N

N

Feedback on deep soil mixing technique for Loire levees
Alain Le Kouby, Lucile Saussaye, Myriam Duc, Fabien Szymkiewicz,

Sébastien Patouillard

» To cite this version:

Alain Le Kouby, Lucile Saussaye, Myriam Duc, Fabien Szymkiewicz, Sébastien Patouillard. Feedback
on deep soil mixing technique for Loire levees. Deep Mixing Conference, Deep Foundations Institute,
Jun 2021, Hawthorne, United States. hal-04534892

HAL Id: hal-04534892
https://hal.science/hal-04534892

Submitted on 8 Apr 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04534892
https://hal.archives-ouvertes.fr

FEEDBACK ON DEEP SOIL MIXING TECHNIQUE FOR LOIRE LE VEES

Alain Le Kouby, Gustave Eiffel University, Parigaface, alain.le-kouby@univ-eiffel.fr

Lucile Saussaye, Cerema, Blois, France, lucilessges@cerema.fr

Myriam Duc, Gustave Eiffel University, Paris, Franeyriam.duc@univ-eiffel.fr

Fabien Szymkiewicz, Gustave Eiffel University, Bafrance, Fabien.szymkiewicz@univ-eiffel.fr
Sébastien Patouillard,, DETL, DREAL Centre, Orlédfrance,
Sebastien.Patouillard@developpement-durable.gouv.fr

ABSTRACT

Deep mixing technique to reinforce Loire levees@anaently used. The techniques were implemented
with dedicated trench-cutting equipment rotatinglsat cut-off wall could be continuous in the levee
structure and its foundation. It resulted in a mnigtbetween the soil in place, a hydraulic bindet a
water.

Several formulations are tested for the soils @f ldvees and their foundation. Indeed, hardening
issues appeared locally, on part of Orleans lelieked to the presence of organic soils. It led to
experiment several lime-cement formulations in taeoratory. Subsequently, the best soil-fitted
formulation was tested in the lab and applied ¢@ & validate the implementation. This included
testing new control timeframes in terms of permiégitand mechanical resistance.

The properties of the deep mixing material weresssd by testing clay-cement materials, treated at
different cement and water contents. Permeabiliy strength parameters were confronted to their
physico-chemical and microstructural charactesstio order to explain the variations of the
mechanical properties and better understand thavimir of natural soils treated with this technique

In addition, differences appear between mixtureltbom site and in the laboratory in terms of
hydraulic and mechanical properties but also imgeof soil inclusions.

Keywords: Deep soil mixing, permeability, mechanicleproperties, research works, Feebbacks
CONTEXT

The Deep soil mixing presents numerous advantagmsf(iendly, easy and quick execution as well
as low cost) that have greatly contributed to egpés domain of applications (soil improvement,
pollution confinement or realization of structugdéments). These new applications require a better
understanding of the method and of the materiabli@Qu(particularly homogeneity and continuity)
and representativeness of the material are morenane investigated, as the scope of applications fo
Deep soil mixing widens with an ever increasing dechfor better comprehension of the resulting
material behavior, as well as development of mettaicgstrength prediction.

Babasaki et al. (1996) cited four factors affecting mechanical properties increase of the material
the characteristics of the binder, the type antk sththe encountered soil, the mixing and thenguri
conditions. Porbaha (2000) states that it is contynaccepted that the strength of cement-treatdd soi
increases with time, similarly to the behavior @increte. Many studies have been carried out to
propose relations with strength at young age omias, regarding the strength prediction of the
material. Bruce (2001) and Topolnicki (2004) pragmbgyeneral strength gain speeds and strength
ranges, depending on the characteristics of tHeasbe treated. Also, formulas have been proptsed
predict the strength and deformability of the miatefrom one or multiple factors enunciated by
Babasaki et al. (1996). According to Abrams (1918), a given set of materials, the strength
development depends only on one factor, i.e. the o water to cement content in a given mix. His
law has been tested (Horpibulsuk, 2003) but pramadequate (Hampton and Edil, 1998), but other
formulas have been proposed (Ahnberg, 2006; Szymzeet al., 2012), taking into account cement,
water and/or fines contents. However, there i$ stilwidely applicable formula for estimating the
strength of the material and incorporating all fhetors that should be taken into account (CDIT,
2002), as of today, no international standard sxt the preparation of treated soil specimerthién
laboratory (Kitazume et al., 2009). Also, some folas can only be applicable to a particular site,
while some others can only be applied on some.soils



Among the various research works around deep sgihgndeveloped by the research team of this
paper Erreur ! Source du renvoi introuvable.), a feedback of the monitoring of reinforced dykes
from execution works until about four years of stuwe in service are presented here. Monitoring of
structures allow to get information from temperatand water content within the reinforced dykes.
Those dry-wet cycles can be applied to laboratammes to study long-term properties of mixed
materials. A database of an exhaustive paramdtrdy shas been carried out and a machine learning
method is proposed to be able to use this knowletige focus is given on the engineering properties
of the Deep soil mixing material and on its duriépifLe Kouby 2015 & 2018 Sands and fine soils are
considered at different cement and moisture costentrder to assess the influence of the finesewa
and cement contents on hydraulic and mechanicgdepties and their development. Also, artificial
soils (made of sand and fine soil) were treateflitther study the influence of the fines contend an
their nature on the properties of the material. Tflience of non-mixed materials has also been
investigated. In addition, in a second part of paper, an example of laboratory parametric study is
shown. Indeed, the influence of different curingnditions (immersion in water, dry-wet cycles, air
curing and endogeneous curing) on the stiffnesssamhgth of cement-stabilized soils and on the
hydraulic properties of specimens of soil treateth wlast furnace slag cement in the laboratory are
studied.

Part 1
GENERAL PROCEDURE TO STUDY THE SHORT- AND LONG-TERM S PROPERTIES OF
SOIL-MIXED STRUCTURES

1) Monitoring of a reinforced structure

An example of monitoring within a reinforced dyleihternal erosion is described in this paper but
this type of monitoring procedure can be appliedtteer different structures. It has been carriectou
evaluate variations of temperatures and water otsitedue to environmental solicitations
(meteorology, variation of water level during floadl. The observed solicitations will have to be
reproduced in the laboratory. On October 2017, aitoong on structure has been carried out. It
consists in putting sensors within the reinforcéxicdure and within the natural material. Five
temperature and water contents (TDR) were set tisivihe mixed materials on a 8m deep treated
soil at five different depths. Temperature, watantent and suction sensors at 1m depth were iedtall
in natural soil to compare measurements with tceatdl response to environmental solicitations. The
purposes are to observe the biggest amplituderadtians for temperature and water content as well
as their duration in the levee and in the reinfdrseil. Correlations between rainfall and watertean

in the natural soil could be analysed. The maxin@pth of monitoring is 5.5 m and Loire River level
maximum reached 6.9 m (until now) with an 8m deefoft wall. Only capillarity effect can be
observed in the soil-cement structure above theeLover water level. Piezometers near the Loire
river and after the dyke are also set up. The @ngiressures measured seem to decreases when water
content and rainfall increase and reversely. Theyaars monitoring shows an increase of the dry
period in the service life of the dykes. Within theinforced structure, small variations of water
contents were observed contrary to temperaturati@ms that were more important.
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Fig. 1. General overview of the research work aroun  d deep soil mixing



2-Laboratory tests

They include the formulation of the mixed materiaétural material, cement content and moisture
content. Granular soils, fine soils and materiaith wlifferent percentages of fine soils are taken a
artificial natural materials to establish a dat&hd$he cement used in this study is a blast furskaae
cement containing 85% in weight of granulated gmbuohast furnace slag (CEM III/C 32.5 N).
Permeability tests and unconfined compression gtnetests (UCS) are made in order to characterize
the hydraulic and mechanical performance of thecgrhent material for different curing time (7, 28,
90, 180 and 365 days). During these tests, loghigéwbal moduli &, are calculated. Non destructive
measurements of compression and shear waves sppethd Vs) are also carried out to calculate a
dynamic modulus & These parameters are used to find correlatiotvgcle® parameters measured on
artificial soils and field works. The quality ofaihmixed material on site is a key issue.

On a microstructural point of view, soil mixing reagls are lyophilised (put in liquid nitrogen) exft
UCS test. Mineralogy has been studied with the X-&é&raction (XRD) and then compared to initial
materials before mixing. Microstructure of the s#&sphas been tested with PMI (porosimetry by
mercury intrusion) tests. The samples have also lobserved with scanning electron microscope
(SEM). The effect of parameters that characteheenixed materials on the durability of the materia
is studied. Global porosity, distribution of poregth wave velocities Y and \; are some of the
indicators that are useful to characterize thelllityaof the mixed material with porosity\urves.

3-Excavation of site material

To work on long term properties of soil mixed matks; pieces of cutoff wall were excavated to
establish heterogeneity of the mixed material. fidselts of tests on these pieceswere completed with
sampling of the soil-mixed cutoff walls, which aresually made. From established methods,
percentage and surface of inclusions (unmixed naddgmwere measured or estimated.

Effectively, their distribution as well as theirrpentage is key parameters to characterize mixed
materials. The long term response of the struch&® shown that the inclusions might play an
important role (Denies et al., 2012). The compaussio terms of hydraulic and mechanical properties
between pieces of cutoff wall and boreholes wowddnyestigated. The procedure to determine the
percentage of inclusions can be manual or numeridad manual method is as follows: with the
measurement of the surface occupied by soil pastion a sample through 4 lines at 90° from each
other in the case of cylindrical samples. The nutaémethod is based on the image analysis with a
software on a sample face that has been takempltim. From the photo, matrix (soil mixed material)
and inclusions (unmixed materials) surfaces arerdehed as well as their distribution. From several
samples, an average distribution is calculated #Hred material is homogenized with a fixed
characteristic surface. This geometry is introduiced finite element code to simulate UCS loading,
hydraulic conductivity in order to evaluate the &@br of the soil mixed material.

4-Boreholes

For some cutoff walls, boreholes have been madmgldour to six years to follow hydraulic and
mechanical properties of soil mixed materials w#horatory and field tests. The diameter of the
borehole is generally 90 mm. The whole boreholepsned, samples of 180 mm high (UCS) and
100 mm high (permeability) are cut. Water contepks, Vs, V,, moduli B, desity are also measured.
It has to be checked that inclusions are maximuwolthe sample diameter.

In addition, methods to establish the percentageahiisions are developed. Besides, natural saiéwe
collected to make laboratory soil mixed sample®rder to compare in-situ and laboratory mixed
properties and to establish a database.

5-Rheology of the fresh material

Different types of tests are available to estaltlighproperties of the fresh materials. Densitst, wéth
the cone penetrometer (for liquid limit measurenfenexample), flow table tests or other rheolobica



tests. Flow table tests have been chosen and edaaisry to characterize the fresh material dutirey

soil mixing execution works.

The flow table is the most widely accepted appar&dumeasure the consistency of mortar. It consists
of a circular plate which is lifted and then drogpaver a specified height. The basic principle of
slump and flow tests is that a sample is pourestooped in a conical or cylindrical frustum, whish
then carefully lifted, so that the material is witdl to deform under its own weight. Be the initial
height hy and initial base diameteg,cand the dimensions after deformation h and d(gheead) flow

is defined as f = d{dand the slump as s 5 h h.

During execution works, sampling of fresh mateitaimade in 11 x 22 cm cylindrical moulds to
achieve UCS tests and in 5 x10 cm cylindrical msutdachieve permeability tests at different curing
time (from 7 to 180 days). Flow table test can ddea to follow the homogeneity of the fresh
material during execution works.

Besides, the use of geophysical methods to followpgrties of the geotechnical structures has been
tested. Before a procedure can be proposed, itilisnsdevelopment (Fargier et al., 2016). The
geophysical methods (seismic, GPR, Electric) hagenbqualified for the assessment of these
reinforcement structures. Transversal and longiaidmeasurements at different depths have been
done but the procedure has to be adapted forhésdf structures.

6-Data-driven approach

From the laboratory mixed materials and samples feaperimental sites, a data-driven approach is
developed proposed for UCS prediction, G modulggn®dulus of laboratory soil-cement mixtures.
Existing model (Tinoco et al., 2016) is able todice UCS over time under different conditions, e.qg.
different cement contents or soil types, and caagmied at the pre-design stage. This meanshibat t
model can be applied previously to the preparatioany laboratory formulation. The designer only
needs to collect information about the main geatet soil properties (particle size distributioB[P,
Atterberg limits, organic matter content, amongeo}fand select the binder composition to prepage th
mixture.

Based on a sensitivity analysis, the key modelaides were identified and its effect quantifiedugh

it was caught by the model the most relevant véegaim UCS prediction over time and very high
prediction capacity.

Aiming to overcome such models dependence of ti fnixtures properties, in the paper a model
(data-driven approach) is proposed for UCS pragiiciover time which is independent of final
mixtures properties.

The proposed model, based on advanced statistidgsés) allows estimating UCS over time based on
about 10 input variables such as the cement cqreSi parameters or type of hydraulic binder. A
cross validation approach under fixed numbers afsrwas applied for model generalization
assessment.

The same approach could be proposed for k predictio

Part 2
EXPERIMENTAL TESTS
Influence of drying on the stiffness and strength of cement-stabilized soils

Two types of material were mixed to reconstitutéfiaial soil. The mixes were prepared/made with
different amounts of cement. The quantities of agnm@EMIII/C 32.5 N and moulding moisture
contents used for these mixes are given in Table 1.

Table 1. Composition of soil-cement mixes tested

. Cement Moulding moisture Water cement
s Soil . Total number of
Mix n vpe content content ratio Sspecimens
YPE (%) W (%) W/C P
1 Sand 11.8 20 2.0 12
2 Silt 13.8 40 3.3 12




The cement content C (%), moulding moisture contér({®o) and the water/cement ratio (W/C) were
calculated following equations 1, 2 and 3.

C = weight of dry cement / weight of dry soil [1]
W = weight of water / weight of dry soil + cement [2]
WI/C = weight of water / weight of dry cement 3] [

The cement and moisture contents tested in thdysivere used in deep soil mixing projects in
France.

Laboratory tests carried out on the soil-cementcispens included the UCS and k tests were
performed to evaluate the UCS and static stiffiiggs

In total, 24 soil-cement specimens (12 per mix)emgtepared. For each soil-cement mix, the UCS of
3 specimens were determined after 7 days of curningiater. The UCS and sk modulus of 9
remaining specimens per mix were also determinddys after moulding. These 9 specimens were
divided into 3 groups and placed in different cgroonditions:

- Condition 1: specimens remained immersed in wdtart@mperature of 20°C.

- Condition 2: specimens were subjected to dry-wetesyby alternating periods of soaking in
water and periods of drying in a climatic chamberademperature of 20°C and a relative
humidity of 65%.

- Condition 3: specimens were placed in a climatiancher at a temperature of 20°C and a
relative humidity of 65%.

It is important to note that the specimens wereeqdan the different curing conditions at an eadg
before the cement hydration process was compléte parameters UCS angyBf the specimens was
monitored every 1 to 3 days between 7 and 30 daysing curing, the moisture content of the
specimens (w) was followed by measuring the chaimgegss (m).

For the specimens subjected to successive perfagsting and drying (condition 2), after the iaiti
7-days curing in water, the phases of soaking dabtetween 1 and 3 days. The specimens were
submitted to drying for 24 hours (except betweena®@ 22 days where two successive 24 hours
drying periods were applied). The moisture conteletermined at the end of each curing period give
an indication on the curing conditions at a spediiine: an increase in moisture content indicates
soaking whereas a decrease indicates drying. Afledays of curing, UCS tests were performed on
the specimens. The experimental program is sumethnizFig. 2. The testing procedures used in this
study are detailed below.



| Soil-cement mixing (12 specimens prepared per mix) }

| Immersion in water between 0 and 7 days ‘

7 days
| 3 specimens | I 3 specimens | | 3 specimens ‘ ‘ 3 specimens ‘
, L ‘
Immersion in Cycles of Continuous FFR (G) +
water (1) wetting and Air drying (3) UcCs (q,; Esy)
drying (2)
r

I FFR monitoring (G,) between 7 and 30 days |
30 days

| ucs (q,; Eso) |
Fig. 2. Details of experimental program for each so  il-cement mix

Effects of curing conditions on UCS and stiffness Esg

Typical stress-strain curves obtained from UCSsteatspecimens of the three soil-cement mixes after
different curing conditions and curing times aretigd onFig. 3.
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Fig. 3. Typical stress-strain curves (a) mix n°1 Sa  nd C=11.8%; (b) mix n°2 Silt C=13.8%.
The derived values of UCS, static stiffness Esq and stiffness to strength ratio Eso /UCS, are listed in
Table 2 and compared in Erreur ! Source du renvoi introuvable.

The stress-strain curves (Fig. 3) show that thed-sament specimens exhibit ductile behavior
whereas the behavior of the silt-cement specimemsare brittle. The UCS and stiffnesg, Bf the
specimens immersed in water increased between 3@ddys. The §&/UCS ratios are higher for the
sand-cement mixes than for the silt-cement mixebl@ 2). For both soils,s§#UCS is slightly lower
after 30 days than after 7 days. This indicate$ $ftx@ngth increases more rapidly than stiffness
between 7 and 30 days in soils mixed with blagtdoe slag cement and cured in water.

For both soils, the UCS of the specimens subjectedkt - dry cycles increased when compared to the
initial 7-days UCS. The strengths reached areivelgtclose to those obtained for the specimens in
water after 30 days (slightly higher for the sasiajhtly lower for the silt, Table 2) pointing tbe fact
that sufficient water remained present for hydratiluring these cycles. Thegof the sand-cement
and the silt-cement mixes specimens increased batweand 30 days despite the cyclic curing
condition but remained lower than the stiffnessh& specimens cured in water for 30 days. This
confirms the negative effect of the imposed wettlinging cycles on the hydration processes.
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Fig. 4. Effects of curing conditions on (a) UCS; (b ) Static stiffness E 5q; () E5o/UCS ratio

After continuous drying between 7 and 30 days, dtnrengths of the sand-cement and silt-cement
mixes specimens were much lower than those of pleeimiens cured in water. It is reasonable to
assume that this is due to insufficient water fpdriation. E, of the sand-cement mixes specimens
was slightly higher than the initial value ofoEneasured after 7 days in water. A drastic decrefise
Eso was measured for the silt-cement mixes specimEasi€ 2). This low value offis related to the
very high strains measured during UCS tests, wsibl Fig. 3, and attributed to the microcracks
observed on the silt-cement mixes specimens. Titialipart of the stress-strain curves, for which
strain increases considerably at very low stressesponds to the closing of the cracks. Once the
cracks are closed, the stress begins to incredbestrain.

Table 2. Average values derived from testing*: valeis measured 18 days after moulding

Soil-cement  Curing conditions Qu Eso & Soil-cement  Curing conditions Eso &
) ) . E50/ Qu E50/ Ou
mix (time of testing) ~ (MPa) (GPa) (%) mix (time of testing) ~ (MPa) (GPa) (%)

Immersed (7 days) 0.82 2.00 2443.46 0.15

N°2
Immersed (30 days) 4.7 508 1081 0.11

N°1 Immersed (30 days) 2.39 551 2305.03 0.24 Sit

i ' .
Sand Cyclic wetting- Cyclic wetting- 117 281 674 046
257 433 168543 0.34 (C=13,8%) ) ' ' '
(C=11,8%) drying (30 days) drying (30 days)

Aircured (30 days) 1.37 237 1727.62 0.11 Aircured (30 days) 1.92 005 26 281

CONCLUSIONS AND PERSPECTIVES

At first, a general overview of the research wdrittcan be carried out from mixed materials built
during field works. Six steps have been achieved:
- Monitoring of a reinforced structure to evaluateiations of temperatures and water content
of the mixed materials with time to establish wathdg cycles
- Laboratory mixed materials from artificial soils darfixed cement and water content.
Laboratory mechanical and hydraulic tests folloviagdmicrostructure tests (MIP, SEM) are
carried out
- Determination of percentage and distribution oflusmn from field mixed material from
manual and numerical approach methods



- Coring and sampling from existing structures to fmtg term properties of the mixed
materials
- Field tests to get properties of fresh materiddsy table tests were chosen
- Database from artificial and in-situ mixed matesitd be able to plan properties of soil mixed
material of new field works.
The objectives of this procedure have to be testeithe next field works.

In this paper, an example of a parametric studstudy the effect of curing conditions was presented
for deep soil mixing materials. Specimens of giltl ®and were stabilized in the laboratory with blas
furnace slag cement and placed in different cumogditions. For chosen cement content, the
procedure has consisted in preparing soil-cemexgsrand in curing in water during the first 7 days.
UCS tests are then carried out to determigeaBd UCS. In second stage, the next steps of carmg
done with three different curing conditions untll 8ays: immerged in water, submitted to drying and
wetting cycles and submitted to air drying. At Jad€CS tests show the effects of curing conditions o
Eso and UCS.

UCS tests were performed to evaluate the UCS gnd Be following conclusions can be drawn:

(a) Strength increases more rapidly than stiffness &éetw and 30 days of curing.

(b) The strength of treated soils subjected to cyclattiwg and drying, before the cement
hydration process is complete, continues to inereAs long as the periods of drying do
not induce microcracks, stiffness also increasdls tive. However, the measured values
are lower than for the specimens cured in wateicatiohg a long term response of the
mixed material studied through imposed wet-dry egan stiffness.

(©) Continuous exposure to air drying inhibits strendgiwvelopment due to insufficient water
for hydration. Significant stiffness decrease waseoved on specimens of silt-cement
mixes despite the high cement content was attribiatenicrocracking.

(d) The effect of natural soil could also be pointed &ffectively, the silt (well-graded soil)
showed better UCS than the sand (uniform soil) wément contents of respectively 11.8
and 13.8%. The decrease due to wetting-drying eyalel air drying were in the same
order of magnitude for both soils. Nevertheless, dtiffness was greater in the case of
sandy-cement mixes specimens. Besides, the decodaseffness for the silt-cement
mixes was much more important than for the sandyecd mixes.

The results from this study demonstrate that drygam have a significant influence on the

characteristics of soils-cement mixes and sugdedtfurther research is required to understand the
processes involved, using advanced laboratory tesisquantitative methods for the description of
crack patterns.
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