils. Their use has been extended t® isoiunsaturated state (Fredlung and
Rahardjo, 1993). The effects of soil state on these parameters have been the subject of
different works. Precompression stress increast#ssmil bulk density (Alexandrou and Earl,
1998; Canarache et al., 2000; Imhoff et al., 20Ghert and Horn, 1991; McBride, 1989;
Rucknagel et al.,, 2007) while the compression indexreases with soil bulk density
(McBride, 1989; Salire et al., 1994; Imhoff et &004).Precompression stress decreases with
soil water content (Alexandrou and Earl, 1998; Bé&x et al., 2003; Imhoff et al., 2004;
Mosaddeghi et al., 2006). For the compression indexne authors have found that it
decreases with water content (Zhang et al., 19%fo$3ez et al., 2003) while others have
observed that water content has an insignificaiecefLarson et al., 1980; O'Sullivan, 1992;
Smith et al., 1997; Arvidsson and Keller, 2004; ofitet al., 2004; Mosaddeghi et al., 2006).
Thus it seems that the studies performed up to Inawve provided contradictory effects for
water content. The experimental conditions weréeguaried. Regarding structural state, both
remoulded and intact soil samples have been te¥wtht is more, there are also large
differences for moisture state. For instance, GapthLarson (1982) studied soils at different
soil suctions ranging from 2 to 1100 kPa, whereasoff et al.(2004) examined two suctions
of 10 and 100 kPa. Moreover, the results were nbthunder different drainage conditions
(from the bottom, the top or both bottom and tap] &or different loading times (from 2 min
to 3 h). For clayey soils, these loading times wprebably not long enough to reach
equilibrium state, even under the most favouraléendge conditions from both bottom and
top (Bardet, 1997).

Physically, when compressing a soil sample at emistater content, the hydrous state of
the soil sample changes as the degree of satunaitogases. As a result, the compression
index, and to a certain extent the precompresdi@sss change too. The only way to keep
soil hydrous state constant is by maintaining tiiessiction constant, which is what has been
done in the field of geotechnics (Alonso et al.9@9Cui and Delage, 1996; Rampino et al.,
2000; Mancuso et al., 2002; among others). Twonieckes have been used to control soll
suction during mechanical stress application: thie trianslation and the osmotic techniques.
Most of the results obtained in geotechnics shoat tompression index decreases with
increasing suction and were obtained for soils wigny high dry bulk densities (1.67-
1.98 Mg n?) (Table 1). In the present work, oedometer testh wintrolled suction were
conducted on cultivated soils. The osmotic techmi(fdelage and Cui, 2000) was applied for
suction control. The aim of this work is to studhg teffect of soil water suction for two soils
(a loamy soil and a sandy soil) at two initial bulknsities (1.1 and 1.45 Mg¥non the
compressibility behaviour of cultivated soils.

2. Material and method
2.1. Tested soils

A sample of loamy soil (173 g clay kg 777 g silt kif, 50 g sand k§ 8.5 g organic
carbon kg) was taken from an experimental station of theidtial Institute of Agronomic
Research (INRA), located at Mons, France. In addjta sample of sandy soil (190 g clay kg
1 230 gsilt kg, 580 g sand K§ 22 g organic carbon Ky was taken from another INRA
experimental station at Breuil, France. The soksenair-dried in the laboratory, ground and
passed through a 2 mm sieve.

2.2. Osmotic Oedometer with a system of soil intiposi

The osmotic technique for suction control is basedthe use of a cellulose semi-
permeable membrane and an aqueous solution of iorgasiyethylene glycol [PEG]
molecules. When the soil is separated from the BEIGtion by the membrane, water can
cross the membrane whereas the PEG moleculesutiosotannot due to their large size. The
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water stops flowing once equilibrium state is reshthere is thus the same suction in the
PEG solution and the soil. This suction is knowanfrthe PEG calibration curve. According

to Delage et al. (1998), Delage and Cui (2000)rethe a unique relation between PEG
concentratiorC (g PEG/g water) and sucti@{(MPa), independent of the molecular weight of
the PEG. For suctions lower than 6.25 MPa, thdioglas linear and defined by:

s=11C?

A standard oedometer was adapted to the osmotiaitpee, allowing compression tests
at controlled suction. Fig. 1 shows the osmoticomeeter. The cell base was grooved to
homogenize the distribution of the PEG solutiofiina sieve was placed over the grooves to
protect the semi-permeable membrane placed betiheesieve and the soil sample. A closed
circuit activated by a peristaltic pump was destgie circulate the PEG solution. A 1 litre
bottle was used to ensure a quasi-concentratiospite of water exchanges with the soil
sample. A capillary tube placed on the sealed é@#rmitted monitoring water exchanges
between the PEG solution and the soil sample. Diidebwvas placed in a thermostatic water
bath at 20+0.5°C to avoid any temperature effeotshe water exchange measurements. In
addition, the entire system was installed in ancairditioned room (20+1°C). In order to
guantify the change of water volume due to tempeeaand evaporation, a second bottle full
of PEG solution with a capillary tube was placedhea water bath.

2.3. Test procedure
Four series of tests were carried out. The firgesanvolved six tests on the loamy soil.

For each sample preparation, 10316@2.05 g dry powder was used. The soil powder was

humidified by pulverization to reach 0.125 § water content; the sample was prepared by
compaction in the oedometer cell to reach dimergsairvO mm in diameter and 24 mm high,
with a dry bulk density of 1.1 Mg th The initial suction of the compacted sample befor
compression test was about 200 kPa, based on rtioetecurve shown in Fig. 2. This
retention curve was measured on soil with a dryk bdénsity of 1.1 Mgmi using a
tensiometer inserted in samples having variousveatetents.

One compression tests using osmotic technique bmtween 2 days to three weeks
depending on soil suction and soil hydraulic cotigitg. This limits the number of
compression tests so that most of authors limitesl number of replicates to one and
examined a maximum of 4 suctions (Table 1). Wequeréd tests on remoulded samples
sieved <2 mm with special care of sample buildialj:samples were performed by pre-
compaction of a soil powder at the same water coraé 0.125 g g. This procedure was
supposed to limit the variability of our measuretsesmd was chosen to balance the lack of
repetitions for the different series.

The six compression tests were performed at diftesections: 0, 10, 50, 100, 180 and
200 kPa, each test having been started with a gisstion application process under zero
vertical stress. The suction was applied eitherciogulating PEG solution of the desired
concentration or pure water (for zero suction). iHlgium was indicated by stabilizing the
solution level in the capillary tube. Equilibriuntate reached when there was no change in
variation of water volume in the capillary tubeioithe soil. An example of variation in water
volume to reach a controlled suction of 50 kPa sla@wn in Fig. 3a for a sample initially
prepared at a suction of 200 kPa according to #emretention curve (Fig. 2). The positive
value indicated the water was absorbed by the Abihe end of 200 hours, equilibrium state
was reached without change in water volume. It @l@erved that equilibrium time depended
on the amplitude of suction changes: three day2@rkPa and 18 days for zero suction for
the loamy soil at a dry bulk density of 1.1 M@nNote that a soil wetting process was
observed for 200 kPa suction, indicating an ingiattion slightly higher than 200 kPa.
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The compression was performed under constant suctiodition by step-loading using a
pneumatic system: 10-20-50-100-200-400-800 kPa.dibga time was function of time
needed to reach equilibrium. The displacement lstabon was controlled by the two sensors
(accurate to 0.01 mm) installed symmetrically othbsides of the oedometer cell. Loading
time took approximately 40 min. Fig. 3b shows tlaiation of water volume for the same
sample of 50 kPa before being placed under stafirfigavertical stress. The negative value
indicated the water was driven out of the soilie tapillary tube. Unloading was carried out
following the same stress steps until 50 kPa. Tied fvater content was determined by oven-
drying at 105°C during 24 hours.

The second series involved five tests also on daeny soil. Unlike the previous tests
these five tests were performed on samples congpattdifferent water contents 0.125, 0.126,
0.135, 0.14, 0.20 g'g chosen as a function of the water retention c(fig. 2) to obtain
different corresponding suctions: 20, 80, 100, 18m) kPa. The samples also had an initial
dry bulk density of 1.1 Mg M and they were loaded in the same way as thesfres. This
procedure of sample preparation was quicker thafptiocedure used in the first series. We
performed this second series as a repetition. Tisé deries was performed for samples
obtained after pre-compaction of soil at the saratemvcontent and then subjected to wetting
to reach the different controlled suctions while temoulded sample structure of the second
series were obtained by pre-compaction of soitifgrent initial water content.

The third series involved four tests on the loarmoy at different suctions (0, 20, 80,
200 kPa). The protocol used in the first series apglied except that the samples were
compacted at a denser state with a dry bulk depsity45 Mg n.

The fourth series involved three tests on the sasally at different suctions (0, 80,
200 kPa). As in the third series, the protocol usethe first series was applied with all the
samples compacted at the same water content (§.42pand the same dry bulk density
(1.45 Mg m°).

2.4. Calculation procedure

Fig. 4 presents a typical compression curve showirgg mechanical parameters: the
compression index. i.e. the slope of the virgin compression line (VCL), therameteiC
and the precompression presspge The curves generally have a sigmoidal shape $-e.
shape). The method used foydetermination was similar to that presented by Bganmhand
Kdck (2004) and Gregory et al. (2006) for compr@ssiurves with a sigmoidal shape. For
each loading step, the ratle/Alogg; between the change sand the change in decimal
logarithmic of o, was calculated and drawn as function of the meanevof ¢,. The
compression indexXC. was taken equal to the mean value of the two maxinvalues of
Ae/Alogoy. We also calculated the average of the rati@alogo, for stresses higher tham
(i.e. all stresses after the maximum curvature of thepgression curve) and compared this
value to theC; estimation to examine the effect of procedur&goalculation. The parameter
Cs wasthe slope of unloading phase. The precompressiessprep. was the intercept of the
VCL and a line with slop€.drawn with the first point of the curve (Bardet9I9.

3. Results
3.1. Compression curves and determination of cosgwa index

The variation of void ratio versus the logarithmweitical stressg- loga,) is shown in
Fig. 5 for the loamy soil samples in the first seseries. The curves generally have a
sigmoidal shape, and can be separated into twopgragcording to suction values. For
suctions from 0 to 100 kPa, the void ratio is deamaller than that at suctions higher. In
addition, it can be observed that there is a fatl Zero suction under a vertical stress
comprised between 10 and 20 kPa. All the curvesvghat a slight reduction in void ratio
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until precompression stress was followed by a nsigaeificant reduction of void ratio. The
slope of the unloading phas€s) is almost the same for all the curves, i.e. eqoa.023
+0.007. As far as the precompression stress is coedeFig. 5 shows that it increases with
increasing soil suction.

Fig. 6 shows the change in the valuef\efAlogg;, calculated for the first test series by
using every two successive vertical stresses anadibdn of vertical stress. A maximum value
can be observed for a vertical stress of aroundkBa@) except in the case of zero suction
where the maximum value was obtained for a veritralss of 20 kPa. This demonstrates that
the compression curves departed from the elassiiplemodel generally used to model the
soil response to compression where the void ratiaries linearly with logr (i.e. the
logarithmic model) (Fredlung and Rahardjo, 1993;d84 1997).

Fig. 7 shows the maximum values dk/Alogo, which is an estimation of the
compression indexXC; in comparison to the average valuef&fAlogg,. It appears that the
compression indeXC; andthe average value die/Aloga;, are nearly constant from 10 to
200 kPa. The mean value of the compression ind€x68, the mean value of the average
AelAlogoy, is 0.58. On the contrary, when the soil sample wear to water saturation, a
significant change in compression index could bgeoled; the compression index based on
the maximumAe/Alogg, increased while the average valud\efAloga, decreased.

The variations of void ratio versus the logarithfrvertical stressd- loga;) are shown in
Fig. 8 for the loamy soil samples at 1.45 Mg im the third tests series and in Fig. 9 for the
sandy soil at 1.45 Mg thin the fourth tests serigBoth series displayed compression curves
in agreement with a logarithmic model describedviy parameters: the parameté)(and
the compression indexy).

The parameter(y) is 0.021+0.001 for all tests on the loamy soil and 0.035G0Q for
those on the sandy soil. This agrees with the ntgjof the results available in the literature
that the slop&€sis independent of suction (Alonso et al., 1990).

3.2. Variation of compression index with texturel atructure

Fig. 10 shows the variation of compressibility dsraction of soil suction for soil samples
prepared (i) with the same initial water content @fl25 g @ (thus with the same
microstructure) and then equilibrated at differgmtial water suctions (first test series), and
(ii) with various water contents as shown in Figs@cond test series). It can be observed that
there is one repetition for each suction value. fdseilts show that the compression index is
almost constant (0.69) in the suction range betwkHgrand 200 kPa, whatever the initial
microstructure.

Fig. 11 shows the effect of soil type and soil dnylk density on the variation of
compression index with controlled suction. For lb@my soil, the compression index with
the dry bulk density of 1.45 Mg this lower than that with the dry bulk density 1.3 Mh°.
Moreover, the compression index in the case of Md5n™ dry bulk density increases in the
low suction range, as opposed to the trend in dise of a dry bulk density of 1.1 Mg3nFor
the sandy solil, the compression index is lower tfoarthe loamy soil and remains nearly
constant (0.35) whatever the soil suction.

4. Discussion
4.1. Compression curves and determination of coagioa index

The sigmoidal S-shape compression curve was alseredd by various authors in the
fields of geotechnical engineering (Graham andLBB5; Janbu, 1985; Leroueil, 1996; Perret
et al., 1995; Smith et al., 1992) and agricultBaumgartl and Kock, 2004; Keller et al.,
2004; Gregory et al2006). Keller et al. (2004) showed the effect @dding time on the
variation of a compression curve. Better drainageddions and longer loading time led to a
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compression index value. Gregory et(aD06) proposed to attribute the sigmoidal S-shape t
the rapid loading rate adopted in studies of smhgression in agriculture. In this study, the
compression curves were determined with a unigadithg time of 40 min. Although this
duration was much shorter than that practiced otegghnical engineering, which demands a
period of 24 hours, it was found to be long enoughstabilize vertical displacement.
Drainage conditions were also the same in all t83terefore the sigmoidal S-shape cannot
be due to a drainage effect in our experimentsniggutl and Kéck (2004) considered that
the sigmoidal S-shape is explained by soil maxinpacking density: the minimum void ratio
that a soil can reach was estimatedeas0.27. This falls out of the range of the voitiaa
where sigmodal effects on the compression curveeaggol in our study. For instance, the
inflexion of the compression curve was be obserfeed/oid ratioe = 0.9 fors= 100 kPa in
Fig. 5. We propose to explain this feature by givam interpretation of the processes in play
during the compression processes and considecdimapression involves both aggregate re-
arrangement and aggregate deformation. Indeed, whmpressing a soil sample, aggregate
re-arrangement occurs first, defining an initiafadmation regime; when the vertical stress
becomes high enough and when there are insuffior&udro-voids for further aggregate re-
arrangement, soil compression mainly occurs throaggregate deformation, with a second
deformation regime. One can suppose that both wefton processes involve with two
distinct compression ratio, this can give rise to $&+shaped compression curve. At low
suctions, the aggregate stiffness is lower (Cui Bethge, 1996); aggregate deformation
occurs earlier or at lower vertical stresses sd bwh deformation regimes may occur
together. By continuing this line of thought, arywdigh stresses, all the curves would join
together when all the voids disappear. From ouendagion on loess, we can notice that the
final magnitude ofAe/Alogg; for both bulk densities of 1.1 and 1.45 M@ ris similar for
high stresses (Fig.s 6 and 8). This corroborated assumption that compression occurs
through process of aggregate deformation at higisstwhatever the initial bulk density.

At saturation, we also observed an effect of doilcture on the compression curve: a fall
in void ratio was observed on the compression cunger vertical stress at around 10-20 kPa
(Fig. 5). This decrease would correspond to a ps#eaof soil microstructure. It appears that
our soil sample satisfies the conditions for therostructure collapse phenomenon: it had a
fairly loose structure, signifying that a signifidavolume of macro-voids existed between
aggregates. As mentioned above, these aggregasshaue been significantly weakened by
the initial water saturation process; they defornaed re-arranged at the same time, even
under low vertical stresses. This led to a sigaificvolume change and collapse. After this
process, aggregate re-arrangement no longer odgcwaiteereas only aggregate deformation
continued, providing a smaller compressibility @i@ags and Burland, 1962; Barden et al.,
1973).

Due to the S-shaped compression curve, the proeetlur the compression index
estimation is important and may change the vanatibcompression index with soil suction
(Fig. 7). Different procedures are used in literatio estimate the compression index, most of
them consider the slope of the VCL according tomdaad of soil mechanics (Bardet, 1997)
and some of them consider the slope near the maxicwrvature (Baumgartl and Kock,
2004; Gregory et al., 2006). The standard methadre#t be applied rigorously when the
compression curve present an S-shape and did nptinaarly with logz, for all stress range.
This could induce a discrepancy in the compressidax measurements and explain partially
the contradictory effects of water content obserbetiveen different works. Some authors
have found that the compression index decreasds water content (Zhang et al., 1997;
Défossez et al., 2003) whereas numerous authoss atvobserved any significant effect of
water content (Larson et al., 1980; O'Sullivan,2;9%mith et al., 1997; Arvidsson and Keller,
2004; Imhoff et al., 2004; Mosaddeghi et al.,, 200bhe hydrous state of soils is not
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controlled in standard mechanical tests: the snard the water content may change during
deformation as function of experimental conditiémsdrainage and loading time which vary
in the different studies. This could also explame tdisparity in observations reported in
literature.

As far as the variation of the precompression stiesoncerned, the results obtained in
the present work confirm the observation made aih lagricultural soils and geotechnical
soils: precompression stress increases when sdiloguincreases (Cui and Delage, 1996;
Alexandrou and Earl, 1998; Défossez et al., 20a#dff et al., 2004; Mosaddeghi et al.,
2006).

3.2. Variation of compression index with soil tegtu

Our result highlighted an effect of soil texture e magnitude of the compression
index: it was low for the sandy soil. This agreethwumerous studies on soil compressibility,
as reported by Bardet (1997). We also found thathigher the dry bulk density, the smaller
the compression index. Similar findings were repatty McBride (1989), Salire et al. (1994)
and Imhoff et al. (2004).

The effect of soil texture on the variation of t@mmpression index with suction was
not clearly established in the literature (Table Tyo features can be distinguished: one
group of soils exhibiting compression index thatrdases with suction. This feature was
reported for all soil textures: for clay soils (Rer et al., 2003), for loess soils (Cui, 1993;
Chen et al., 1999), and for sandy soils (Rampinalgt2000; Mancuso et al., 2002). The
compression index of a second group of soils irsgéavith suction. This was reported for
loess soil (Adams and Waulfsohn, 1998; Kogho et 2001; Wang et al., 2002; Futai and
Amleida, 2005) and for sandy soils (Futai and Andei2005). Our results tend to agree with
the second group. Nevertheless the loess soilavithy bulk density 1.1 Mg fhat saturation
shows variations o€ with soil suction, a characteristic belonging twhgroups depending
on the method used for its estimation. This sugg#sat soil porosity may change the
variation of the compression index with soil suetioFurther experiments are required this
assumption, especially for low bulk density for ahifew observations were reported in
literature (Table 1). Our study was focussed onaowded samples to avoid the variability of
intact samples but this approach should be appdigdtact samples also to include possible
effects of the structure of agricultural soils.

5. Conclusion

Suction controlled tests were carried out on a lawil prepared by compaction at
different bulk densities and at different water temis. A sandy soil was also tested in order
to study the effect of soil texture.

It was observed that the paramefzris independent of soil suction, in agreement with
most of the results in the literature. Precompassiress was found to decrease as suction
decreases, also in agreement with the resultsifitédrature.

Suction can affect the shape of compression cufgeghe loamy soil, the S-shape in case
of low suctions was more apparent than that incdme of high suctions such as 180 and
200 kPa. This effect can be explained by the chengeoil aggregate stiffness occurring with
the controlled suction.

An effect of soil texture and structure on the &hoin of the compression index with
suction was observed: it was small and almost iedéent of the suction for the sandy soil
whereas it was larger and varying when approadhiegaturation state for the loamy soil.

From a practical point of view, the observation aminstant compression index with
respect to suction changes>10 kPa) is quite useful for determining the msi¢y of soil
compaction due to agricultural traffics. Firsthg tletermine the compression index for
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different suction states, it is simply necessarpadorm standard oedometer tests at constant
water content instead of suction controlled oedemétsts; secondly, for soil compaction
calculation, it is sufficient to include the suctieffect in the precompression stress function,
without considering any change in the compressidex.
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Tables
Table 1 Variations in the compression index with suctioparted in literature for compression
tests with controlled suction

Reference Soil Sample structure Controlled suctioiechanical tests/ technique used Number Dry bulk  Variation of
for suction controlling of density  compressibility
replicates Mg m*® as soil suction increases
per test

Cui (1993) Clay loam Remoulded samples 4 suctions Triaxial / osmotic technique 1 1.67 Decrease

sieved < 0.4 mm s=[200-1500 kPa] C.=[0.315- 0.161]
Adams and Sandy clay Remoulded samples 2 suctions Triaxial / axis translation 1 1.2 Increase
Wulfsohn loam sieved <2 mm s=[0, 50 kPa] C. =[0.207, 0.575]
(1998)
Chenet al Loam Remoulded samples 4 suctions Triaxial / axis translation 1 1.70 Decrease
(1999) s=[0-200 kPa] C.=[0.253-0.138 ]
Sivakumar Clay Remoulded samples 4 suctions Triaxial / axis translation 1 1.98 Increase andrelese
and Doran sieved < 1. 12 mm s=[0-400 kPa] C.=[0.276-0.207 ]
(2000)
Rampinoet Sandyloam Intact samples 4 suctions Oedometer / axis translation 1 1.97 Decrease
al (2000) s=[0-300 kPa] C.=[0.051-0.035 ]
Wangetal Clay loam Remoulded samples 3 suctions Triaxial / axis translation 1 1.90 Constant
(2002) sieved < 0.75 mm s=[0-300 kPa] C.=0.138
Mancuscet Sandy loam  Remoulded samples 4 suctions Triaxial / axis translation 1 1.77 Decrease
al (2003) sieved < 0.4 mm s=[0-300 kPa] C. =[0.092-0.069]

1.93 Decrease

C, =[0.051- 0.35 ]

Romeroet  Clay Remoulded samples 3 suctions Oedometer / axis translation 1to3 1.37 Decrease
al (2003) s=[10-450 kPa] C.=[0.270- 0.230]
1.67 Decrease

C, =[0.143- 0.106 ]

Futai and Sandy clay Intact 4 suctions Triaxial / axis translation 1 1.5 Increase
Almeida Silt loam s=[0-500 kPa] C. =[0.460-0.759 ]
(2005)

1.9 Increase

C.=[0.322-0.414 ]

#the compression index was estimated from the cessjisility A using the relatio€, =2.31
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Figure captions
Fig. 1: Osmotic oedometer.

Fig. 2: Water retention curve of compacted loamjl sb 1.1 Mg m® dry bulk density
measured using a high capacity tensiometer.

Fig. 3: Variation of water volume in the capillatybe: (a) as a function of time before the

equilibrium state of a value of suction controlltdb0 kPa for a sample initially prepared at a
suction of 200 kPa; (b) under the step-loadingiv@rstress during compression test under a
controlled suction of 50 kPa (first test seriesweh initial dry bulk density of 1.1 Mg ).

Fig. 4. Typical change in void ratioe)( as a function of vertical strese;) with the
compression indexX), the parameteliQy) and the precompression streg3. (

Fig. 5: Compression curves of the loamy soil foriaias controlled suctions: 200 kPa (black
square), 180 kPa (black triangle), 100 kPa (grewmdrie), 50 kPa (black circle), 10 kPa (grey
square), 0 kPa (grey circle) (first test seriednait initial dry bulk density of 1.1 Mg ).

Fig. 6: Ae/Alogov as a function of vertical stress for differenntrolled suctions: 200 kPa
(black square), 180 kPa (black triangle), 100 kifay( triangle), 50 kPa (black circle), 10 kPa
(grey square), 0 kPa (grey circle) (same soil dionk as Fig. 5).

Fig. 7: Variation of the compression index (squa®)a function of suction in comparison to
the average of\e/Alogov (triangle). Both were determined froffe/Alogg, curve (first test
series with an initial dry bulk density of 1.1 Mg

Fig. 8: (a) Compression curves of the loamy saiMarious controlled suctions (Ag/Aloga,

as a function of vertical stress for various suwigontrolled: 200 kPa (black square), 80 kPa
(black triangle), 20 kPa (grey square), 0 kPa (guesie) (third test series with an initial dry
bulk density of 1.45 Mg ).

Fig. 9: (a) Compression curves of the sandy soi&mious controlled suctions (Ag/Aloga,

as a function of vertical stress for various suwigontrolled: 200 kPa (black square), 80 kPa
(black triangle), 0 kPa (grey circle) (fourth tesdries with an initial dry bulk density of
1.45 Mg n?).

Fig. 10: Variation of the compression indéX) as a function of controlled suction for both
procedures for soil samples preparation: sampla® fpore-compaction of soil at an initial
water content of 0.125 g'g(square) and samples from pre-compaction of suildifferent
initial suctions (triangle). Loamy soil with an il dry bulk density of 1.1 Mg i

Fig. 11: Variation of the compression indeX:;) as a function of controlled suction for the
samples with an initial water content of 0.125gfgr the loamy soil with dry bulk density of
1.1 Mg m® (black square) or 1.45 Mg f(empty square), for the sandy soil (triangle) with
dry bulk density of 1.45 Mg i

12



hal-00539602, version 1 - 24 Nov 2010

control of capillary tube

water exchan

Pump
| =y
1 I

Vertical

stress
Semi-permeable
membrane
I |

AN

Fig. 1

13



2

2d¥) uonans

0.30

0.25
L]

0.20
Water content (g

0.15

0.10

Fig. 2

0TOZ AON ¢ - T UOISISA “Z096£500-1eY

14



hal-00539602, version 1 - 24 Nov 2010

0 50 100 150 200
Time (h)

Fig. 3

(b)

1

T \\\H\" T \\\HH}

10
oy (kPa)

100

1000

15



oy (kPa)

Pc

0TOZ AON ¢ - T UOISISA “Z096£500-1eY

16



hal-00539602, version 1 - 24 Nov 2010

1.7
1.5+
1.3
1.1+
00.9
0.7 -

0.5
0.3

Fig. 5

17



hal-00539602, version 1 - 24 Nov 2010

0.8

806
304
0.2

i

10

Fig. 6

10

0 oy (kPa)

1000

18



hal-00539602, version 1 - 24 Nov 2010

1.0
0.9

0.8
O 0.7~
0.6

0.5+
0.4 w

0 100
Suction (kPa)

Fig. 7

19



hal-00539602, version 1 - 24 Nov 2010

1.7

(@)

15

13
11

©0.9
0.7 -
0.5

RN

0.3
1

Fig. 8

10
oy

(kPa) ™"

0

1000

0.5

(b)

0.4 -

S03-
(@]

~~

9 0.2

S

0.1 *Mx

10

1000\/ (kPa) 1000

20



hal-00539602, version 1 - 24 Nov 2010

(a)
1.7
1.5
1.3
1.1
©0.9
0.7 L’_H*“-\.
0.5

03 \\\HH} I \\\HH} Lol
1 100\/ (kPa)lOO 1000

Fig. 9

0.5

(b)

0.4 -

03
(@]

~~

9 0.2
0.1

10

100, (pa) 1000

21



hal-00539602, version 1 - 24 Nov 2010

1.0
0.9

0.8
00.71 SRR
0.6

0.5
0.4 \

0 100
Suction (kPa)

Fig. 10

200

22



hal-00539602, version 1 - 24 Nov 2010

1.0
0.9

0.8

0.7

0 0.6

0.5
0.4

0.3 4

0.2

0 100

Fig. 11

Suction (kPa)

23



