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Abstract

Lime treatment is a well-known technique to imprdive mechanical response of clayey
subgrades of road pavements or clayey soils usezhibankment. Several studies show
that lime treatment significantly modifies the picgd and hydro-mechanical properties
of compacted soils. Nevertheless, studies on thle gtfect under climatic changes are
scarce. Actually, wetting-drying cycles might sigzantly modify the microstructure of
treated soils, giving rise to changes in hydro-naeatal properties. This modification
could be dependent on the size of soil aggrega&tesdlime treatment. In the present
work, this scale effect was studied by investigatime stiffness of a compacted lime-
treated clayey soil using bender elements. Thaeduzbil was first air-dried and ground
into a target maximum soil aggregates si2g.(). For each aggregates size, the soil was
humidified to reach the target water contemtshen mixed with 3% of lime powder
(mass of lime divided by mass of dried soil) ptiothe static compaction at a dry density
of 1.60 Mg/ni. Two initial water contentsa{ = 14 and 18%) and four maximum soil
aggregates sizeBfax= 0.4, 1.0, 2.0 and 5.0 mm) were considered. After

compaction, the soil specimen (50 mm in diametdrZhmm in height) was covered by
plastic film in order to prevent soil moisture cigas. The soil stiffness was then
monitored at variable time intervals until reachstgbilisation. Afterwards, the soill
specimen was subjected to full saturation followgair-drying to come back to its

initial water content. The results show that: g #oil stiffness after lime-treatment is
significantly dependent on the aggregates sizefitliee the aggregates the higher the soil
stiffness; ii) the effect of initial water contemrt the stiffness is negligible and iii) the
wetting-drying cycles seem to slightly increasegbe stiffness in the case of lime-
treated specimens and decrease the soil stiffnébg icase of untreated specimens.
Furthermore, when an intensive drying was applestilicing the soil water content lower
than the initial one, the soil stiffness decreadredtically after the subsequent wetting.

Keywords: Fabric/structure of soil; Laboratory se§oil stabilisation; Stiffness; Suction;
Time dependence.
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Introduction

Lime stabilisation is a well-known technique initengineering applications such as
road construction, embankments, slab foundatiodpdes. After Boardmast al.

(2001), adding lime to clayey soils leads to vasioeactions such as cation exchange,
flocculation, carbonation and pozzolanic reacten quicklime (CaO) is added into a
soil-water system, a highly exothermic hydratioacteon occurs forming Ca(OH)The
water consumed in the hydration reaction (andrérabved from the soil system via
evaporation) can give rise to significant changsdih hydro-mechanical properties. At
the same time, hydration reaction results in higloercentration of Ga and OHions in

the soil pore water. The immediate cation exchanghsce then an apparently dried and
more friable material. Beside the cation exchangggtion also occurs between silica and
some alumina of the lattices of the clay minerAlsa result, the pozzolanic reactions
create hydrated cementation and flocculation bydbanadjacent soil particles together.
Such pozzolanic reactions are time dependentttbiegih developing gradually over a
long period (Bell, 1996), with the general effettraproving the soil hydro-mechanical
properties. Indeed, the treatment reduces the isgegdbtential (Tonozt al, 2003; Al-
Rawaset al, 2005), increases the shear strength (Bell, 108&)ubi & Nwaiwu, 2006;
Sivapullaiahet al, 2006; Consolet al, 2009), increases the elastic modulus (Bell, 1996;
Rogerset al, 2006; Saket al, 2009) and modifies the compaction propertiesl(Bel
1996; Osinubi & Nwaiwu, 2006; Consdt al, 2009). The water retention properties of
clays can be also modified by the lime treatmemdr@C& Cruchley, 1957).

Microstructural investigations on lime-treated dayhow that the treatment changes the
soil fabric significantly (Caet al, 2006; Russet al, 2007; Shet al, 2007; Le Runigo

et al, 2009; Saket al, 2009). Moreover, the above studies have showirthieeeffects of
lime treatment depend on lime content, soil watertent, soil type, curing time,
temperature, stress state, etc.

Even though numerous studies have been performakigse the effect of lime
treatment, almost all works have involved soil spens prepared in the laboratory,
while investigations of the lime-treated soil speens taken from the field still remain
rare. Bozbey & Guler (2006) investigated the fedfigfof using a lime-treated silty soill

as landfill liner material by conducting tests aitblaboratory and field scales. They
found that the hydraulic conductivity measured o gpecimens prepared in the
laboratory was one order of magnitude lower than ¢ undisturbed samples taken from
the field. Kavak & Akyarh (2007) investigated tmegrovement of road by lime
treatment based on both laboratory and field CB&std hey concluded that the soaked
CBR values obtained in the laboratory increasedifsigntly (16 — 21 times) 28 days
after the treatment while that obtained from fi€BR tests increased slightly (2 times).
Cuisinier & Deneele (2008) performed suction-colfetboedometer tests on soil samples
taken from an embankment three years after theteation. They also performed the
same tests on un-treated soil and treated specipnepared in the laboratory. The results
show that the swelling potential of the lime-treasamples taken from the field is
significantly larger than that prepared in the labory, but still remains lower than that
of the un-treated samples. They attributed the dbssabilization efficiency observed in
field conditions to the effects of drying-wettingates related to climatic changes. Rdo
al. (2001), Gunet al.(2007) and Khattabt al. (2007) also reported a reduced
efficiency of lime treatment with wetting-drying aes.
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One of the main reasons explaining the differeretevéen lime-treated soil samples
prepared in the laboratory and the treated soijp$asrtaken from the field could be the
difference in soil aggregates size. Indeed, poarampaction in the laboratory, the soil is
usually ground at a few millimetres and then miweth lime. On the contrary, in the
field, the dimension of clay clods may reach selvaeatimetres before the treatment.

The present work aims at investigating the effe€&oil aggregates size on the efficiency
of lime treatment under cycles of wetting and dgyiRor this purpose, air-dried soils
were ground at four values of maximum sieve dinems(0.4, 1.0, 2.0 and 5.0 mm)

prior to lime treatment and compaction. The sheaduth of soil specimens were
monitored using the bender elements method. Whesrhieg the stabilization of the
shear moduli, wetting-drying cycles were appliedider to simulate the weathering
effects.

Soil studied and experimental techniques

The soil used in this study was taken at a site Miears, a city in central France. Its main
geotechnical properties are reported in Table & grain size distribution, as obtained by
dry sieving method after washing (Afnor, 1996) éements larger than n and by
hydrometer method (Afnor, 1992) for elements smahan 80um, is shown in Figure 1
(curve ‘After washing’). The curve shows that waghhas disaggregated the soll
particles into small dimensions and almost all aggregates became smaller than 1 mm,
with a clay fraction (< 21m) of 26%.

To prepare the soil samples, the air-dried soil fivasground and passed through one of
the four target sieve sizeBax= 0.4, 1.0, 2.0 and 5.0 mm). The soil aggregatsstw

did not pass through the sieve were ground agdie.pfocedure was repeated until all
the soil aggregates passed through the sieve esopp large stones. The grading curves
(obtained by sieving) of the four soil sub-seriasihg different maximum soil

aggregates diameter are also shown in Figure &.drbicedure allows preparing the soils
with the same mineral composition and various \@hfesoil cluster®m.. Comparison
between the curve ‘After washing’ and thBt,ax = 0.4 mm’ shows that washing
preserved the portion of soil aggregates largar thd mm (about 20%), while the
preparation ofDmax= 0.4 mm’ crushed this portion.

After grinding, the soil was humidified by sprayidigtilled water to reach prescribed
initial moisture contents and sealed in plastic fumat least 48 h for moisture content
homogenization. For ea®wayx 14% and 18% water contents were considered. frior
compaction, the moist soil was thoroughly mixedwime and then poured into a mould
of 50 mm in diameter. The lime content studied @f#s(mass of lime divided by mass of
dried soil). Static compaction was then carriedtoueach a dry density of 1.60 Mg/m
with a final height of the soil specimen of 50 mifter the compaction, the soil
specimen was taken out of the mould and wrappealdstic film in order to avoid any
moisture exchange between soil and atmosphereinitta dimensions and the basic
properties of the compacted soil specimen are pteden Table 2.
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In Figure 2 the Standard Proctor compaction cuofdisne treated and untreated soils are
presented. The after-compaction conditions studrechlso shown in the figure. It can be
observed that the compaction curve of lime-treatablis quite different from the
untreated one. The dry density chosen for the ptestedy (1.60 Mg/rf) corresponds to
the maximum dry density of lime-treated soil ob&airby the Standard Proctor
compaction. The mentioned water content values(ith18%) both correspond to the
dry side of the compaction curve and were chosemdar to preserve the soil
aggregates. Indeed, Delagfeal. (1996) showed that compaction on dry side leads to
microstructure characterised by an assembly ofeggdes whereas compaction on wet
side leads to a more homogeneous microstructureutiapparent aggregates.

The bender element was used to monitor the smmalhsthear modulus. The
experimental set-up is shown in Figure 3. The §mécimen was put in contact with two
bender elements: the transmitter one embeddec itophbase and the receiver one
embedded in the bottom base. Both bender elemeamtsaennected to a control and data
logging system. A triggered sinusoidal signal waentsent to the transmitter, recording
the response of the receiver at the specimen Basexample of the time-domain records
collected is reported in Figure 4, together wité ithdication of travel timeAt).

Considering the travel length,assumed equal to the specimen height (50 mm)antireu
protrusions of the bender transmitter and receiterthe soil specimen (2 mm), the
shear wave velocity was then calculated/as I/At. The soil mass density) was

verified after eacWs measurement by weighing the soil specimen anduseg for the
determination of the small strain shear modulbisix= PV<*. This experimental

technique is similar to that recently used by Plgpgal. (2006) when monitoring the
shear modulus of chemically treated sulphate-bgaxpansive soils and previously used
by several other authors.

Once the stabilization @, Was reached, the soil specimen was first wetteldlig

water with a sprayer and monitoring the changé&éspecimen weight until a water
content of 21% (corresponding to a degree of saur& = 82%) was obtained. Adding
more water to the soil specimen would lead to wdtaimage from its bottom, indicating
that the water content of 21% corresponds to thaman value that the soil specimen
can retain. After reaching the target water cont@hie and prior to th&max
measurements, the soil specimen was wrapped bycdigs (for at least 24 h) for
moisture Homogenisation. To achieve drying, thé gmcimen was air-dried until the
target water content was reached. Afterwards, & wapped by plastic film to achieve
‘water content’ equalisation. During wetting angidg, the water content of the soil
specimen\) was controlled by monitoring the changes of iessm(n) by the equatiom

= (1+w)xnVm-1, wherew; andm are respectively the initial water content andittitzal
mass of the soil specimen. The changes in the dilmes of the specimen, as measured
by calliper after wetting and drying stages, wenanid negligible and for this reason were
ignored when calculating boW and the mass density. Five wetting-drying cyclesew
applied for each treated soil specimen. For thesatdéd specimens, the number of cycles
was varied from two to five. The soil specimen wawoved systematically from the
testing device after each measurementsofr he bender elements were always installed
in the same slots during the measuremeintof
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Summarising, in this study two moulding water cotdég14 and 18%) and four
maximum soil aggregates siZ@,(;x= 0.4, 1.0, 2.0 and 5.0 mm) were considered. ¢t ea
case, both treated and untreated specimens wéed.tédoreover, for each test three
identical specimens were investigated for replicét&t corresponds to 48 soll
specimens in total.

Experimental results

Changes of small strain shear modulus (G,a) after compaction

After compaction, the small strain shear mod@ggxwas monitored in order to follow
its changes versus time. In Figure 5, the mearevall G,.x (Measured on three identical
specimens) is plotted against time. For the urgckabil passed through 0.4 mm sieve
(Figure &), immediately after the compacti@,.xwas equal to 65 MPa and 44 MPa for
an initial water content of 14% and 18% respecjiv€he values increased slightly with
time and stabilized after 100 h at 73 MPa and 5@Me&spectively. In the case of treated
specimensGnaxwas equal to 108 MPa for = 14% and 80 MPa fax; = 18%.
Comparison with the values of untreated specimkeaws that the lime treatment has a
significant effect orGmaximmediately after the compaction. With tin@&y.xincreased

and stabilized after 200 h at about120 MPa for athes ofw; . The time increase of
GmaxWwas more significant in the case of the higherwabntent\{; = 18%).

Interestingly, the stabilize@nax value has been found independent of the initidewa
content.

Similar observation can be made from the resulsodfground to 1.0 mm (Figureoh
2.0 mm (Figure & and 5.0 mm (Figured) in terms of: {) immediate effect of lime
treatment after compaction, characterised by afgignt increase 06Gmax (i) slight
increase ofGnaxWith time for untreated specimensi)(increase 06« With time for
treated specimens especially in the case of tHeehigater contenty = 18%) andi{)
stabilization ofGnax about 200 h after the treatment, with similaafinalues for both
water contents.

In order to analyse the effect of maximum soil aggtes size 06nax the mean final
values ofGnaxand the range measured on three identical spesiarencompared in
Figure 6 as a function ®@may For the treated soil compactedaat 14% (Figure 8),
GmaxWwas found to be decreasing widh., showing the highest value of 120 MPa for
Dmax= 0.4 mm and the lowest of 103 MPa Bax= 5.0 mm. Similar observation can be
made for the treated soil compacteavat 18% (Figure B), indicating that the larger is
the maximum soil aggregate size the lower is theevaf Gya, For the untreated
specimens, th&nmax versusDmax data show a less clear trend for thes 14% case and
indicates almost consta@t,ax for thew; = 18% case.

Changes of small strain shear modulus G5 under cyclic wetting-
drying

Cyclic wetting-drying was carried out by controliithe water content of the soil
specimen. In Figure 7, th@&,x versus time data of the soil aggregates grou@ddtanm

6
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are presented. The corresponding water contegichtmeasurement is also indicated.
The starting pointst & 0) correspond to the last points shown in FigurAt the initial
water contentv; = 14% (the corresponding degree of saturatidh s 55%),Gnaxwas
equal to 73 MPa (Figureay for the untreated specimen. Wetting to a watetertt of
21% § = 82%) decrease@mnaxto 28 MPa. The subsequent drying to the watererdrdf
14% (att = 100 h) increase@maxto 50 MPa. On subsequent wetting and drying cycles
cracks progressively developed until the bendeneids signal was no longer
transmitted through the soil sample. The soil mayhen considered as profoundly
fissured after two wetting-drying cycles. The tvatldwing parameters are proposed to
characterise the changes@f.x under cyclic wetting-drying for untreated soil9:the
decrease 0Bmax during the first wetting pattiGmaxs (i) the number of wetting-drying
cycles causing crackingy. Note that another paramet®,.x/Gmax i @lternative to
AGmax1€an be used, whef&.iis the initial value obtained in the wetting-dryitests.

In the case of the untreated samples habing = 0.4 mm, these parameters df&ax1 =
45 MPa fGmax?Gmax = 62%),N; = 2.

For the specimen treated at the initial water aondé 14% (Figure &), wetting to a

water content of 21% decreased sligl@ly.xfrom 121 to 114 MPa. Nevertheless, when
this high value of water content was maintair@gaxwas increasing and reached

127 MPa after 100 h. The subsequent wetting andglonly induced slight changes of
Gmax For the last drying stage tat 580 h), the water content was finally reduced to
11%. This intensive drying resulted in a significdacrease dbmaxWhen the soil was
wetted again to a water content of 21Gg,.xdecreased from 134 to 97 MPa. This can be
explained by the development of micro-cracks ob=#ian the specimen surface. Beside
the parameted Gnax1 described above, the decreas&gf« during the last wetting path
(4Gmax) can be also proposed to describe the behaviaweated soils under wetting-
drying path. In the case of the treated sampleBgd¥,.x= 0.4 mm, these parameters
are4Gmax1= 7 MPa fGmaxdGmax = 6%) andAGnaxi= 37 MPa.

For the soil specimen compacted at the initial wetatent of 18%, micro-cracks
appeared on the untreated specimens after threémgvdtying cycles, leading to no
bender elements vibration transmission (Figuoe For the treated specimens, the
phenomena were similar to that observed for a watetent of 14%: i) slight increase
after the first wetting; ii) small changes uponlayevetting-drying; iii) drastic decrease
due to development of micro-cracks after an intendrying with the water content
decreased to 11%.

The changes dbnax Upon wetting-drying for other maximum soil aggregsizes show
similar trends. The main parameters of all samateseported in Table 3, including
AGmaxiGmax i The untreated specimens compacted at a drier (@téial water content of
14%) also show diffused cracking after three wattilnying cycles. This is not the case
for the untreated specimens compacted at a wedter ($.e.w, = 18%) except the
specimens havinBmax= 0.4 mm (Figure ). For the lime-treated specimens, wetting-
drying cycles only induced small change$Gat,, becoming significant only on wetting
stage following an intensive drying. This effeceés® to be more significant for the drier
specimen (i.ew; = 14%). The effect dDmnaxupon cyclic wetting-drying was found
insignificant as the behaviour of the soil specimbaving differenDyaxwas quite
similar. Comparison of th#Gmax?Gmax i data with thelGnax data indicates that the
wetting-drying effect is more clearly evidencedthg 4G ax/Gmax i parameter with
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AGmaxdGmaxi = 38% for untreated specimens af@max?¥Gmaxi < 12% for treated
specimens.

Discussion

The bender elements method is often used to mahkochanges in shear wave velocity
in triaxial cell under stress confined conditiolmsthis case, good contact between the
bender elements and the soil specimen can be endigenget al, 2009; Nget al,

2009). Application of this method is much moreidiift in the case of the present study
where the evolution dBax Needs to be monitored during several days andiarga
number of soil specimens. For this reason, inwuek the bender elements were put in
contact with the soil specimen only during the mieasient and no confining pressure
was applied. In order to analyse the test scagetimee specimens were tested for each
Dmaxandwi. The results showed a good repeatability of tlregulure used (see Figure 7).

The changes dbnax With time of the compacted soil specimens wereitooed until
reaching the stabilization. A slight increaseGaf. with time was observed for the
untreated specimens and is attributed to agingtsfif compacted clay soils. It is worth
noting that Delaget al (2006) observed significant changes in microstmecof a
compacted expansive soil after compaction. TheS®aaattributed the mentioned
changes to increase in the intra-aggregate poroaitged by exchange of water between
the inter-aggregate and intra-aggregate pores. &aalg(2008) also observed this
phenomenon characterised by a slight increaseilafistiion after compaction. The
effect of suction oiG,.xWas also evidenced in the present study as uattegiecimens
compacted at lower water contents (higher suctiank higheGnax Such behaviour
was also observed by Sawangsueyal (2008).

For the treated specimerta, .« obtained immediately after the compaction has been
found to be significantly higher than that of uated specimens prepared at the same
moulding water content. The values@f.x of treated specimens range between 80 and
130 MPa. This result is similar to that obtainedRngerset al (2006) from cyclic

triaxial tests on compacted clay treated with 2d&%me. The immediate increase of
GmaxWith lime-treatment can be partly explained byitierease of suction caused by
decrease of water content after treatment duedcatipn and evaporation (Boardmein
al., 2001), and to the cation exchanges which incréeséocculation of mineral
particles.

It is worth noting that the final values Gf,ax after compaction are independent of the
initial values of water content considered (14% &8&o) despite the above-mentioned
effect of initial water content immediately afteettreatment (Figure 5). As described by
Bell (1996), pozzolanic reactions, which take plager a long period, induce bonding
between adjacent soil particles. The differenfi@n over time oG« at different
water contents (shown in Figure 5) can be thenagmxgdl as follows: the small-strain
shear modulusGmay of compacted soil is mainly governed by the cotstdetween
adjacent soil particles; immediately after the caoin, the contacts are mainly
governed by the capillary suction: the higher thetisn (or the lower the water content)
the higher th&,,ax over a long period, due to pozzolanic reactiongme-treated soil,
cementation develops increasing gradu@llyx when stabilization is reache@max IS
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governed mainly by the cementation bonds and tleetedf suction (or water content)
becomes less significant. The evolution of &gy with time can be also explained from
a microstructural point of view. Rusebal. (2007) studied the time-dependency of the
microstructure of lime-stabilised soil samples byams of Mercury Intrusion
Porosimetry (MIP) tests. The results show signiftaaffects of moulding water content
on the pore size distribution immediately after tbenpaction. Nevertheless, after a
curing time of 28 days the lime-stabilized samllesw a very similar pore size
distribution, irrespective of the moulding watentent adopted. This evolution of
microstructure is also similar to that observedsanyin the present study.

As far as the effect of the maximum soil aggregée Dmay iS concerned, the results of
the treated specimens showed a lower valu@.@f for a larger value dDnax This effect
was not observed for the untreated specimens. Mgt a smalleD,y the total
surface of aggregates was larger and therefore swaréme reaction can be expected.
Note that this observation is of importance fropractical point of view, since
laboratory tests are usually performed on smallaggregates size (less than few
millimetres) while in the field they may reach seleentimetres. As a consequence,
particular attention should be paid when usingp@i@ameters determined in laboratory
for field application design.

As far as the effects of cyclic wetting-drying Gg.axare concerned, data presented
indicate that wetting induced a decrease and diyidigced an increase G,ax This can

be explained by the effect of suction: wetting @ased the soil suction thus the soil
stiffness while drying increase the solil suctionsttthe soil stiffness. The same
phenomenon was observed by &l (2009) when performing measurement&gafix

in a suction-controlled triaxial cell. Vassa#bal. (2007) used suction-controlled
resonant column torsional shear cell to study ffexeof net stress and suction history on
Gmax Of @ compacted clayey silt. The experimental tesshow thaG,.x depends
significantly on mean net stress and matric suc®mell as stress history. Modelling
criteria were proposed by Vassaldbal. (200b) to describe the observed soil behaviour.
In the present work, comparison between the trespgedimens and untreated specimens
shows that the effect of suction changeGanax of treated specimens is less significant
than that of untreated specimens. This shows ithattreatment reinforces the soil and
makes it less sensitive to 'weathering'.

The significant decrease &ax during the last wetting path after an intensivwardy (up

to a water content of 11%) observed in this worklddoe explained within the
framework of unsaturated soil mechanics where tilesaction is usually considered as a
stress variable. Actually, after the lime treatmeetmentation bonds were progressively
created under a humidity condition correspondinthéoinitial water content (14% or
18%). During the first wetting-drying cycle, the t@acontent was varied in the range
from w; to the maximum value (21%). Thus, the soil suctemains lower than its
maximum value (reached after the stabilizatioGgf,). The soil state moves inside the
‘elastic’ zone (see Alonset al,1990; Cui & Delage, 1996) and the bonds between
particles are relatively well preserved. On thet@amy, on intensive drying (water content
decreased to 11%), the soil suction exceeded x&moan value: large elasto-plastic
deformations and significant damage of bonds are ithduced as for the case of Pinyol
et al. (2007). This damage of bonds would result in mmnacking and therefore in
decrease 0Bnax On the other hand, the drying increased thessimilion thus increasing

9
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Gmax The fact that a slight increase@f.xwas observed during the drying shows that
the suction effect prevailed on the bonds damdgesng the subsequent wetting, as the
suction effect was removed, the damage effect mallyf evidenced. It is also interesting
to note that the decrease@f.xfor treated samples during the last wetting paginslar

to the decrease observed on untreated sampledhmbeginning of wetting-drying
cycles. This seems to confirm the onset of sevenel® damages of the treated samples
on intensive drying.

For the untreated specimens, it has been obsdmaeavetting-drying cycles resulted in a
decrease 0By especially for drier specimens (see Figure 7Taadgle 3). This can be
explained by the generation of micro-cracks by icyektting-drying under unconfined
conditions (Yesilleet al, 2000). In the works of Vassak al. (2007) and Nget al
(2009), the generation of micro-cracks was avomkethe tests were performed under
confined conditions. For the treated specimensfitsiewetting path equally induced a
decrease 0Bnax Nevertheless, after this decrease, the val@&.gfincreased slightly.
The immediate decrease Gf..x can be explained by the effect of suction, whike t
subsequent increase Gf,ax after wetting can be attributed to the onset oious
reactions by water addition. This explains why KagaAkyarh (2006) recommended
watering the lime-treated soil one week after thatment.

Conclusion

The small strain shear modulGg,.x of compacted lime-treated soil was investigated
using bender elements. The following conclusiomstzadrawn:

1) the lime treatment significantly increas@sax of the soil, giving rise t&Gnyaxvalues
independent of the moulding water content about28@er lime treatment;

ii) for the four maximum soil aggregates siPgsx considered, it has been observed that
the larger is the value @ the lower is the value @& This observation is
interesting from a practical point of view for damorks involving lime-treated soils.
Indeed, the results obtained show that designingwarks based on the parameters
determined from laboratory tests can be misleadirgause the maximum aggregate size
of the solil tested in the laboratory is usuallyslggan few millimetres while clay
aggregates in the field may reach the dimensi@eweéral centimetres;

iii ) due to the appearance of micro-cracks, cycligimgedrying induced significant
decrease 0Bnax Of untreated specimens. For treated specimenshiéneges 06Gmax

during wetting-drying cycles are less significadnly an intensive drying to water
content very much lower than the initial one casfuice micro-cracks and thus decrease
of Gmax

iv) for thetreated specimens, only the first wetting inducel@erease dbmax On the
contrary, the subsequent cycles induced a sliginease of5.x If the decrease due to
wetting can be explained by the suction effect dight increase by further wetting-
drying cycle should be attributed to the onsetarfaus physico-chemical reactions
within the soil.
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Table 1. Geotechnical properties of the studied doi

Soil properties Value
Liquid limit, wi_ (%) 45
Plastic limit,w, (%) 21
Plasticity Index], (%) 24
Value of blue of methylengBS 4.86
Carbonates content (%) 0.35
Specific gravity Gs 2.70
Table 2. Dimensions and basic properties of soil spimens
Dimensions/Basic properties Value
Height (mm) 50
Diameter (mm) 50
Dry density (Mg/r) 1.60
Initial water content (%) 14 and 18
Lime content (%) 3

Maximum soil aggregates size (mn).4; 1.0; 2.0; and 5.
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Table 3. Results obtained during the wetting-dryggles Gnax: decrease 0Bmax
during the first wetting patiiGmaxi/Gmax i ratio of4Gmax1to the initial value ofSmax

during the wetting-drying testd: number of cycles inducing failure{Gnaxi decrease
of Gmax during the last wetting path)

Dmax | W | Lime-treatment AGmax1 | 4Gmax?Gmaxi| Ni | 4Gmaxt
(mm) | (%) (MPa) | (%) (MPa)
0.4 14 | Yes 7 6 - 37
0.4 14 | No 45 62 2 -

0.4 18 | Yes 10 8 - 25
0.4 18 | No 19 38 3 -

1.0 14 | Yes 8 7 - 36
1.0 14 | No 44 70 3 -

1.0 18 | Yes 4 4 - 13
1.0 18 | No 19 41 >5

2.0 14 | Yes 13 12 - 38
2.0 14 | No 36 64 3 -

2.0 18 | Yes 5 5 - 15
2.0 18 | No 31 63 >3 -

5.0 14 | Yes 9 9 - 44
5.0 14 | No 47 73 3 -

5.0 18 | Yes 4 4 - 22
5.0 18 | No 23 49 >3 -
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Figure 3. Experimental setup — bender elements test
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Figure 5. Small strain shear modulus versus time &r compaction

(@) Dypox = 0.4 mm (b) D, = 1.0 mm
s 140
o
'y ) = B
j/’ﬂII' "3 120
| o
- & ° e - s
g 5 e
4/./ S 100 g - — e
o
- £ 7 b
- g 80— L7
< s
g-oa- 8 i | P )
- - - - — ‘T - B -
2 o0& - - -mEBD
@® O T -
__----¢0¢ E _ _ _ oo @®mo
L
I AL B 11T B o I MR A1 11 O A RRAN 40 T T T T T T IO T T TTT|
10 100 1000 10000 1 10 100 1000 10000
Time, hours Time, hours
o 140
(€) Doy = 2.0 mm = (d) D, = 5.0 mm
5 120
e
'R 1’ (%]
_ | ’.' 2
_mu- ° 5 100 P L) SR
- B ../
o’ E .
= /
e g s0 _ .
_ - 5 -
I 2 c _®
© _ o a-= -0
b 60 - - =+
- O 8-3-0 5
_ o -00 c -
b —— — — —© ) lll,ﬂeeﬂo o0
LR B R R B R R 40 B R RRLLL AL R
10 100 1000 10000 1 10 100 1000 10000
Time, hours Time, hours

19



140 —

)
o
= N (@) w,=14%
S -\I\;\i
e
- _
e
2 100 —
(@)
E —
& 80 —
<
(%]
2 _
©
» 60 —
T _
&
40 T T T TTT] T T T TTT]
0.1 1 10
Maximum diameter (D,,,,), mm
140 — (b) w,=18%

- \H\z
100 —

80 = [ - Treated soil

- | —}— Untreated soil

60 —
] E\m

40 T T T TTT] T T T TTTT]

hal-00589308, version 1 - 28 Apr 2011

Small strain shear modulus (G,,,), MPa
\

0.1 1 10
Maximum diameter (D,,,,), mm
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