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ABSTRACT

The durability of the mechanical improvements bitdulgy lime once the involved earth
structures are exposed to long-term hydraulic derdi (long-term water contact and water
circulation) is still under discussion. This pamems at assessing i) the impact of such
hydraulic conditions on the mechanical shear stfenfa lime-treated silty soil, and ii) the
effect of initial conditions (lime content and coagbon conditions) on the lime treatment
durability. The results showed that water contaetds to a significant decrease in shear
strength. The results also indicated that the nmrachhperformance of soils exposed to water
circulation is highly related to the quantity of t@apassing through the soil specimens and
hence to the permeability of the soils: the lowe permeability, the better the durability.
Futhermore, it has been observed that a lime cortgher than the lime modification
optimum (LMO) enables a better homogeneity of the treatmeningivise to a longer
resistance to water circulation.

Key-words: Jossigny siltlime treatment, durability, water circulation, maaical strength,
permeability.



1. Introduction

In the context of sustainable development, theranisncreasing need of retrieving and re-
employing the materials encountered in the vicioityhe earthwork projects, whatever their
nature or water content. In this regard, lime dizddion is one of the methods widely used
nowadays to overcome the problems related to tloe m@chanical characteristics of certain
soils. It leads, through the development of physicemical processes to an improvement of
the soil workability and mechanical properties.i@aexchange, combined with the presence
of large amounts of calcium ions on the adsorbey garticles surface (due to the lime
added), leads to a reduction of the diffuse douldpjer size. This process gives rise to clay
particles flocculation. It is generally acceptedttbthe cation exchange and the flocculation
occur shortly after the addition of lime and leadchtdecrease of the soil plasticity (Eades and
Grim 1966; Rogers and Glendinning 1996). Besidesatddition of lime also results in a high
pH environment which enables the dissolution otailand/or alumina present in the soil
from which cementitious compounds such as hydre&édcium silicates or hydrated calcium
aluminates (C-S-H and C-A-H) can be formed. As sulte an improvement in the soil
mechanical properties can be expected, the exteheomprovement being dependent on the
amount of lime added, the effectiveness of compactihe curing time and the nature of the
soil treated (Fossberg 1965; Wissh al.,, 1965; Brandl 1981; Balasubramaniam and
Buensuceso 1989; Bell 1996, Little 1995; Balasulamsiamet al. 2005). The obtained results
suggest that lime-treatment increases the preddasioh pressure of soils. Furthermore, the
lime addition increases the shear strength by tiwHlocculation process and the formation
of cementitious compounds. It has been found tiathear strength increase depends on the
soil properties (clay fraction, clay type, Attergeimits, etc.).

Although lime treatment has been widely used in @mkinent constructions, its use
for the construction of hydraulic structures (dikeger levees, dams, etc.) or of embankments
in flooding areas remains, at least in France, roeetsial. In fact, the durability (i.e. the
capacity of structures to maintain long-term perfance defined in the design) of the
mechanical improvements brought by lime once esmthctures are exposed to long-term
water contact or water circulations is still uncl€ghis is probably due to the low number of
studies carried out on this subject. De Behl. (2005) conducted a study on a lime-treated
silty soil subjected to different leaching timeshelr results indicate that long-term water
circulation is detrimental to the durability of hgdlic earth structures since the unconfined
compressive strength of the lime-treated soil deswd significantly with the leaching time.
Different assumptions were proposed by the auttiexplain this decrease: i) saturation of
the soil and thus increase in the soil moistureemnor decrease of soil suction, ii) calcium
leaching due to the decalcification of the cemant& compounds. The strength loss as well
as the calcium leaching seemed to be less prondumbhen the curing time was long. This
may be due to a better crystallization of the ceitiens compounds with long curing time.
Other authors (McCallister 1990; McCallister andiri?@992) who studied the leaching effect
on lime-treated plastic clays compacted at diffensmisture contents also showed that
leaching leads to a decrease in the soil strengthShl % to 86.0 %, depending on the soil
nature and lime contents. They also showed thastilemgth decrease could be minimized,
even neutralised, by adding large amounts of lifr@m( 4 % to 8 %, depending on the soll
considered).

Another unanswered question involves the impachefsolil initial state on the short
and long-term mechanical performances, especialtieulong-term leaching conditions. In
other words, from a practical point of view, it wdube very helpful to know whether
controlling compaction moisture content and drysigncan contribute to improve the long-
term mechanical properties. Several studies werglweded on the impact of compaction
moisture content on the soil mechanical propertes;the effect of the compaction energy



has been scarcely studied. Estéoule and PerreB)ifdicated that compaction moisture
content plays an important role in the evolutiorth® unconfined compression strength of a
lime-treated silty soil. Petry and Berger (200&)dstd three different clayey soils and showed
that the highest unconfined strength is reachednwdmmpacting the soils close to their
optimum moisture content. This may be due to tlyhédst dry density reached in that case.
Wissaet al. (1965) showed that an increase in the dry dewsityne-treated soils could lead
to an increase of the effective cohesion, the matiefriction angle remaining stable. Finally,
the study conducted by McCallister (1990) showeat ®oils compacted dry of optimum
exhibit the highest permeability and the most gigaint strength decrease when exposed to
water circulation, whereas soils compacted wet @inoum exhibit, on the contrary, the
lowest permeability and the smallest strength desmrewnith water circulation. These results
suggest that the durability of lime-treated sodsild depend not only on the amount of lime
added or the curing time but also on the soil pabiigy and thus on the soil initial state as
they are both closely correlated (Le Runéyal. 2009).

In this context, the present paper aims at asgpgsihe impact of different hydraulic
conditions, i.e. water contact or water circulation the mechanical performance of a lime-
treated silty soil, and ii) the impact of the smiitial states (lime content, and compaction
conditions) on the durability of the mechanicalfpenance. The mechanical properties of the
specimens compacted under different initial statfter short curing periods will also be
investigated. These results will serve as a coraparreference. Then, the impact of water
contact and long-term water circulation on the na@ital properties will be described.

2. Materials and experimental procedures

2.1 Materials

The soil used in this study is the Jossigny sée(also Cui and Delage 1996; Delage et al.
1996, Cui et al. 2003), sampled in the easterroregf Paris, France. It was dried at ambient
temperature (20 + 1°C) for three days, then groseed (passing through a 2-mm sieve)
and finally homogenized. The main physical progsrtare given in Table 1. The X-ray
diffraction technique was used to determine themadtsoil mineralogical composition. The
results showed that it is mainly composed of quarid feldspar, its clay fraction being
composed of illite and kaolinite with a significaarhount of interstratified illite and smectite
minerals.

The lime used is an industrial quicklime providsdUbnoist which contains 90.4 % of
free calcium oxide. The lime modification optimuixMO) of the soil was determined using
the ASTM standard D 6276 and was found to be etud % of lime by weight. Two
different lime contents were tested in this studhg first one equal to the LMO of the soil:
1 %, and the second one slightly higher, 3 %.

2.2 Preparation and characteristics of compacted specimens
The soil was firstly mixed with distilled water order to reach the desired moisture content
and was thereafter sealed in a plastic bag for #8 moisture content homogenisation. Then
the moist soil and the lime were thoroughly mixed @dynamically compacted one hour after
mixing (compaction procedure based on the Frenahdairds NF P 94-093). The compaction
was performed directly in cylindral moulds of 10@nninigh and 50 mm in diameter using a
miniaturised Proctor compaction device similar battused by Ferbest al. (2008). The
compaction was carried out in 10 layers so as sorena satisfactory homogeneity.

Untreated specimens were compacted under normeidPrenergy (NE) and at a
moisture content close to the optimum moisture @ntOMC): the OMC is 17 % but the
compaction was conducted at 16 % moisture contehtlaZ6 Mg.riT dry density. In the case



of lime-treated specimens, three different inisitates were considered. The first one
corresponds to the state generally looked for astraction sites, namely compaction at the
optimum: compaction at OMC under normal ProctorgnéOMC = 21 % for soil treated at
1 % of lime, OMC = 23 % for soil treated at 3 %iafe); the second one corresponds to a
low compaction (50 % of the normal Proctor enetdy) and the third one corresponds to a
compaction at a moisture content 3 % higher tharQhC (WMC). The latter two states
correspond to two critical cases possibly encoedtat construction sites.

After compaction, specimens were sealed using beflbphane paper and wax so as
to avoid moisture loss. They were then left to catrembient laboratory temperature (20 £
1°C) for periods varying from 0 to 25 days. Botmsiey and water content were monitored
during the curing period, by measuring the volunseng a caliper (x0.001 mm) and by
weighing (x0.001 g). Little variation in density canvater content were observed. Figure 1
presents the different compaction characterisgegshed by lime-treated specimens after 25-
day curing.

2.3 Water contact and long term percolation devices

The impact of water contact was investigated by @rsimg soil specimens after 25-day
curing in a solution of distilled water, the weigtatio of liquid to solid being 1. In order to
examine the evolution of the soil mechanical propsmwith immersion time, four immersion
durations were considered: 7, 25, 50 and 110 days.

The effects of long-term water circulation were esiigated using a special
percolation device. Twelve cells were designed;heaell consists of two perforated
aluminium plates of 100 mm diameter and a plexigi@mder of 52 mm inner diameter and
120 mm high. Specimens were installed in the @all$ wrapped in latex membranes. A cell
pressure of 120 kPa was applied and the percolatias performed under a constant
hydraulic head of 8 m (80 kPa). The percolation waaductedper ascensum so as to
facilitate air evacuation. The leaching time varigdm 110 to 320 days at a constant
temperature of 20°C. Distilled water was choserihasleaching fluid. The leachates were
collected into plastic bottles as water passedutjitothe specimens. Permeability of the
specimens was determined based on Darcy’s law fr@rguantity of water collected for a
given time of percolation.

2.4 Mechanical tests

Unconfined compression tests were carried out onpeeted specimens at the end of curing
(before immersion) and after different times of igrsion and leaching. The tests were
carried out at a constant displacement rate of 1minit. Note that all samples tesed were
unsaturated; thus a suction effect can be expeEtadiriaxial tests, by contrast, all samples
were initially saturated by water percolation aratko pressure application. The tests were
performed under undrained condition with pore pressmeasurements on untreated
specimens and lime-treated specimens after cumlgadter leaching. Three cell pressures
were applied: 350, 500 and 800 kPa. The back-pressu210 kPa was applied; this led to
three effective confining pressures: 140, 290 af@ EPa. Shearing was performed at a
constant rate of 0.03 mm.nin

2.5 Physico-chemical tests

Carbonate content and available lime content weterchined at different time of curing and
leaching. Carbonate content was determined usieg“Ehetrich-Frihling” calcimeter by
measuring the volume of GQleveloped by acid reacting with the soil. The rodthised to
determine the available lime content of the sod.(lime either in the form of portlandite,
Ca(OHy), or calcium oxide, CaO) is based on the Leduc otktthe lime was solubilized by
reaction with sugar to form calcium sucrate whiglthen titrated using a standard acid and a



solution of 1/3 bromocresol green and 2/3 phenblglkin as indicator. The acid solution
used in this study was a 0.1 M hydrochloric aciditon.

Porewater calcium concentration after 25-day cuvilag estimated by measuring the
calcium concentration of the solution after 24-hammersion of soil samples cured for
25 days and treated at 1 % or 3 % of lime (weigttiorof liquid to solid equal to 10).
Leachates calcium concentrations were measured usttuctively coupled plasma atomic
emission spectrometry (ICP-AES) at different tinwfspercolation. Specimen porewater
calcium concentrations were also estimated atreifitetime of leaching, on the basis that the
leachate calcium concentration recorded at a giea of percolation is equivalent to the
porewater calcium concentration of the soil speaime was observed that the porewater
calcium concentrations during leaching represesd than 0.006 % of the calcium initially
present, and thus can be considered as negligible.

3. Results

3.1 Before immersion

3.1.1 Physico-chemical aspect

Tables 2 and 3 provide the speciation of calciurthelime-treated specimens compacted at
their optimum level (i.e. optimum moisture contantler normal Proctor energy, shortened as
OMC-NE) during curing. The addition of lime inducassignificant increase in the calcium
carbonate content for both lime contents: from @%10 0.77 % in the case of 1 % of lime
and to 1.13 % in the case of 3 % of lime after ay-during. The results also show that 77 %
of the lime added was consumed after 25-day cunnlge case of 1 % of lime, whereas only
54 % of the added lime was consumed in the cas%fof lime (these percentages were
calculated using the available lime content measured at O and 25 days-curing).

It can be also noted that the total calcium contamtesponding to the sum of the
porewater calcium, carbonates and available limeiwwa contents after 25-day curing is
significantly below the calcium content initiallygsent in the soil specimens: a difference of
0.19 % and 0.28 % for specimens treated respegtatel % and 3 % of lime. It is likely that
this difference corresponds to the uptake of caiciior the formation of cementitious
compounds. As a result, it can be estimated thatqtiantity of cementitious compounds
formed after 25-day curing is more significant wathreatment at 3 % of lime (i.e. + 30 %)
than a treatment at 1 % of lime.

3.1.2 Mechanical properties

Figure 2 presents the effects of curing and limateat on the unconfined compressive

strength (UCS) of specimens compacted at theirnapti level (the results presented

corresponds for each curing time to an averagellzdér over three specimens). Curing leads
to an increase in UCS for both lime contents. H@avethe increase is more significant for

specimens treated with 3 % of lime. Indeed, the WESpecimens treated at 1 % of lime

increases by only 19 % after 25-day curing, whetkasof specimens treated at 3 % of lime
increases by 42 %.

Undrained triaxial tests with pore pressure measarg were performed on
specimens treated at 1 % of lime after 90-day guaimd on specimens treated at 3 % of lime
after 50-day curing. Figure 3 presents the effectiiress paths for three types of specimens
(untreated, 1% and 3% of lime) under three diffesamfining pressures. A clear increase of
shear strength brought by lime can be also obsemmh comparing the failure envelope of
treated soil with that of untreated soil, in agreaitwith the observation from the unconfined
compression tests. However, the difference in skegangth between 1% and 3% of lime is
quite small. This might be due the shorter curingetfor 3% lime.



Figure 4 presents the effects of compaction camustion the UCS of lime-treated
specimens. A strong impact is evidenced: compaaiothe optimum leads to the highest
UCS for both lime contents, about 19 % to 64 % &ighan in the case of compaction on the
wet side or undercompaction. In addition, despite higher dry density of lime-treated
specimens compacted on the wet side as compatedttof undercompacted specimens (see
Figure 1), their UCS was lower than that of undeipacted specimens. This observation
suggests that the influence of moisture conterstuction is more domininant than that of dry
density.

3.2 After immersion

3.2.1 Physico-chemical aspect

Table 4 presents the evolution of the calcium cotreéions recorded at different immersion
times: 7, 25, 50 and 110 days. It can be noted dftat 7 days, i.e., time needed for the
saturation of soil specimens, the calcium concénotra of the specimens treated at both 1 %
and 3 % of lime stabilized. This suggests thatldayium is reached between the solution and
lime-treated specimens. The calcium concentratieasrded for specimens treated at 3 % of
lime (mean value of 600 mg*) are much higher than those of specimens tredtéd/a of
lime (mean value of 115 mg.

3.2.1 Mechanical properties

The evolution with immersion time of UCS of lime#&ted specimens compacted at their
optimum level is presented in Figure 5, togethahtle values before immersion. Note that
it was not possible to determine the effect of imgi on the UCS of untreated specimens as
they almost immediately began to disintegrate whmemersed in water. Their UCS was
therefore considered as zero once immersed. Incise of lime-treated specimens, an
immersion of 7 days (i.e. saturation of specimdegads to a significant UCS decrease.
However, their UCS remained much higher than tatuated for the untreated specimens
(i.e. zero). The results also showed that an imimertsme longer than 7 days does not result
in further UCS decrease: for both lime contents, ICS remained close to that measured
after 7-day immersion. A relatively larger decreages observed for the 3 % lime-treated
specimens than for the 1 % lime-treated specim@is’§ and 47 % for specimens treated
respectively with 1 % and 3 % of lime). As a consatce, the large difference in UCS
recorded after 25-day curing between 1 % of limé ar?o of lime (Figure 2) was reduced
after immersion: the specimens treated at 1 % a¥tdad® lime presented similar UCS, with a
mean value of 290 kPa for 1 % of lime after sataratind a mean value of 310 kPa for 3 %
of lime after saturation.

3.3 During and after leaching

3.3.2 Physico-chemical aspects

Table 2 provides the speciation of calcium duringirgg and leaching for the specimens
treated at 1 % of lime and compacted at differarttal conditions. Two distinct evolutions
can be observed for the specimens compacted aptimeum level during leaching. These are
quoted as C1 and C2: the quantity of calcium led@te given time of percolation appears to
be larger for the specimens 1%-OMC-NE-C1 than fo¥ specimens 1%-OMC-NE-C2:
0.12 % of calcium was leached for the specimensQl&:-NE-C1 after 90 days against
0.09 % for the specimens 1%-OMC-NE-C2 after 200sddye available calcium content of
the specimens 1%-OMC-NE-C1 appears lower thandh#te specimens 1%-OMC-NE-C2
at a given time of percolation (only 0.04 % of @a the specimens 1%-OMC-NE-C1 after
90-day leaching and still 0.09 % after 200-day herag for the specimens 1%-OMC-NE-C2).
However, despite these differences, the carbonaels the total calcium content of the



specimens 1%-OMC-NE-C1 and 1%-OMC-NE-C2 are similaatever the leaching time. If
considering that the difference between the calaontent initially present in the soil and the
total calcium content at a given time is repredergaof the amount of cementitious
compounds, it can be deduced that the quantitgmientitious compounds remain unchanged
during leaching.

The behaviour of specimens compacted wet of optimansimilar to that of
specimens 1%-OMC-NE-C2. The behaviour of undercatgpbspecimens (1%-OMC-LE)
can be compared to that of specimens 1%-OMC-NEHCboth cases, a large quantity of
calcium was leached rapidly. However, unlike fog #pecimens 1%-OMC-NE-C1, the total
calcium content of the undercompacted specimehmgiger than that of specimens compacted
at their optimum level after the same leaching fifiis indicating a lower quantity of
cementitious compounds in the undercompacted spasim

Table 3 gives the speciation of calcium during mgirand leaching for the specimens
treated at 3 % of lime and compacted at differeitial conditions. Available lime or calcium
carbonate contents of the specimens compactedeabpgtimum decreases with percolation
time: 86 % decrease for available lime and 22 %edese for carbonates are recorded after
320-days leaching compared to the values measuted @uring. In addition, as for the
specimens 1%-OMC-NE-C2, the percentage of leachédum increases. However, unlike
for the specimens treated at 1 % of lime, the toétium content decreases upon leaching.
Based on the assumption that the difference betweemitial calcium content and the total
calcium content at a given time represents the amoucementitious compounds, it can be
deduced that cementitious compounds were formedgligaching. The results further show
that undercompaction leads to a rapid leachingagge calcium quantity: the percentage of
leached calcium after 150-day percolation is comiplar with that after 320-day percolation
for the specimens compacted at the optimum leved; tiotal calcium content of the
undercompacted specimens after 150-day leachisgnigar to that of specimens compacted
at optimum after curing. Moreover, the percentadeleached calcium after 150-day
percolation for a compaction on the wet side apptmbe significantly lower than that for the
specimens compacted at their optimum. Finallyait be noted after 150-day leaching that
the total and available lime calcium contents @f $pecimens compacted wet of optimum are
higher than that of the specimens compacted abftenum. This suggests that a larger
guantity of cementitious compounds could be fornredhe specimens compacted wet of
optimum.

3.3.2 Geotechnical properties

Table 5 gives the initial permeability (measuredniediately after saturation) of the different
specimens considered in this study. The permeglofithe specimens treated at 1 % of lime
and compacted at the optimum level varies accorttinge type of the specimen considered.
Indeed, the initial permeability of the specimer%-OMC-NE-C1 and 1%-OMC-NE-C2
differ by about one order of magnitude, the iniparmeability of the specimens 1%-OMC-
NE-C1 being higher. The results further show tlhat initial permeability of the specimens
treated at 3 % of lime and compacted at the optinsigiose to that of the specimens 1%-
OMC-NE-C2 (k ~ 7.1 x 10"°m.s" for specimens 1%-OMC-NE-C2 angd+k1.4 x 10m.s?

for specimens treated at 3% of lime and compadi¢idesr optimum level). Furthermore, the
values of initial permeability of undercompactechd-treated specimens are quite close for
both lime contents; they are significantly largeart that of the specimens compacted at the
optimum level, except for the specimens 1%-OMC-NEwGth an initial permeability close
to that of undercompacted specimens. Finally, thidal permeability of lime-treated
specimens compacted on the wet side are similais glightly lower than that of the
specimens compacted at the optimum level (excempecimens 1%-OMC-NE-C1).



Figure 6 presents the leaching effect on the UCSurdfeated and lime-treated
specimens compacted at their optimum level. Sungig, leached untreated specimens
showed higher UCS than that showed by immersedeateirt specimens (Figure 6a).
Secondary consolidation of the soil specimens ahbgehe confining pressure applied could
be at the origin of this result. In the case ofcapens treated at 1 % of lime, large scatter is
observed (Figure 6b). Specimens 1%-OMC-NE-C1 shaavkatge UCS decrease after only
90-day leaching (i.e. decrease of 69 %); the UQ& &0-day leaching is similar to that of
untreated specimens after leaching. The decreaseded after 320-day leaching for these
specimens is of the same order (i.e. decrease #)7By contrast, the UCS of the specimens
1%-OMC-NE-C2 remained close to that after satumafice. 290 kPa) even after 200-day
percolation, and much higher than that of untreapecimens. In the case of specimens
treated at 3 % of lime, a small UCS increase wegsrded after 120-day and 200-day leaching
(Figure 6¢). However, a significant decrease 32%) was noted after 320-day leaching.
Nevertheless, the UCS presented by these specimias 320-day leaching remained
significantly higher than that observed on the eatied specimens after 150-day leaching.
Finally, the UCS after leaching observed on spensriEo-OMC-NE-C1 is much lower than
that observed on specimens treated at 3 % of lineelUCS of specimens 1%-OMC-NE-C2
after 200-day leaching is comparable with thatpefcemens treated at 3 % of lime.

Figure 7 presents a comparison of triaxial sheangth between untreated specimens,
specimens treated at 1% of lime after 25-day cuaimg) specimens treated at 1% of lime after
25-day curing followed by 150-day leaching. It agethat leaching leads to a decrease in
shear strength; the value of shear strength oktlleafter leaching is similar to that of the
untreated soil. Figure 8 presents a comparisomiaxial shear strength between untreated
specimens, specimens treated at 3% of lime aftefa®5curing and specimens treated at 1%
of lime after 25-day curing followed by 200-day daang. Unlike the soil treated at 1% of
lime, the soil treated at 3% lime shows a neglgithbcrease in shear strength with leaching.
Indeed, the treated specimens after curing andlatiehing show similar shear strength.

Comaprison between the results from triaxial testgl UCS tests shows that
consistent leaching effect was identified by the types of tests: a significant decrease of
shear strength due to leaching for 1% lime addiiod a negligeable decrease for 3% lime
addition. Nevertheless, when comparing the values fUCS tests and that from triaxial
tests, it seems that the shear strength identfiethe triaxial tests (deviator stress values at
zero net mean effective stress) is much lower thahby the UCS tests. This is possibly due
to the effect of stess paths. Another possibiktythat the samples in the triaxial tests were
probably better saturated (by water percolation dadk pressure application) than the
samples in the UCS tests (by immersion or leaching)

4. Discussion

From a hydraulic point of view, the life of a lineated soil in an embankment or an
hydraulic earth structure (i.e. dikes, dams, cgneés be characterised by three stages:
curing, immersion and in some cases water cir@nati

The first stage corresponds to the time period éiftee treatment and compaction, and in the
present study to the curing period. During thigstdhe external hydraulic conditions in field
are supposed to remain approximately constant witheavy flooding, intense rainfall or
drying. The addition of lime induces a significamiprovement of the soil strength (Figure 2).
This improvement is also noted for specimens comegaon the wet side or with a low
energy; but such initial states appear unfavourabléhey lead to lower strengths (Figure 4).
The origin of these mechanical improvements is comgnattributed to the different physico-
chemical modifications of the soil, including thél pncrease and cementitious compound
precipitation (Brandl 1981; Balasubramaniam andrBueeso 1989; Bell 1996; Little 1995).



As a higher immediate UCS was observed for 3% imEigure 2, it can be concluded that
increasing lime content enhances different phyclsemical reactions mentioned above.
Moreover, Figure 2 also shows that the UCS incréaseore significant in the case of 3 %
lime (42% increase for 3% lime against 19% incrdasd % lime after 25-day curing). This
evidences that more physico-chemical reactionsrecicuan environment with higher lime
content. This time-dependent reactions are maiaefgaentitious compound precipitation and
crystallisation as mentioned by several authord¢Baand Grim 1960, Omrsby and Kinter
1973; Little 1995). Examination of the UCS variagan Figure 4 shows that the increase rate
of the wet sample WMC-NE is similar to that of gemple at optimum (OMC-NE) for both
1% and 3% lime content; the increase rate of thgpes compacted under lower energy (thus
lower density, see Figure 1) is significant larg&his evidences that the cementitious
compound precipitation is probably more significantase of low density with large pores-
space.

The results of physico-chemical characterisatioppsut the explanation made on the
better mechanical performance recorded for spednt@ated at a higher lime content (see
Figures 2 and 3). Indeed, Tables 2 and 3 indich& lkarger quantity of cementitious
compounds was formed in case of 3% lime. The pbysiemical analyses also show that a
large part of the added lime is still availablesafturing (Tables 2 and 3), especially in the
case of 3 % of lime, indicating that only a smalttf lime participates in the cementation of
the soil; this seems to show that the formatiorc&imentitious compounds is dependent
rather on the chemical properties of the envirorin{phl value for instance) than on the
available quantity of lime in the soil.

The results from triaxial tests suggest that atitneat at 3% of lime after 50-day curing
shows similar mechanical performance to the treatraé 1% of lime after 90-days curing
(see Figure 3), showing that a comparable amouogwientitious compounds was formed in
the two cases. In other words, with 3% of lime s is needed than 1% of lime to obtain
the same amount of cementitious compounds. Thisreagon shows that greater kinetics
can be obtained for cementitious compounds pretipit when increasing lime content to a
value larger than the LMO (1 % for the studied iipsssilt). Eades and Grim 1966) and
Little (1995) also observed that the addition dinge quantity corresponding to the LMO of
the soil does not seem to be sufficient to creaiedgconditions for the formation of
pozzolanic compounds. Obviously, using LMO onhd&scribe the conditions for pozzolanic
compounds formation is not enough; the resultsindthin this study shows clearly that it is
important to consider the lime content-dependenetics for the cementitious compounds
precipitation precipitation.

In the second stage, the soil is wetted and pgssdilrated; this can be the case for the base
of an embankment submitted to flooding or for hytitaearth structures. The results clearly
show that the mechanical strength decreases signify, whatever the lime content added
(Figure 5). The decrease of mechanical strengtht@aaction decrease is common results for
unsaturated soils (see for instance Cui and Del8§6é). Despite these decreases, it has been
found that the soil behaviour is fully modified the addition of lime since the UCS recorded
after immersion is much higher than that observedon-immersed untreated specimens.
Moreover, when considering the UCS after saturatipappears that the final mechanical
strength does not seem to be dependent on thal iimtie content (approximately 300 kPa for
both lime contents considered).

In the last stage, water circulates through thke #os can be the case of hydraulic earth
structures such as dikes, dams and canals. The rd€lfits clearly show that the worst
consequence of water circulation is obtained wiffecemens presenting the highest
permeability, i.e., the undercompacted specimedsoae of the specimens treated with 1 %
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of lime (series C1). Furthermore, the lowest pelbiig, e.g. for specimens compacted wet
of optimum, leads to the smallest strength decr¢éspire 6). The relative stability of the
shear strength parameters determined from triaegis on specimens treated at 3 % of lime
after leaching supports these observations (Fi§urélowever, the specimens treated at 1 %
of lime and quoted as C2 present, after 25-daynguiollowed by 150-day leaching, quite
small values of shear strength (Figure 7), as atléng erased all improvement by lime
addition. More tests are needed to clarify thispdin spite of this, it can be concluded that
the larger the quantity of water circulating withire soil specimen, the faster and the larger
the strength decrease. This indicates that theapmay parameter in terms of durability is not
the percolation time but rather the volume of watkich passes through the soil. The clear
UCS decrease observed on specimens treated at 8 I¥heo after 320 days (Figure 6)
suggests that a critical water volume was reacloedhese specimens, despite their low
permeability (Table 5).

5. Conclusion

This paper assessed the impact of different hymraudnditions as water immersion and
water circulation on the mechanical performanca ine-treated silty soil. The effect of the
soil initial states (lime content and compactiomaitions) was also investigated. Emphasis
was put on the effect of curing time.

The results indicated that curing time leads toftrenation of increasing amounts of
cementitious compounds and hence strengtheningdhelt was also evidenced that the
higher the lime content, the better the mechamedbrmance.

A lime content (3%) larger than the LMO (1% in ttesse of Jossigny silt) gives rise to a
greater kinetics for cementitious compounds préafijon, showing the importance to
consider the lime content-dependent kinetics whefimishg the conditions for cementitious
compounds precipitation.

Water contact led to a significant decrease in ghear strength, mainly during the
saturation phase. Once the soil was saturatedmibact of lime content was found to be less
significant than during curing.

The mechanical performance of the soil exposed dtemcirculation is related to the
quantity of water passing through the soil and kecits permeability rather to the duration
of water circulation. As a result, low permeabiliimits the strength decrease due to water
circulation. In practice, such permeability candixained by compacting the soil under either
a high energy or at high moisture contents.
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Table 1. Main geotechnical and physico-chemicaperties of the soll

Geotechnical properties

Liquid limit, w, (%) 37.0
Plastic limit, w (%) 18.7
Plasicity index, 4 (%) 18.3
Soil grain densityps (Mg.m®) 2.69
Clay fraction (< 2 pm, %) 294
Physico-chemical properties

Soil pH 8.0
Cation exchange capacity (meqg/100g) 15.1
Carbonate content (%) 1.30
Lime modification optimum, LMO (% of lime) 1.0

Table 2. Speciation of calcium after 0 and 25-dayng and after different leaching time for
specimens treated at 1 % lime and compacted aftreliff initial states

. Leaching Available Porewater Leached  Total
Curing Carbonates

Specimens type time lime calciunf calcium calciun?
P P (days) days)  PC3  opca)  wca) (wCa) (% Ca)
1%-OMC-NE 0 - 0.51 0.64 - - 1.15
1%-OMC-NE 25 - 0.77 0.15 0.03 - 0.95
1%-OMC-NE-C1 25 90 - 0.04 - 0.12 -
1%-OMC-NE-C1 25 320 0.78 0.04 - 0.14 0.96
1%-OMC-NE-C2 25 150 0.77 0.10 - 0.07 0.94
1%-OMC-NE-C2 25 200 0.78 0.09 - 0.09 0.96
1%-OMC-LE 25 150 0.87 0.04 - 0.17 1.08
1%-WMC-NE 25 150 0.77 0.11 - 0.07 0.95

NB: No difference between the sample preparation, compaction and curing conditions of specimens treated at
1 % of lime and quaoted C1 and C2. However, these are quoted as C1 and C2 and presented separately in the
table since large differencesin the results were noticed

#< 0.006 % of Ca during leaching, hence negligible

® corresponds to the addition of carbonates, availithe, porewater calcium and leached calcium

Table 3. Speciation of calcium after 0 and 25-dayng and after different leaching time for
specimens treated at 3 % lime and compacted atreliff initial states

Curing Leaching Carbonates Available Porewater Leached  Total

Specimens type time lime calciunf  calcium calciunf

(days)  gays)y  (PC  opcay  (wca) (wCa) (% Ca)
3%-OMC-NE 0 g 0.51 1.02 : : 243
3%-OMC-NE 25 . 113 0.88 0.14 : 215
3%-OMC-NE 25 120 § 0.59 : 0.31 ;
3%-OMC-NE 25 150 110 0.47 - 0.36 1.03
3%-OMC-NE 25 200 1.00 0.41 : 0.47 1.88
3%-OMC-NE 25 320 0.88 0.12 : 0.77 1.77
3%-OMC-LE 25 150 115 0.23 . 0.77 215
3% WMC-NE 25 150 1.05 0.66 : 0.16 1.87

#< 0.006 % of Ca during leaching, hence negligible
® corresponds to the addition of carbonates, availithe, porewater calcium and leached calcium
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Table 4. Evolution of the calcium concentrations tbé solution in which lime-treated
specimens compacted at their optimum Proctor aneeirsed

Calcium concentrations (mg-)

0 day 7 days 25 days 50 days 110 days
1%-OMC-NE 0 110 120 99 130
3%-OMC-NE 0 580 625 590 620

Table 5. Initial permeability of untreated and Iutneated soils subjected to leaching

Compaction conditions

Initial permeability, km.s")

75x10%°<k < 1.0x 10

19 20 21 22 23 24 25 26 27

M oisture content (%)

0%-OMC-NE
1%-OMC-LE 13x18<k<1.9x10
Cc1l 7.1x10<k<5.1x10
04 - -
1%-OMC-NE C2 6.7x10%< k < 7.5 x 10°
1%-WMC-NE 25x108%°< k <3.3x10°
3%-OMC-LE 1.9x1§<k <2.4x 10
3%-OMC-NE 1.2x18<k<1.7x10
3%-WMC-NE 45x13°< k <5.0 x 10°
N ] W 1%-OMC-NH| ¢ ] (b) B 3%-OMC-NH
1.75 1.75
£ A 1%-OMC-LE g A 3%-OMC-LE
s X 1%-WMC-NE| = X 3%-WMC-NE
< 1.65- ] Z 1.65-
Fy X &, = - &,
= =
c A A Dy | < ] Wy
T 1.55 3 155 A X
> (a) >
D 145 T T T T T T T T D 145 T T T T T T T T

19 20 21 22 23 24 25 26 27 28

M oisture content (%)

Figure 1. Characteristics of lime-treated specimeosnpacted under different initial
conditions and after 25 day curing: 1 % of limeg @Yo of lime (b).
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Figure 2. Effect of curing and of lime content dre tunconfined compression strength of
specimens compacted at their optimum moisture conteder normal Proctor energy.
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Figure 3. Effect of lime treatement on the triavxshkar strength after 90-day curing for 1% of

lime and after 50 day-curing for 3% of lime.
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Figure 4. Effect of initial compaction conditiona the unconfined compression strength of
specimens treated both at 1 % (a) and 3 % (b)red. li
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Figure 5. Effect of immersion on the unconfined poession strength of lime-treated
specimens compacted at their optimum: 1% of lime3 &b of lime (b).
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Figure 6. Effect of leaching on the unconfined coespion strength of lime-treated
specimens compacted at their optimum: 0% of limel(&6 of lime (b), 3 % of lime (c).
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Figure 8. Effect of water circulation on the shetiength of the soil treated at 3% of
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200 days)
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