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Summary

This paper deals with the recent research resuitaired
through the SOTREDI project, “SOil TREatment forkBs”
undertaken by the Lhoist Group, a World leader iimel
production, in collaboration with several reseazehters and
universities. In a first part of the project, it s\demonstrated
that lime-treated soils could comply with severaitical
specifications for water retaining structures : logymeability
level, mechanical stability, internal and exterrabsion,
reduction of shrinkage risk and dispersive behawibsoils,
etc.

Real-scale experimental dikes were built in Sepemaf®11,
to verify the correspondence between lab resultstlaa real-
scale realization.

In parallel, elements about durability of lime-trmant will
be reported by examples of more than 30 yearstoldtares
around the world.

1. Introduction

Lime treatment of soils is a technique widely u$edsoils
improvement and stabilization for construction afads,
highways, railways, platformid],[2]... If the use of lime for
transportation infrastructures is well-known, hoeevthe
principles of lime treatment for hydraulic earthstnuctures
remains barely applied or even forgotten (Europease).
Nevertheless, lime has been used for five decades f
improving and re-using the soils in levees, eadms, flood
dikes, mainly in US and Australia. The treatmensaf with
lime was reported to solve problems due to dispersbils
and internal erosion, to prevent shrinkage-swelling
phenomenon coming from heavy plastic soils, andilsta
the slopes.

This paper describes the SOTREDI project, “SOil
TREatment for Dlkes”, undertaken by Lhoist Grougjnae
producer, since 2005. The aim of the project was to
investigate the benefits of lime treatment of sdilsmeasure
and describe the relevant properties of these raldor an
application in hydraulic context.

2. Past field experiences

The best way to introduce the subject is to rementhe
existing testimonials as to the effectiveness amalility of
lime-treated structures. It is reported that twdfedént
problematic soil types have been involved in these
applications:

- highly plastic, expansive clayey soils, that ebacerned by
volume changes, water ingress through the cractisskipe
sliding ;

- less plastic silty clays, also called disperssels :
cohesive, they are more subject to erosion.

less

2.1. The Friant-Kern Canal[3]-[7]

This irrigation canal located southeast of Fresbaljfornia,
was built between 1945 and 1951, mainly with highly
expansive montmorillonitic clay. The canal earth@smnks
have suffered periodic damage from cracking, sfigpand
sliding, even in concrete-lined sections, comingnifrthe
volume variations of soils (Pl from 23 to 50); maver,
erosion of soils at and below the water level waticed. The
US Bureau of Reclamation decided to rehabilitateersd
areas using soil-lime mix solution to stabilize tbhanal
slopes, taking profit of the two known major effect lime
treatment at this time: improvement of the soil kednility
and increase of the soil strength. The rehabilitatiperations
were led between 1973 and 1977, according thevioilp
global procedure: soil treatment was carried ouhwi %
quicklime, which reduced the PI from 47 to 12 % and
increased the shrinkage limit from 7 to 26 %. Theviee



roads and the canal bottom were treated first,gusirplace
treatment methods. The bank lining material wastéd in
two sequences, first with a “bench method” on tlopes in
order to facilitate his moving to the bottom, aedend with a
dump truck spreading, and mixing with back rippemsgle
and U-dozers, and graders. The treated soil wallyfiplaced
on the banks in 30-40 cm thickness layers and cotaga
with a vibrating sheepfoot roller that was winchag and
down the slope by a crawler tractor (yo-yo fashidnjpical
final thicknesses vary from 0.6 m (service roads bottom)
to approximately 1 to 1.4 m (banks). The final damanks
have 2:1 slopes.

Several evaluations of the results have been peefdr no
new slips, slides or sloughs have occurred. Thbibty and
economical benefits of the solution were obviousretent
visit (Figure 1) showed that the sheepfoot rolkapiint was
still visible both above and below the water sugfag5 years
after the jol[8]. The picture was taken during a maintenance
phase, when the water level was below the normaj one
can see minor erosion along the water level, dudeparture
of small rocks or “untreated clay balls”, not mixefficiently
with lime due to the poor mixing quality at thegges. The
maintenance operations are very limited on thisticec
considering the lime-treated part is durable and is
significantly cost-saving.

Figure 1: Lime-treated section of the Friant-Keem@l
(taken in November 2010) on the left part; the trigdurt
consist of original, untreated slope covered witvgl.

2.2. Mississippi River Levee$§3],[9]

Severe flooding on the Mississippi River in 1973 alated
some levees in Arkansas and lllinois, already wealteby
slides in expansive clayey soil. The conventionapair
method, including excavation and replacement dédasoil
by stable one, building of a berm at the toe ofgslepe and
flatten the slope, was not feasible in these chseause of
the lack of good materials and the limited rightaafy. From
1974 and between 1985 and 1992, more than 15Gsskidee
repaired, re-using the unstable soils after a Itre@atment.
The materials in the slide were excavated to jetvvl the

slip plane, after which scrapers transferred itato offsite
mixing area along the levee right-of-way. Sucoesits of
treated soil (with 5 % hydrated lime) were placedider to
occupy the limited space of the right-of-way; sleetting
characteristics permitted these operations. Tleated
materials returned to the slide excavation, and ewer
compacted with heavy crawler tractors. Topsoil \adsled
and fertilized for the completion of slide restioat

2.3. Earth Dams[3],[7]

Dispersive soils were identified as source of peatd in the
case of earth dams (Oklahoma, Mississippi, Texas,
Arizona...). Lime was recognized as a relevant adent
improving and stabilizing it. Lime has been usedréamedial
treatment of existing dams, and the success ot tlussites
has led to the extension of its use for new danstroction,
as well as material for a protective blanket odidloeprevent
erosion, as core material to minimize leakage arwvige
extra strength (Los Esteros Dam, New Mexico). tha last
work, a portion of the impervious core was beirgated with
lime prior to the placement of the sandstone bddroc
Although the lime treated zone is quite small, dipplication
can be regarded as significant. For the constmiotibthe
McGee Creek Dam (south-eastern Oklahoma) the deéens
design measures incorporated to prevent dispersiag
erosion were e.a. the use of lime-treated soil withimum
required thicknesses of lime-treated soil were . 6n the
downstream slope (or 1.0 m if placed in horizofageérs), or
1.0 m underneath the core of the dam and dikejrandtical
locations such as backfill around conduits.

3. Towards an advanced study of lime-treated
soils for hydraulic uses

The relevant properties of lime-treated silty ayely soils for

a use in hydraulic earthen structures are baredgrided in
the literature. The permeability of materials plhcas
impervious shells on the blankets, the erosiorstasce, the
mechanical characteristics, were not examined ie th
applications reported above. Moreover, some pregglion
lime-treated soils were mentioned, which will bevexed in
more details in the rest of the paper: increaggeofeability,
harmful for vegetation growth, materials heterogggnafter
mixing, etc.

The design and conception of canals, levees ands dam
involves the knowledge of these properties and rthei
evolution. This is why Lhoist launched an ambitisasearch
program in partnership with Universities and Resear
Institutes, with the objective to establish the taggpropriate
procedures for lime treatment of soils, the reléyanoperties,
performances and behaviour of the obtained masefiad
their subsequent use in hydraulic structures. fai results
acquired in this context are now described.



4. Experimental

4.1. Materials

The limes used for soil treatment studies were aviRcal®
DD, calcic quicklime CL-90 Q (according to European
Standard EN 459-1), with an available CaO contér2i(o9
%, and ad reactivity of 3.3 minutes, and a hydrated lime
Proviacal® DD (CL-90 S). Six different fine soifspm silty
(PI1=8) to clayey (PI1=37) have been used to perfahem
following tests: permeability, isotropic compressio
oedometric compression, shrinkage-swell, crumb, teste
erosion test and MoJET test.

4.2. Permeability

The construction of a hydraulic structure involtes control
of its water permeability, that has to be the lawesssible to
limit the water ingress through the bottom andgtopes. In
the literature, few studies were concerned by pahitigy of

lime-treated soils, and led to contradictory resuloreover,
preconceived idea is that permeability increaseésr dime

treatment, due to the decrease of soil dry den§iyTTAR

realized an experimental study on the influence thogé

procedure of lime treatment and compaction of t sibil on

its permeability. This silty soil, coming from Moanl de

Laffaux, Aisne department (France), had the foltayi
characteristics: 88% particles <80 um, =19.8%,

w; =32.5%, P1=12.7, wen—=15.8%,p4-1.81g/cm3.

Two different moisture contents have been applied a
compaction: the first around the water content jatincal
Proctor normal density (yc), and the second, a humid state
equivalent to 1.2 times above this value,)(WUntreated
material, 2 and 3% quicklime-treated, and 2.65%r &g
lime-treated materials were compacted according two
procedures:

Figure 2 Kneading compaction tool (a)
and permeameter (b).

- classical Proctor dynamic compaction, to 95%haf OPN
dry density ;

- kneading compaction, performed with a specifiolto
simulating the geometry and surface ratios of aegfoot
roller (Figure 2a]10]. The specimens were compacted to the
same final density as that of the Normal Proctothod. In

the case of untreated silt, this last compacti@cedure led
to similar optimal valuespg and w), but for lime-treated
materials, the kneading led to higher optimal wateitents.

The permeability tests were performed at LRPC Asger
(France), according to the XP CEN ISO/TS 17892-11
Standard. The samples were directly compacted & th
permeameters (Figure 2b). The set-up was similaCB&R
moulds except that they were equipped with inoxg@nd
pierced plates for the water entrance and exit. The
permeability measurements were performed after a@gs d
curing at constant water content (after compactiafigr 28d
curing + 2 months immersion period and 28d curindg +
months immersion. The following results were highted:

- kneading compaction led to the lowest permegbil&tlues
(k) for a given mixture;

- for a given material with fixed compaction prooeg, the
humid state also gave lowest k values;

- the k values of lime-treated soils Proctor-cont@ddn the
humid state, lied between 5:3@nd 10 m/s;

- kneading compaction of lime-treated soils at higbisture
content (humid state) led to k values below 5.1f's, even
below 10 m/s.
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Figure 3: Mercury intrusion porosimetry of untresh{eed
curve) and lime-treated (blue curve) samples, fasction of
water content and compaction procedure (siltyfsoih

Moulin de Laffaux, France, P1=12.7).

The k values remained constant with time, indicatimat the
final permeability was already obtained after 1 thofcuring
done with constant water content). As a result,prederred
conditions for reaching low permeability valuestioé lime-
treated silty soil (2 to 3% lime) are: (i) high retire content
and (ii) kneading compaction. These results wenghéu
explained by mercury intrusion porosimetry which
highlighted the changes in the poral structureedted soils.
The biggest pores (>3um), and intermediate-sizetngen
3000 A and 3um) are considered as responsiblééowater
path. When treated with lime, a third class of $emgbore
appeared (<3000 A). After lime-treatment in the fdistate



and kneading compaction, the amount of pores >3a®m w
strongly reduced in favour of the smallest pores gEigure
3), that is in favour of very small pores that di affect the
permeability. As a conclusion, the placement mettsoéar
more important than final density in the control of
permeability.

4.3. Mechanical Behaviour of Lime-Treated Soils

4.3.1. Compressibility

Isotropic compression tests were performed on #meessilt
as the one used for permeability (Figure 4). THeme strain
of the untreated sample is function of the loganitiof
isotropic stress (log p’), which means that thédygrength is
below the smallest applied stress. Once treatdd 20 lime
and after 6 months, 2 slopes can be distinguishredhe
graph, separated by the yield strength betweena$@0500
kPa.

0.000
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0.0104
0.0154
0.020+
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0.0354
004971 266 lime-treated - 6 month
0.0451 Cu(;ir:g'le reate monthy
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10 100 P's 1000
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Figure 4: Isotropic compression of untreated ameitreated

silty soil from Moulin de Laffaux, PI=12.7
(6 month curing).

-= Untreated

Volume strain [-] (%)

10000

Oedometer tests were also performed at University o
Brussels (ULB) on a clayey soil from Héricourt (Hau
Sabne, France), untreated and 72 hours after auskliqme
treatment (dosage corresponding to the lime fixapoint).
This soil had the following characteristics: 94%rtjuées
<80um, 75% <2pum, w35%, w=72%, PI=37, wp\=27.5%,
pg=1.45g/cm3. Several observations were made: thelisgel
index was divided by 5 to 10 times after treatm€di
between 0.005 and 0.010), the yield resistancg \zs also
multiplied by a factor 5 to 10 (pvalues between 490 and
660 kPa for the treated specimen). The compreigibil
indexes were similar for the two series.

4.3.2. Shear resistance

The aim of the shear resistance measurementsgaauotify

the improvement of mechanical stability of embankiae
brought by lime treatment. The results were obthimeULB,

on two silty soils from Belgium (Soumagne soil, Pé=and

Marche-les-Dames soil, PI=11), treated with 3% kjiriee

[11]. Consolidated undrained triaxial tests were pemnéat on
samples of 3.6cm diameter and 7.2cm height, bedmeh
saturated. The untreated first silt (Soumagne geithmeters
are c'=5.8kPa andh’=37.4°. The values obtained after
treatment and at several curing times are repanethe Fig.
5. The friction angle stays stable with time, wiaarehe
cohesion rises significantly: after 2 years, thevalue was
multiplied by 25. Similar results were obtained wihe silt
from Marche-les-Dames (PI=11), which shows a c'ugal
equal to 500 kPa at 450 days after treatment. @hger of
measured cohesion values was well above commossste
met on small hydraulic structures.
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Figure 5: Evolution of the shear resistance pararatith
time (treated silt from Soumagne,Belgium, PI=1&)e white
points at t=0 are related to the untreated specimen

4.3.3. Interpretation of mechanical tests

The lime-treated soil can be considered as “cerdénte
material, in this sense that the particles assensbigalized
by the adhesive forces developed by the lime aclibis new
assembly has also a new stress resistance threstimde
this value, the assembly is destroyed and the lheinaef the
material becomes similar to an untreated soil. iBotropic
and oedometric compressive tests, this thresholchas
considered as a preconsolidation stress, but nmotieeayield
strength of the new lime-treated material of lowctiity,
guantifying the resistance of the adhesive boumdated by
the lime treatment. The rise in cohesion is alse wuthe so-
called pozzolanic reactions between lime, dissokikch and
alumina species from clays and water, giving a natthat is
almost not compressible, and not subjected to deftions if
submitted to stresses until several hundred kPa.

4.4, Water Sensitivity and Erosion Resistance

4.4.1. Dispersivity, swelling and shrinkage

The ASTM D 6572-06 Standard (“crumb-test”) was used
demonstrate the non-dispersive behaviour of analilyit
dispersive silty soil from Marche-les-Dames (94%tipkes
<80um, PI=11), treated with 2 to 3% quicklime. This
improvement was still visible 3 years after treattmeAn



enhanced crumb-test was also performed by IFSTTAR erosion rates vs tangential stress are reportdeign7 for

(France) [12],[13], on cylindrical specimens taken from

moulded cylinders (same soil with 2% lime). Thereated
cylinder collapsed after 15 minutes immersion, \@asr no
degradation occurs on the lime-treated sample, aften 45
hours immersion.

The consistency changes of clayey soils with mogstontent
are materialized by large volume changes (sweliamgl
shrinkage). Laboratory tests on the Héricourt ofas@l (see
4.3.1.) showed that, after a 5% quicklime treatménear
swelling of soaked CBR samples remained low andtdumn
after the soaking step. In the mean time, the bgarapacity
reached a value of 19, to be compared to the warywhlue
of 1.3 obtained for the untreated sample.

Free shrinkage evaluation was also performed andhayey

soil according the German Standard DIN 18122-2. The

principle consists in preparing a disc of soil (deer 7cm,

height 1cm) at very high water content (110%), and

measuring its diameter vs water content when teftiy at
room temperature. The shrinkage limit 18 the inflexion
point of the volume variation curve (Figure 6). thts water
content, the shrinkage of the sample reaches thémum
amplitude; below this point, no volume variationrésorder.
In other words, shrinkage/swelling risk exists &osoll if its

water content is above swOnce again, natural Héricourt

clayey soil was tested and showed @t16,5%, linked with
a big volume variation (more than 50% shrinkagehc®

treated with 5% quicklime, wis displaced towards higher
water content (w55%), well above the OPN conditions,

ensuring the volume stability of the material.
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Figure 6: Free shrinkage curves of Héricourt clag@i/
(P1=37)

4.4 3. Erosion resistance

Both internal (by Hole Erosion Test HET) and exér(by
Mobile Jets Erosion Test, MOJET) erosion resistamweee
studied, in order to evaluate the impact of lineatment on
the critical parameters of the materials. HET waggymed
at Cemagref (France) on a clayey silt taken fro@aenargue
Dike (France): 95% particles <80um, 30% <2um, PITHe

untreated specimen, and 2% lime-treated after 3ngur
periods.

1

2% lime
08 A 3 days
curing
0,6 4
7 days
curing

untreate:
04

02 A 14 days

‘//curing

0 160 ZEIJO 3(;0 400 500
Tangential stress (Pa)
Figure 7: Hole Erosion Test: erosion rate vs tatigestress

for untreated and 2% lime-treated clayey silt fram
Camargue dike (Pl=11).

Erosion rate dR/dt (cm/mi

After 14 days curing, the critical stress was iased by a
factor 20, and the erosion coefficient divided by. The
device didn't allow the erosion initiation of th8 Bays cured
samples. HET results can be used to estimate tleshibid
water velocity that induces erosion (Fig. 8). Fatreated
clayey silt, the erosion threshold correspond tovater
velocity of 2 m/s, whereas for lime-treated matetlze value
rises up to 10 m/s. These results are importameies for
the problematic of internal erosion, main originhydraulic
earthworks failure§14],[15].

E 2% lime
£ o8 3 days
S curing
§ 06
% untreated 7 days
@ o0 curing
©
; 14 days
O 02 curing
(%]
e
w o .
0 2 4 6 8 10 12 14
Water velocity V (m/s)

Figure 8: Hole Erosion Test: erosion rate vs wagocity
for untreated and 2% limeeatedclayey silt from a
Camargue dike (Pl=11).

The surface erosion was also tested by the medodET
test, performed at IFSTTAR. The procedure consistpray
6 rotating water jets perpendicular to a sampléaser with a
water flow of 600 ml/min, recover the eroded pdescand
weight their dry mass. On a sample of Héricourty siloil
(67% particles <80um, PI=11) with 2% lime and cugl



days, the erosion could not be initiated, even waitlincrease
of water flow to 2 I/min, when the same conditigase 500
g of dry particles eroded from the untreated soil.

5. Experimental full-scale hydraulic earthen
structure in lime-treated soil [16]

Following the series of relevant acquired data, rthgt step
was to build an experimental full-scale structuréghwthree
important objectives:

(1) proving the feasibility of the specific lime treant and
placement procedures at an industrial scale, using
dedicated mobile treatment plant and conventional
earthworks equipment;

(2) correlating the laboratory observations on limexiee
soil properties at a real scale

(3) evaluating the benefits of lime treatment in terofs
mechanical improvement and hydraulic behavior over
time, compared to natural (untreated) soil.

5.1. Materials, equipments and procedures

A silty soil with a low plasticity index was userfthe
construction of the experimental dry dikes. Thisl seas
imported from Marche-les-Dames (Belgium). Its main
characteristics are : clay fraction (<2um) = 1284t;fraction

(2 to 50 um) = 82 %; 99.5 % < 80 um ; Pl = 7 tonBajsture
content at sampling = 17.9 %.

A crumb-test, performed according ASTM D 6572-06
standard on a compacted sample of this soil, showed
qualitatively its dispersive character, a priorsuitable for a
use in a hydraulic context. A dispersive soil ifired as one
that will easily and quickly disperse (deflocculate water,

with no mechanical intervention. Such materials egalty
have a tendency to shrink-expand, have a littlestasce to
erosion and a low permeability if they remain inisth
condition.

The lime used for the soil treatment tests is aiioal® DD,
a CL 90-Q quick lime according EN 459-1 and prodidsy
Lhoist. The lime fixation point of the soil, detamad
according the Eades and Grim test (ASTM D6276-9%a}
between 1.5 and 2%. A lightly higher dosage of &.5vas
selected to ensure the development of middle tg-term
mechanical resistance.

The changes induced by the lime treatment on th@action
behavior of the soil are illustrated in Figure heToptimal
moisture content for Standard Proctor compaction
untreated soil i94=18.2 kN/m3 at Wyc=14.5 %. It is known
that lime treatment leads to a displacement of whgc
towards higher moisture contents and a reductiorthef
maximal dry density: the specific compaction chaedstics
of the Marche-les-Dames silty soil treated with 26
quicklime arep=17.3 kN/m? at wyc=17.8 % (Figure 9).

of

19

= Untreated

=0=2.5% lime

[
[ee]
L

g
2
g 17 O/ \ oo
'8 \Pﬂnoﬁ
g

16 \%

15

16 18 20
Water content (%)
Figure 9: Standard Proctor compaction curves akeated
and 2.5 % Proviacal® DD-treated soil from Marche-le
Dames (Belgium).
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Besides improving immediate workability, facilitadi
placement and enhancing mechanical properties & th
medium term, lime treatment is known to control sl
particle dispersion, due to the -cationic exchange a
flocculation/agglomeration effecfg],[9].

For the construction of the experimental full-scale
embankment, the most beneficial placement conditiand
processes producing the lowest permeability of Hireated
compacted materials were determined as follows:

- after lime and soil mixing, the final materialsush be
humid, e.g. wet of optimum conditions. In the casie
Marche-les-Dames soil that means that water mustdded
to obtain a final moisture content above 18 %, dneated.

- the compaction must be performed with kneadingrafions
(sheepfoot roller). The objective in terms of dgnkvel is to
reach at least 95 % of the maximal dry densityJ KN/m3).
The equipment used for lime treatment was a mokilié
mixing plant, able to precisely control the lime sdge
through a continuous weighing of soil passing thiodhe
band, and offers a regular addition of water diyett the
mixing bell. The particle size of the treated gsilery fine
and ranges between 0 and 20 mm.

The compaction equipment is a VP5 sheepfoot roller,
according the French Standard NF P 98-736 (Figlig.1

5.2. Experimental dikes conception

Dike built with lime-treated soil

The biggest of the two experimental dikes was elytibuilt
with the 2.5 % lime-treated silty soil from Marches-Dames
(Belgium). For this purpose, approximately 1000stof soil
were brought to the site of CER (Experimentatiord an
Research Center), close from Rouen (France).

The dimensions of the embankment are 28.2 m lodglérm3

m wide at the bottom, 21 m long and 4 m wide atdlest
(Figure 10a and 10b, upper and longitudinal vieWwsg final
height of the structure is 1.8 m, with differemb@s on each



longitudinal side, 3:2 and 2:1 (horizontal:vertjcal
respectively, obtained by cutting compacted bands.

21.00m 3.60m
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Figure 10: Top view (a) and longitudinal sectioh ¢bthe
lime-treated silty soil experimental dike.

1

The dike is virtually divided into 3 sections ofrd long,
corresponding to the 3 successive measurementsdpeof
28 days, 180 days and 1 year (Figure 10a). Thesagaenps
were built with another silty soil, in order to sathe first one
for the bulk of the dike, whereas a transition bafid3 m
lime-treated soil was added to ensure the consjae¢d of
the compactor on the 3 measurements zones.

The 2.5% lime treatment with a controlled wateridd in
the mobile mixing plant, produced a granular, finaterial at
a humidity level above OMC. This material was trorted
directly to the jobsite, and then taken by a shdeelthe
placement of 50 cm thick layers prior to compactiofhe
compaction step was performed with a kneading catopan
6 passes at a speed of 3 km/h, producing a fineknbss of
30 cm for each layer. Finally, the embankment was
constructed in 6 layers, giving a total height &QLm (Figure
10b). Pictures of each step can be viewed in Figlire

The top of the dike is divided in 2 parts longitally, one

dry density at the natural state (1.82 g/cm3® adogrd
Standard Proctor compaction). A single measuresection

is foreseen, because the material properties caomsdered
unchanged over time. The same measurements wexseéar
as for lime-treated sections.

e
Figure 11: Lime-treated material production (a)plagation
and compaction with a sheepfoot roller (b), global of the
lime-treated dike (c) and of the two dikes (limeatred and
untreated, on the right) (d).

5.3. Results

5.3.1. Dike built with lime-treated soil : efficiey of mixing
and placement procedures

The treatment and placement objectives were to yoed
2.5% lime-treated material, with a moisture contahbve
OMC of the Standard Proctor; to compact this matdvy
kneading, and achieve a compaction level at lepstldo 95
% of the Standard Proctor density at OMC. Table€esgnts
the measured values of water content, lime additemd
compaction level, on several layers during the iaent,
along with the top layer after the leveling opemati

The measured lime and water contents and the atdcll

side is reserved for measurements of placement and standard deviations of the mixture composition stizevhigh

mechanical properties such as density, water cgritearing
capacity, pressuremeter, collection of samples tf@xial
testing, and hole erosion testing. The other sideeserved
for permeability measurementdn situ surface erosion
measurements will be performed on the slopes.

Dike built with natural (untreated) silty soil

The second smaller embankment was built using #mes
initial silty soil, but without lime treatment. Thstructure
consists of 3 layers with a compacted height otB0 The
total length and width at the bottom are 13.6 m &r&l m
respectively. The crest is 10 m long and 2 m widEhe
slopes have a 2:1 value.

The material was placed at the same humid statieealéime-
treated dike and was compacted using the same ikigead
equipment. The compaction level was 95 % of theimam

level of homogeneity of the treated soil, and tfeee the
consistency of the production using the mobile plarhe
objectives in terms of water content > OMC, tradfidity and
density level are reached. This last value exceedsvery
layer the 95 % of maximal dry density measured ating
the Standard Proctor test.

The issue of homogeneity for treated soil is alwegised
when discussing this treatment for hydraulic stres,
because that parameter is closely related to thmqability
gradient. The issue is crucial because an unfonesee
permeability gradient may result in abnormal andalised
flows. It seems that this objection is a reacticonf
geotechnicians, and that the suspicion has two gireb
origins. On the one hand, it is always very diffido obtain
homogeneous soil in civil engineering, notwithsiagdthe
question of treatment. In addition, past treatméwith lime



or any other treatments) have probably not reftbdiee
importance of that parameter. Consequently, thay have
been performed with inappropriate methods and taislei
controls, leading to a conclusion that the treatmieself
makes it impossible to obtain a sufficiently homogeus
material. This full-scale test has shown the fahsitof using
the process on an industrial scale, and the benefit
processing the soil in a central unit, which ensusen
excellent level of homogeneity.

TABLE 1: MEASUREMENT PERFORMED ON THE LIMETREATED
DIKE AFTER PLACEMENT

Water dlgsmaije density level
0, 0,
content (%) (%) (% pg at OMC)
— above OMC 0
objective (>17.8%) 2.5 equal or above 95%
194 96.7 (layers 2-4-6)
average (W-Womc = 2.5 98.5(top layer,
1.6 %) leveled)
18 (layers 2-4-6)
# measurement 118 6 24 (top layer,
leveled)

1.1 (layers 2-4-6)
standard 0.72 019 | 1.1 (top layer,
deviation

leveled)

5.3.2. Mechanical performances

Mechanical properties of the test embankment nasewere
performedin situ by pressuremeter measurements, and
cored samples using triaxial testing. The coresevedtained
using a CETE NC saoil investigation rig (Sedidrid®, on a
rubber tracked crawler equipped with a double dmagel.
Using that kind of equipment, the core is not imteat with
the rotating core barrel and the drilling fluid. @veoring
diameters were used, 116 mm and 80 mm.
Pressuremeter test (Menard) is a static loadingtrformed
by means of a cylindrical swelling probe introduaeithin a
vertical drilled hole. The values were obtainedd2§s and 6
months after the construction of the experimeniiés] and
are reported in Table 2.

on

TABLE 2: PRESSUREMETER MEASUREMENTS

Measuremen{ p¢* p* Ewm "
Stucwre| T oiod | (MPa) | (MPa) | (vPa) | BV
Untreated 28 days 0.15 0.25 1.6 6.5)
dike 6 months 0.15 0.36 2.0 5.5
Lime- 28 days 2.53 3.77 38.6 10.2
treated L
dike 6 months 2.51 4.23 52.7 12.%

The increase of strength and cohesion is demoedtrat
through these last measurements. Pressuremetelesvalu
indicate that from a natural underconsolidated ¢mtio
Ew/p’ between 5 and 8), lime treatment and conservation
after placement produce an important strength as@e
making the soil consolidated (ratig,, >10). In the same

time, triaxial tests identify the initial, untredtsoil as non- or
little-cohesive (cohesion value is arbitrarily @hereas the
cohesion after lime treatment increased to 61 kiR &5
days and 102 kPa after 6 months (Table 3).

TABLE 3: TRIAXIAL TESTS RESULTS(CD)

Measurement , o
Structure period ¢’ (kPa) @ (°)
Untreated dike 28 days 00 (<10) 34.6

61
28 days 39.2
Lime-treated dike (after 75 days)

6 months 102 39.2

(after 195 days) )

5.3.3. Permeability level and erosion resistance

In situ and laboratory permeability measurements were
recorded using several methods. Timositu methods were
used. First, using a double-packer probe (see €ifjpa) at a
depth between -0.5 and -1.1 m, the device pasdieg t
through at least 2 interfaces between successparslaFor
this test, an 18-hour saturation step was appliedeu a
hydraulic head of 1.5 m, and the measurement was tg
following the decrease of water level vs time (abhe head
Nasberg test). The secoimdsitu method used was a constant
head Nasberg test, where a perforated pipe is dustethe
structure, to a depth of 0.90 m. The head of tipe giomes
out of the surface and is covered by a lid thasdus contact
the pipe (Figure 12b). Finally, the vertical perivibty was
also measured using the triaxial test under satdrat
conditions. Table 4 reports the recorded permeaghifilues
on the two structures.

Very low permeability values were obtained for both
structures. The similar orders of magnitude carséen as
evidence that the lime treatment produces equivalen
permeability levels as the natural soil if the tre@nt and
placement methodologies are applied. Finallyp, situ
horizontal permeability values show that kneading
compaction using a “sheepfoot” roller can guararstegood
overlapping of the successive layers, avoiding wwate
movement through interfaces.

lid

humid silt for
big diameter pipe

(400 mm)

watertightness

— head of the pipe (50 mm)

%00 mm

perforated pipe

b

Figure 12: Double-packer probe used for variabkdhe
Nasberg test (a) ; schematic view of the constaatlh
Nasberg method (b).



TABLE 4: PERMEABILITY VALUES

Untr_eated Lime-treated dike
dike
Measu_rement 28 days 28 days 6 months
period

In situ tests :
Variable head - 7.710%m/s | 4.510°mis
Constant head| 3.210°m/s | 1.2 10°m/s -
Tests on cored

specimens :

Triaxial (CD) | 1.010°m/s | 1.410°m/s | 1.0 10° m/s

Erosion studies have been led by IFSTTAR and Irstea
Interpretation of Hole Erosion Test (HET) resuligritify a
significant increase in the critical stress witmdi treatment.
30 days after construction, the value was multiplisy at
least 7 orders of magnitude to more than 800 Plae skme
tendency is observed fan situ MoJet (Mobile Jets) erosion
tests performed on the slopes of the dry dikes.arheunt of
soil recovered after the test is divided by 25 snfeormal
flow of 600 ml/min during 15 min) or by 12.5 times
(modified protocol: 5 min at 2 I/min), as it can been on
Figures 13a and b.

Figure 13: a: MoJet external erosion test peréatmon a
slope of the untreated embankment (usual parameters
b: test performed on a slope of the lime-treatedamkment
(increased flow to 2 I/min).

6. Present and potential applications for
hydraulic structure, future prospects

6.1. Relevant Properties, Recommended
Methodology

The above results indicate that through lime treatmthe
properties and behaviour of the resulting matedals meet 3
key factors insuring the construction, design, Hilitg and
limited maintenance of a hydraulic earthen struetur
permeability, mechanical and volume stability, intd and
external erosion resistance.

The homogeneity of the treated soil is an issuerter to
limit permeability gradients that can be the origfrabnormal
local flows. Moreover, the difficulty to obtain @imogeneous
material in Civil Engineering works is a permanissue. The
way the lime treatment was performed in the pase (s
examples of Friant-Kern canal and Mississippi lsyex 2.),
with treatment methods and devices that did ndovolthe
current recommendations (i.e. kneading compactibna o
plant-treated soil in the humid state) gave neebetis
materials with good performance and durability. IFReale
trials of treatment in a mobile plant followed bydading
compaction performed in 2008, showed the feagihilftthe
recommended procedure at industrial scale. Moreower
allowed for a precise control of lime content, nmie
content (by controlled water addition), finenessd an
homogeneity of the treated soil. Feasibility ofstmethod
was again demonstrated in September 2011 durinduthe
scale dry dike construction in CER (Rouen, France).

6.2. Present Applications (US Case)

The Mississippi River dikes network from AshtonGale is
an example of present uses of lime treatment fstoration
or reinforcement. Several techniques are considesing
lime[17],[18]

- excavating the entire levee embankment, limetrireat and
backfilling of these materials and compacting iage;
-excavate the upper levee embankment down a minimfum
2m, mixing it with lime, backfilling of these matals and
compacting in place;

- use of injection of a lime/fly ash slurry intoethhevee side
slope. Note that the issue of fly ash ecotoxicityd a
composition is still debated.

On the New Orleans dikes network, it has been eecid
rise up the height of the dikes after Katrina st¢ar®],[20].

The design takes into account the mechanical ingmeant
brought by lime addition, because the dike heighised by
1m without changing the base width of the dikenKzato a
steeper slope.



6.3. Potential Uses in the Future

Thanks to the mechanical improvement, erosion teesie
and permeability levels conferred by a lime treatimesing

the specific conditions described in this papes fiossible to
foresee future uses in a lot of diverse hydraipigliaations:

- reuse of heavy clays in dike or dam foundatitvanks to
the absence of differential settlement, creep hadtability;

- homogeneous embankments in lime-treated soilsvéom

and dry countries, thanks to the reduction of &age cracks,
the improved workability and easier compaction prhaes;

- construction of overtopping resistant and erosasistant
dikes and dams spillways, external blankets ofdeve

7. Conclusions

Lime treatment of soils was applied from the 7@&sinly in
US, in hydraulic structures restoration and cormsion. It
seems that this technique was forgotten in Eurdpe.design
of canals, levees and dams can only be done watlptbper
knowledge of the adequate properties of lime-trdasiils
and their evolution. This paper described the esponding
results obtained in a research program launchelthbist in
partnership with Universities and Research Inggufirstea,
IFSTTAR, LRPC angers, CER Rouen, Université Libee d
Bruxelles). A series of relevant mechanical, sighil
permeability and erosion-resistance propertiesnod-treated
soils was measured, which allows the developmedttha
control of this technique, according to a spedifiethod of
treatment and compaction.
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