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Résumé
Le renfor
ement des sols en zone sismique par des 
olonnes ballastées et/ou des in
lusionsrigides représente une alternative prometteuse et de plus en plus répandue par rapport auxsolutions lourdes de fondations sur pieux. On sait que les pieux subissent, du fait de leurrigidité, des moments très importants au niveau de la liaison 
hevêtre-pieu. Les in
lusionsrigides surmontées d'un matelas granulaire permettent de mieux dissiper les e�orts inertielstransmis par la superstru
ture, mais peuvent né
essiter des armatures si 
e matelas n'est passu�samment épais. On peut penser que la 
olonne à module mixte (CMM) o�re une solution
ombinant l'e�et � matelas � à travers sa partie supérieure en 
olonne ballastée plus �exibleet l'e�et stabilisateur de la 
olonne inférieure. Cette thèse présente dans une première par-tie l'étude expérimentale réalisée au Laboratoire 3S-R (Grenoble) sur des modèles réduits àl'é
helle 1/10 a�n d'analyser la réponse de 
es systèmes sous di�érentes 
harges statiques etdynamiques. Le modèle physique se 
ompose d'une semelle 
arrée reposant dire
tement surl'argile renfor
ée. Le 
hargement verti
al et horizontal, statique et dynamique est appliquépar l'intermédiaire de la fondation. Une instrumentation a été pla
ée au niveau de la semellepour obtenir la réponse globale du système, ainsi que dans la partie rigide inférieure du modèlepour évaluer la répartition des e�orts entre in
lusion et partie �exible supérieure. Une atten-tion toute parti
ulière a été donnée à la simulation de l'e�et inertiel d'un séisme. Les pro�lsde moments, d'e�orts tran
hants et de dépla
ements en fon
tion de la profondeur déterminésà partir de 20 extensomètres répartis régulièrement sur toute la hauteur de la partie rigideont permis d'étudier l'in�uen
e de la hauteur de la 
olonne ou du matelas. La 
omparai-son entre les dépla
ements dynamiques de la semelle et les 
ourbes P-y (pression latérale Pfon
tion du dépla
ement latéral y de la tête de pieu), permet de quanti�er la dissipation del'énergie dans les di�érentes parties du système. Les résultats expérimentaux montrent que lapartie supérieure souple absorbe l'essentiel de l'énergie inertielle sismique. Une modélisationnumérique 3D 
on�rme les tendan
es observées expérimentalement et souligne l'importan
edu r�le de la zone de transition entre partie souple et partie rigide.
Mots 
lés : Modélisation physique, Fondation super�
elle, Chargements transverses dy-namiques, In
lusions Rigides, Colonnes à Module Mixte, CMM, Intera
tion sol-stru
ture,Dissipation d'énergie, E�et inertiel.
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Abstra
t
Along with the in
reasing need of 
onstru
tion land, numerous soil reinfor
ement te
hnologiesare proposed in order to improve the soil me
hani
al properties on one hand and overall siteresponse on the other hand. The presented study is 
arried out in the 
ontext of seismi
soil reinfor
ement and its intera
tion with a shallow footing whi
h undergoes inertial load-ing. The system is studied mainly through physi
al modelling when redu
ed s
ale models are
onstru
ted in order to simulate 
lay reinfor
ement, whi
h is 
omposed of a rigid lower partasso
iated to a �exible upper part. The soft upper part o�ers shear and moment 
apa
ity andthe rigid lower part gives bearing 
apa
ity. In order to design the reinfor
ement elements, theresponse of this 
ombined system to di�erent stati
 and dynami
 loads must be understood.This thesis presents results from a primarily experimental study performed in Laboratoire3S-R (Grenoble).Two redu
ed (1/10) physi
al models 
onsisting of a group of four rigid in
lusions asso
iatedto an upper �exible part are studied in 
lay. Combined verti
al and horizontal stati
 anddynami
 loading is applied with a shallow foundation model. A parametri
 study is done,varying the height of the �exible part of the models in order to de�ne its e�e
t on the set-tlements of the foundation and lateral performan
e of the rigid in
lusion. A spe
ial emphasiswas given to the study of the inertial e�e
ts of seismi
 type loading. For this purpose, one ofthe rigid in
lusions was instrumented with 20 levels strain gauges measuring �exural strain,used to 
al
ulate the bending moment along the pile. This gives pile de�e
tion (y) by doubleintegration and soil rea
tion (P) by double derivation. P-y 
urves are thus obtained. Theanalysis of the dynami
 de�e
tion of the rigid in
lusion 
ompared to the movement of thefoundation allowed an estimation of the energy dissipated. The results indi
ate that a largeamount of the seismi
 energy is dissipated within the upper �exible part of the models.Even though the s
aling laws are not stri
tly respe
ted, the main obje
tive of the physi
almodelling was to perform a qualitative study of the soil reinfor
ement, studying its behaviourunder inertial loading and pointing out important me
hanisms, whi
h should be taken intoa

ount by the 
urrent pra
ti
e.
Key words : Soil Reinfor
ement, Physi
al Modelling, Lateral Pile Response, Energy dis-sipation, Shallow foundation, Clay, Soil-Stru
ture Intera
tion, Numeri
al modelling, RigidIn
lusions, Mixed Module Columns.
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Glossary of symbols
B Foundation width [m℄E Young's modulus [Pa℄F Soil inertia for
e [N℄G Shear modulus [Pa℄H Horizontal load [N℄I Area moment of inertia [l4℄M Bending moment [N.m℄N Normal for
e [N℄P Soil rea
tion per unit length [kN

m
℄T Shear for
e [N℄V Verti
al load [N℄d Pile diameter [m℄e Void Ratiog A

eleration �eld [m

s2
℄k Coe�
ient of subgrade rea
tion [kN

m3 ℄p Lateral soil rea
tion [kPa℄t Time [s℄y Pile De�e
tion [m℄z Depth [m℄Es Subgrade rea
tion modulus [kPa℄
Em Pressuremeter modulusC
 Compresion indexCs Swell indexN
 Bearing 
apa
ity fa
tor
d0 Pile referen
e Diameter [m℄
u Undrained shear strength (Cohesion) [o℄
kh Coe�
ient of lateral subgrade rea
tion [kN

m3 ℄
ks1 Coe�
ient of verti
al subgrade rea
tion [kN

m3 ℄p
 Pre
onsolidation pressure [kPa℄
th Footing-soil fri
tion 
oe�
ientvs Shear wave velo
ity [m

s
℄



viii
λ Slope of normal 
ompression line
φ Fri
tion angle [o℄
ν Poissons 
oe�
ient
σ Stress tensor
ǫ Strain tensor
κ Slope of izotropi
 unload-reload line
ρ Mass density [ kg

m3 ℄
ω Water 
ontent
Θ RotationEnergy Balan
e:
ξ Damping ratioWd Dissipated energy [N.m℄Ws A

umulated energy [N.m℄
ω Angular Frequen
yk Sti�ness [N.m℄
ks Sti�ness of the �exible part of the physi
al models [N.m℄
keq Global sti�ness of the physi
al models [N.m℄
kr Sti�ness of the rigid part of the physi
al models [N.m℄
kc Sti�ness of the system due to lateral pressure of the soil surround-ing the models [N.m℄
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CHAPTER 1
General Introdu
tion

Along with the in
reasing need of 
onstru
tion land, numerous soil reinfor
ement te
hnologiesare proposed in order to improve the soil me
hani
al properties on one hand and overall siteresponse on the other hand. In seismi
ally a
tive areas, the 
onstru
tion soil has to o�er notonly the desired bearing 
apa
ity and limited foundation settlement but has to also provide amaximum foundation stability under the earthquake loading. The earthquake dynami
 loadsapplied to the foundation arise from inertia for
es whi
h develop in the superstru
ture andfrom passage of seismi
 waves indu
ing shear strain within the soil. These two phenomenaare often referred as inertial and kinemati
 loading.The presented study, primarily experimental, is 
arried out in the 
ontext of seismi
 soilreinfor
ement and its intera
tion with a shallow footing whi
h undergoes inertial loading.The system is studied mainly through physi
al modelling when redu
ed s
ale models are
onstru
ted in order to simulate two types of soil reinfor
ement te
hnologies:
• Mixed Module Columns (CMM)
• Rigid In
lusions (RI)Both te
hnologies use a soil reinfor
ement whi
h is 
omposed of two main parts - an upper�exible part and a lower rigid in
lusion.Shallow foundations on soil reinfor
ed by Mixed Module Columns (CMM) or Rigid In
lu-sions (RI) in seismi
ally a
tive areas represent an alternative to deep foundations. The maindi�
ulty with rigid pile foundations is that they undergo important moments and shear for
esat their heads, whi
h imply that the piles have to be made of reinfor
ed 
on
rete. An advan-tage of shallow foundations on the soil reinfor
ed by CMM or RI is that the reinfor
ementis designed in su
h a way that it is more resistant to inertial loading applied by the su-perstru
ture. The ne
essity of adding a steel reinfor
ement into the lower rigid part depends



2 General Introdu
tionon a thi
kness of the upper �exible part and the inertial for
es imposed at the foundation level.The addressed problemati
 of for
e and moments distribution within the rigid in
lusion ofboth types of soil reinfor
ement is studied in detail in the work presented. An emphasis isgiven to the role of the �exible part in the transmission of inertial for
es to the rigid in
lusions.Two types of the upper �exible parts are studied experimentally:
• Load Transfer Column (LTC)
• Load Transfer Platform (LTP)The response of the soil reinfor
ed by rigid in
lusions asso
iated to Load Transfer Columns(LTCs) or a Load Transfer Platform (LTP) is studied in detail and the results obtained arepresented in this work.A di�
ult task was addressed in the satisfa
tory monitoring of the response of the �exiblepart to the applied inertial loading of the foundation. Stress and strain distribution withinthe �exible part is di�
ult to measure dire
tly with pressure and displa
ement sensors andtherefore it was de
ided to extrapolate these values from the foundation response and therigid in
lusion lateral performan
e. Although this approa
h provided satisfa
tory results interms of verti
al strain, shear strain and shear for
e distribution, the normal stress distribu-tion 
ould not be obtained.The aim of the presented work is to extend the knowledge on the reinfor
ed soils servingas a foundation subsoil under seismi
 
onditions, with a parti
ular interest in the inertialloading. Due to the 
omplexity of the subje
t, the problemati
 is usually approa
hed throughnumeri
al modelling, where seismi
 
onditions are frequently implemented in the 
ommer
ialnumeri
al 
odes. The motivation was to address the problemati
 from an experimental pointof view and to enable a 
omparison between the obtained experimental results and the nu-meri
al results. The presented experimental work 
an serve not only as a qualitative studyof the reinfor
ed soil behaviour under inertial loading but 
an also provide input data andparameters to 
alibrate numeri
al models. Even more, the experimental study performed onthe redu
ed physi
al models 
an serve as a preliminary basis for more 
ostly experiments
arried out either in a real s
ale or in the 
entrifuge.The dynami
 behaviour of the reinfor
ed soil-foundation system is a 
omplex study approa
h-ing topi
s from number of di�erent �elds. Chapter 2 introdu
es hen
e details on the soilreinfor
ement te
hnologies, the problemati
 of shallow footings under seismi
 loading as wellas the behaviour of a rigid in
lusion under lateral stati
 and 
y
li
 loading. Examples ofstudies 
arried out previously on this topi
 are mentioned and some important results basedon their observations are mentioned.The physi
al models as well as the experimental devi
e developed in order to study theintrodu
ed problemati
 are des
ribed in Chapter 3. Instrumenting the reinfor
ed soil andthe foundation with di�erent sensors enabled to monitor the behaviour of the system. Thedata obtained from the monitoring was treated in order to allow a subsequent analysis of theresults. This data treatment is des
ribed in detail in Chapter 4.



General Introdu
tion 3Chapter 5 presents in detail the experimental results, making 
on
lusions on the responseof the reinfor
ed soil to inertial loading of the shallow foundation. Carrying out the experi-mental study in the 
ontext of seismi
 loading, a spe
ial emphasis is given to analysing energydissipation and damping provided by di�erent parts of the soil reinfor
ement. The obtainedexperimental results served not only to deepen the understanding 
on
erning the response ofthe reinfor
ed soil to inertial loading but also to 
alibrate a numeri
al model. The numeri
almodelling, des
ribed in Chapter 6, 
an subsequently serve as a basis for numeri
al modellingof real-s
ale problems.



4 General Introdu
tion



CHAPTER 2
Literature Review

2.1 Shallow foundation under 
ombined loading
In addition to verti
al loads V due to the weight of a stru
ture, a shallow foundation 
an besubje
ted to horizontal loads H and moments M due to seismi
, wind or wave for
es (Figure2.1). Behaviour of a shallow foundation under su
h 
ombined loading is the topi
 of thefollowing se
tion.

Figure 2.1: Combined loading of a shallow foundation



6 Literature Review2.1.1 Foundation design2.1.1.1 Bearing 
apa
ityBearing 
apa
ity fa
tors that are introdu
ed in 
urrent state of pra
ti
e are a simple tool toevaluate ultimate 
apa
ity of shallow foundations undergoing horizontal and moment loading(Ri
hards et al., 1993), (Kumar and Rao, 2002). This traditional approa
h is 
urrently beingrepla
ed by the use of bearing envelopes, whi
h de�ne the ultimate 
apa
ity in a V-H-M spa
e.Seismi
 bearing 
apa
ity of a shallow foundation is in�uen
ed by numerous fa
tors:
• Pre-earthquake 
onditions of the foundation design su
h as initial stati
 pressure, loade

entri
ity and stati
 safety fa
tors.
• Dynami
 loads a
ting on the foundation, whi
h have 6 
omponents. Verti
al for
e, whi
h
an be in most 
ases negle
ted sin
e its magnitude is small enough 
ompared to stati
permanent verti
al laod. Two shear for
es T arising from inertia for
es developed inthe stru
ture and a
ting in orthogonal horizontal dire
tions. Two overturning moments,also related to inertia for
es, that arise from elevated position of the 
entre of gravityof the stru
ture above the foundation level. These moments indu
e e

entri
ity loadsa
ting on the foundation. Finally, a torsional moment, 
reated if a 
enter of mass ofstru
ture is not aligned with geometri
 
enter of the foundation, is the sixth and �nal
omponent of dynami
 load a
ting on the foundation.
• Soil strength and its dependen
y on rate of loading, its degradation under 
y
li
 loadingand pore pressure build-up under dynami
 loading.
• Inertia for
es Fx 
reated in the soil medium, whi
h initiate inertia for
es arising fromthe superstru
ture.An approa
h analysing foundation 
apa
ity, representing a 
urrent state of pra
ti
e is de-s
ribed in the following. This approa
h 
onsists of dividing a global model, in
luding boththe soil and the stru
ture, in two separate tasks - evaluation of dynami
 loads, whi
h is inthe 
urrent state of pra
ti
e work of a stru
tural engineer and evaluation of bearing 
apa
ity,whi
h is a geote
hni
al engineer task. The bearing 
apa
ity 
an be 
he
ked using a pseudo-stati
 approa
h, where a 
on
ept of bounding surfa
e is used to �nd a solution to the problem.The bounding surfa
e, de�ned in 2.1 (Pe
ker, 1997), 
an be evaluated on
e knowing the prob-lem geometry, material strengths and 5 independent loading parameters - normal for
e N,shear for
e T, overturning moment M and two 
omponents of soil inertia for
e F.

Φ(N,T,M,F ) ≤ 0 (2.1)Inequality in equation 2.1 expresses the fa
t that when the 
ombination of parameters liesoutside the surfa
e, the problem is unstable and when the 
ombination of parameters liesinside or on the surfa
e, the problem is potentially stable.
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ombined loading 7

Figure 2.2: Ultimate loads surfa
e for 
ohesive soils; after (Pe
ker, 1997)Sin
e the study presented in the following deals with a shallow foundation on 
lay, only abounding surfa
e for 
ohesive soils (Figure 2.2) is presented (Pe
ker, 1997):
[(1− eF ∗)βT ∗]2

(αN∗)a[1− αN∗ − eF ∗g]b
+

(1− fF ∗)(γM∗)2

(αN∗)c[1− αN∗ − eF ∗g]d
− 1 = 0 (2.2)where N∗, T ∗, M∗ and F ∗ are loading adimentional parameters de�ned as:

N∗ =
N

cuB
(2.3)

T ∗ =
T

cuB
(2.4)

M∗ =
M

cuB
(2.5)

F ∗ =
FB

cu
(2.6)
u being the undrained shear strength and B the foundation width. Parameters a-g and α to

γ are de�ned numeri
ally. It 
an be noti
ed that when F ∗ = M∗ = T ∗, equation 2.2 redu
esto the well known bearing 
apa
ity formula in 2D:
N = (π + 2)cu.B (2.7)Experimental study introdu
ed in the following deals with a shallow foundation problem wheremoment loading is nil. This loading 
ombination is stati
ally equivalent to a single load a
tingat a footing 
entre, in
lined at an angle α to the verti
al. A bounding surfa
e for M=0 isshown in the following �gure after (Pe
ker, 1997).
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Figure 2.3: Bounding surfa
e for M=0 (Pe
ker, 1997)The presented approa
h evaluating the foundation bearing 
apa
ity is implemented in the
urrent version of Euro
ode 8 (Annex F) (Euro
ode8, 2005).The experimental study presented in the following was 
arried out respe
ting su
h loading
onditions whi
h would allow to stay inside the bounding surfa
e.
2.2 Soil reinfor
ement - CMM and RIThe ne
essity of building on 
ompressible soil is gradually in
reasing. This is due to the fa
tthat sites suitable for 
onstru
tion are already exhausted within most industrial areas whilethe need of new 
onstru
tions is still growing. This led to development of soil reinfor
ementmethods.

2.2.1 Rigid In
lusions - RISoil reinfor
ement by rigid in
lusions is an e
onomi
 and time saving method of soil improve-ment, whi
h improves foundation soil properties and 
onsiderably redu
es settlements. As
hemati
 pi
ture of this te
hnique is shown in Figure 2.4 (?).
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Figure 2.4: Soil improved by rigid in
lusions, after (Briançon, 2002)
A footing is underlayed by a gravel mattress. This gravel mattress takes verti
al load fromthe footing bottom and transfers it onto heads of rigid in
lusions. In
lusions traverse throughsoft soil and support the verti
al load either by being embedded into bedro
k or by su�
ientsoil-in
lusion fri
tion. The RI soil reinfor
ement 
an be divided into two parts whi
h aredes
ribed in the following:

1. Gravel mattressGravel mattress, lying on top of the rigid in
lusions has an ability of settlement redu
tionand homogenisation. A well known phenomenon when gravel layer 
on
entrates loadonto more rigid underlying areas and leaves the less rigid areas with minimal stress playsan important role in the stress distribution within the reinfor
ement elements. The aimof 
on
entrating load onto in
lusions 
an be se
onded by utilisation of a geotextile.
2. Rigid in
lusionsThe head of rigid in
lusion forms a 
onta
t with the mattress and takes over load fromthe superstru
ture. Unlike the piles, rigid in
lusions do not take over all the foundationstress and leave minority of foundation load to be adopted by soil. This fa
t is shownin Figure 2.5 (Berthelot et al., 2003).
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Figure 2.5: Transfer of load from a superstru
ture to piles or to rigid in
lusions, after (Berth-elot et al., 2003)The rigid in
lusions 
an be divided a

ording to:
• the fabri
ation te
hnology:� Prefabri
ated in
lusions - these in
lusions are fabri
ated before inserting intothe ground. In
lusions are either for
ed or hammered into the ground.� In situ in
lusions
• the pattern in whi
h in
lusion groups are organized:� Triangle pattern� Square patternIn�uen
e of mattress thi
kness on the e�
ien
y of RILet us 
onsider that there exists a group of rigid in
lusions, whi
h by their presen
e in�uen
ethe behaviour of the surrounding soil. Furthermore, the area of in�uen
e of one rigid in
lusionis de�ned as the total area of in�uen
e divided by number the rigid in
lusions. E�
ien
y Eevaluation of one rigid in
lusion 
an be then evaluated by using the following relation (Hewlettand Randolph, 1988):

E =
Qp

Q
(2.8)where Qp is the verti
al load overtaken by the rigid in
lusion itself and Q is the verti
al loadapplied to the area of in�uen
e of the in
lusion.An observation was made, based on previous experimental studies in a 
entrifuge (Baudouinet al., 2010), that for a small height of gravel mattress, plasti�
ation o

urring within the



2.2. Soil reinfor
ement - CMM and RI 11mattress 
auses a de
rease in e�
ien
y E. For more important heights form 0.6m to 1.5m thee�
ien
y values 
limbed up to 50%, meaning that half of the load applied was overtaken bythe rigid in
lusions.In�uen
e of spa
ing between in
lusions on their e�
ien
yDe�ning a ratio α between a 
ross-se
tion of a rigid in
lusion Ap and an area in�uen
ed bythat in
lusion A:
α =

Ap

A
(2.9)It was shown (Baudouin et al., 2010) that the e�
ien
y E (de�ned in the previous paragraph)is higher for bigger α, even though this is valid only for 
ases when in
lusions are 
ombinedwith higher mattress. E�
ien
y of rigid in
lusions with lower mattress don't seem to be in-�uen
ed by the α ratio.RI in seismi
 
onditionsSoil reinfor
ement by rigid in
lusions presents an interesting alternative to other soil im-provement te
hnologies, be
ause its installation pro
ess is very fast, keeping the settlementredu
tion e�
ient. The resear
h frequently addresses the problemati
 of the verti
al stressdistribution between the rigid in
lusions and the e�e
t of the mattress height on the e�
ien
yof the reinfor
ement. There is although a la
k of resear
h 
arried out on the behaviour of therigid in
lusions under 
ombined verti
al and horizontal loading, studying the system responseunder seismi
 loading 
onditions. Despite this, the soil reinfor
ement by rigid in
lusions usedin 
ombination with a shallow foundation is often 
onsidered to be an alternative for pilefoundations in seismi
 areas. It is 
onsidered, that the gravel mattress presents a zone ofdissipation of energy transmitted from the superstru
ture to the rigid in
lusions. This impliesthat there is a redu
tion of inertial for
es transferred to the heads of the rigid in
lusions.An example of su
h an appli
ation of the RI te
hnology is the Rion-Antirion bridge lo
atedbetween the Peloponese and the 
ontinent, at the entry of the Gulf of Corinth in WesternGree
e.The design of the Rion-Antirion bridge was based on an experimental study 
arried out in the
entrifuge at the LCPC Nantes Laboratory (Garnier and Pe
ker, 1999). The bridge needed towithstand earthquakes up to a magnitude 7 on Ri
hter s
ale and strong winds and thereforea spe
ial 
are was taken while designing its foundations. Ea
h of the pylons of the bridgeis supported by a 
aisson, whi
h lies on a sea�oor reinfor
ed by 150 to 200 rigid in
lusions.The rigid in
lusions are hollow steel piles of 25 to 30m length and 2m in diameter. A 3.6mlayer of ballast was introdu
ed between the foundation and the top of the rigid in
lusions.The sea�oor reinfor
ement served to 
ontrol the foundation failure mode as well as the for
estransmitted to the superstru
ture.Physi
al modelling in a redu
ed s
ale was 
ondu
ted on the 
entrifuge at the LCPC NantesLaboratory. The physi
al model 
onsisted of a 
onsolidated 
lay mass reinfor
ed by rigid in-
lusions whi
h were supporting a ballast layer. Some of the rigid in
lusions were instrumentedwith strain gauges in order to monitor their behaviour. A 
ir
ular foundation was submit-ted to di�erent loading 
onditions with loads of in
reasing magnitude rea
hing a foundationsystem failure. The soil used for the experimental study was a 
lay deposit obtained at the



12 Literature Reviewsite. Results obtained from the experimental study enabled not only to verify the e�e
tiveresistan
e of the foundation-reinfor
ed soil system to di�erent loading 
onditions but also tooptimize the number and position of the reinfor
ed in
lusions.The problemati
 of soil reinfor
ed by rigid in
lusions in seismi
 
onditions was addressedin a numeri
al study performed by Mayoral et al. (Mayoral et al., 2006). It was shown thatthe RI soil reinfor
ement enables an a

eleration redu
tion at the surfa
e by 17%, where mostof this redu
tion is due to the presen
e of the gravel mattress and only 1% is due to thepresen
e of the rigid in
lusion. This phenomenon is shown in Figure 2.6

Figure 2.6: A 
omparison between a seismi
 response of non-reinfor
ed soil and soil reinfor
edby a RI (Hatem, 2009), after (Mayoral et al., 2006)A.S.I.RI. Proje
tThe A.S.I.RI. Proje
t, 
on
erning the soil reinfor
ement by rigid in
lusions is a Fren
h Na-tional proje
t assembling the studies 
arried out on this subje
t. A spe
ial interest is givento development and validation of the design methods. The RI soil reinfor
ement problem-ati
 is addressed by the means of experimental studies in a real and a redu
ed s
ale (Jen
ket al., 2007), (Baudouin et al., 2010), (Briançon, 2002) as well as by the means of numeri
almodelling (Chevalier et al., 2010).2.2.2 Mixed Module Columns - CMMThe Mixed Module Column (CMM) te
hnology is developed within Keller, Fondations Spé-
iales. It is an alternative solution for the widely used soil reinfor
ement te
hniques, su
h as



2.2. Soil reinfor
ement - CMM and RI 13stone 
olumns and rigid in
lusions. By 
ombining features of these two te
hniques, it seemsto present an interest for foundation proje
ts in seismi
 areas. A CMM is 
omposed of threeparts (Figure 2.7):1. Upper part - stone 
olumn.2. Lower part - rigid in
lusion. made of 
on
rete; absen
e of steel reinfor
ement.3. Transition zone between the upper and the lower part 
onsisting of a mixture of 
on
reteand gravel.The upper part of CMM represents a �exible link between the foundation and the rigid,lower part. Its height and diameter is in order of 1.5m and 30 to 50
m, respe
tively, varyinga

ording to the site 
onditions. Gravel used for its 
onstru
tion is either a 
rushed gravel orriver run gravel with a 
ontrolled granulometry. The lower part of CMM is a rigid in
lusionmade of 
on
rete, without any steel reinfor
ement. Link between the lower and the upperpart 
onsists of 
on
rete mixed with gravel.

Figure 2.7: Mixed Module Columns (CMM) 
omposed of three parts - stone 
olumn, transitionzone and a rigid in
lusion, te
hnology developed by Keller, Fondations Spé
iales (Keller, 2006)CMM reinfor
ement in�uen
es the surrounding soil in following ways:
• Settlement redu
tion
• Takes over horizontal loads and moments without the need of installing a gravel mattress.
• In
rease of bearing 
apa
ity.



14 Literature Review2.2.2.1 CMM installationThe installation of CMM in the soil is des
ribed in four stages, whi
h are graphi
ally des
ribedin Figure 2.8. (Keller, 2006). A spiral of a 
ontinuous �ight auger is supported by a hollowstem. An auger is rotated into the soil in a 
ontinuous operation until the design depth ofthe pile is rea
hed. Con
rete mortar is then pumped through the hollow stem under pressurewhi
h extrudes the auger and soil 
olumn from the boring. Con
rete is therefore pla
edunder high pressure, 
reating a 
on
rete-soil interfa
e. A 
ylindri
al vibrating probe is thenintrodu
ed into the hole, whi
h is ba
k�lled with gravel or 
rushed ro
k densi�ed by thevibratory probe as it is withdrawn from the ground.

Figure 2.8: CMM installation



2.2. Soil reinfor
ement - CMM and RI 152.2.2.2 CMM designFollowing the design instru
tions provided by Keller, Fondations Spé
iales, total load qT ap-plied by a foundation to the reinfor
ed soil is distributed between the soil qs and the CMMs
qCMM as shown in Figure 2.9b). Rigid part of the CMM follows the rigid in
lusion designrules (Combarieu method) and e�e
t of horizontal loads or moments applied to the in
lusion
an be negle
ted (Keller, 2006). Sin
e the Combarieu method is designed for rigid in
lusions,modi�
ations have to be made in order to apply it to CMM soil reinfor
ement. Layer 
om-posed of stone 
olumns and 
lay is homogenized and one set of material 
hara
teristi
s isobtained for the entire layer.

Q

σ'hσ'h
Q'

Frottement négatif Fn

Frottement positif Fp

Point neutre

(a) (b)

Contrainte sur sol qsol

Effort en pointe Qp

Inclusions rigides

Figure 2.9: (a) Intera
tion between the soil and the rigid in
lusion - skin fri
tion; (b) Dis-tribution of the total load qT applied by a foundation between the soil qs and the CMMs
qCMMThe upper part of CMMs and the surrounding soil 
an be then treated as a gravel mattress.Settlement and load distribution within the stone 
olumn is determined using Pribe method(Keller, 2006). Shallow foundation 
hara
teristi
s are then obtained by 
onsidering results ofboth methods in the �nal evaluation. Verti
al load tansfer to a CMM and its distribution is
ontrolled by number of me
hanisms:

• Load distribution between soil and CMM.
• Load transfer through a stone 
olumn.
• Intera
tion between the soil and rigid in
lusion - skin fri
tion 2.9a).The design methods have to verify that :1. Stress applied to the stone 
olumns and the soil does not ex
eed a

eptablelevels.



16 Literature ReviewA

eptable load for unreinfor
ed soil qsa and for the stone 
olumns QSC
a 
an be obtainedfrom the following relations using the pressure-meter data:

qsa =
kp.ple
γq

(2.10)where
kp: bearing 
apa
ity fa
tor obtained a

ording to DTU 13.2 (CSTB, 2007)
ple: an average value of pressure-meter limit pressure over 1.5 times the foundation size
γq: partial 
oe�
ient; γq= 3 for servi
eability limit states ; γq = 2 for ultimate limitstates

QSC
a =

1

γgR
.σh.

1 + sinφ

1− sinφ
.SCMM (2.11)where:

σh: lateral earth pressure
φ: fri
tion angle of gravel inside the stone 
olumn
SCMM : 
ross-se
tion of the stone 
olumn
γgR: se
urity 
oe�
ient; γgR = 2 for servi
eability limit states; γgR = 1.5 for ultimatelimit states2. Stress applied to the rigid in
lusions does not ex
eed a

eptable levels.A

eptable load applied to the rigid in
lusions 
an be 
al
ulated by the following rela-tion:

QRI
a = min(

Rb

γb
+

Rs

γs
, Qc

a) (2.12)where: Rb: point resistan
e
Rs: fri
tion resistan
e 
al
ulated below the neutral point
γb : se
urity 
oe�
ient on the point
γs : se
urity 
oe�
ient on the fri
tionOn
e knowing a

eptable load for di�erent parts of soil reinfor
ement, an ultimate designload Qfound

a for a shallow foundation lying on the reinfor
ed soil 
an be determined:
Qfound

a = n.QCMM
a + (B.L− n.SCMM ).qsa (2.13)wheren: number of CMMs

SCMM : 
ross-se
tion of the stone 
olumnB, L : foundation dimensions
QCMM

a : a

eptable load for the CMM. Its value is equal to minimum value from QSC
aand QRI

a :
QCMM

a = min(QSC
a , QRI

a ) (2.14)where
QSC

a : a

eptable load on upper part of CMM
QRI

a : a

eptable load on lower part of CMM3. Settlement is a

eptable for the stru
ture 
on
erned.



2.2. Soil reinfor
ement - CMM and RI 172.2.3 Experimental and numeri
al study of soil reinfor
ement by CMM and RIpreviously 
arried out within the 3SR-LabBe
ause the presented do
toral thesis is a 
ontinuation of previous works (Zhang, 2011) 
ar-ried out within the 3SR Lab, a lot of attention is given to the presentation of the previousexperimental and numeri
al results.A 2D experimental model was designed in gravity 1g and s
ale 1/10 and was not stri
tlyrespe
ting the similarity 
onditions. A laterally loaded square shallow foundation was sup-ported by very soft 
lay reinfor
ed by four CMMs or four RIs asso
iated to a granular layer(Figure 2.10). Both quasi stati
 and dynami
al horizontal 
y
li
 loadings were applied to thefoundation models in order to investigate the inertial e�e
t on the behaviour of the groundreinfor
ement system. Even though the s
aling laws were not stri
tly respe
ted, the workserved to visualize the me
hanism of the ground reinfor
ement during a dynami
 loading andto 
alibrate a numeri
al model.
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Figure 2.10: Physi
al models; dimensions are in mmExperimental set-upThe experimental set-up derived from that used in a soil-pipe intera
tion resear
h program(Oroz
o, 2009). A large rigid and impervious tank of 2m long, 1m wide and 1m deep, allow-ing a lateral visualization of the me
hanisms (Figure 2.11), was �lled with saturated soft 
layunderlain by a granular rigid stratum. The physi
al model was pla
ed on the side near thewindow to visualize the deformation me
hanisms during the experiment. A se
ond identi
almodel was built on the other side in order to allow the system to work symmetri
ally. Thefoundation model was �xed to a horizontally sliding trolley above the tank. This guidan
esystem where the trolley 
ould slide along two rails enabled 
ontrolled horizontal loading ofthe foundation model. A 
onstant verti
al load was applied by putting weights on the foun-dation model. The system permitted the foundation to freely settle down under the verti
al
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Figure 2.11: Photo of the experimental devi
eloading.Horizontal and verti
al for
es were monitored by two load 
ells �xed to the loading system.Horizontal displa
ement of the foundation model, being the same as the horizontal displa
e-ment of the trolley, was 
ontrolled by a large displa
ement sensor in the quasi-stati
 tests anda LVDT in the dynami
al tests. The verti
al displa
ement was measured by a verti
al LVDT�xed on the foundation model.
The physi
al modelsThe redu
ed physi
al models 
onsisted of a square footing made from aluminium with a widthof 20
m and a thi
kness of 2
m, lying on the soft 
lay reinfor
ed by the CMM or the RI. There
onstituted 
lay was prepared in the 3SR Lab by mixing two types of powder 
lay, Kaolinand Bentonite with water addition. The undrained shear resistan
e was about 
u=4kPa andthe liquid limit and the plasti
 limit were respe
tively wL=163% and wP=132%.The foundation model was embedded into the surrounding 
lay. CMMs were modelled by twostone 
olumns with a re
tangular se
tion (20
m by 9
m) for the upper part and two pie
esof aluminium plates with a re
tangular se
tion (20
m by 0.3
m) for the lower part (rigidin
lusions). The lengths of the upper and the lower part were respe
tively 10
m and 50
m,and the lower part was embedded into the granular layer. The axial distan
e between the twoCMM models was 12
m. Between the upper part and the lower part, the transition zone wasmodelled with two plates in PVC with the same re
tangular se
tion as the stone 
olumns.These transition zones provided a horizontal support to the gravel 
olumns and simulated thetransition zones in the real CMMs. Heads of the rigid in
lusions were embedded into thesePVC plates to simulate a real 
onne
tion between the two parts. Geotextile so
ks servedto avoid penetration of gravel of the stone 
olumns into surrounding soil. In the RI model,almost the same 
on�guration was reprodu
ed ex
ept for repla
ing two stone 
olumns withPVC plates by a granular layer1. Set-up and dimensions of the physi
al models are illustratedin Figure 2.10.
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ement - CMM and RI 19Loading appli
ationOn
e 
ompleting the physi
al models and the 
lay installation, the foundation model wasput in 
onta
t with the reinfor
ed soil. The verti
al for
e was applied by a total weightof about 500N. Forty 
y
les of horizontal 
y
li
 loading were then applied with a 
onstantdispla
ement amplitude of 5mm. The frequen
y was 0.05Hz in the quasi-stati
 tests and 1.2Hzin the dynami
 tests (Zhang et al., 2011).Experimental result analysisDuring the quasi-stati
 tests, the upper gravel parts of the CMM move horizontally with adispla
ement gradually de
reasing with depth. At the same time, these gravel parts wereexpanding laterally, espe
ially in their upper part, indu
ing a signi�
ant settlement of thefoundation. Lateral movements were only observed in the upper parts of the CMM. ThePVC plates and the heads of the aluminium plates were not found to move. Apparently, thetransmission of the horizontal load is strongly redu
ed over the height of the upper gravelpart and the lower rigid part of the CMM seems to undergo only verti
al loads during thehorizontal 
y
li
 loading. A similar behaviour was observed in the model 
ombining rigidin
lusions and a thi
k gravel mattress.During the dynami
 tests, the amplitude of the horizontal movement of the two models washigher. Importantly, a horizontal displa
ement of the heads of the rigid in
lusions (aluminiumplates) 
ould 
learly be observed in both models. Therefore it is noted that a more importantpart of the horizontal load is transmitted to the rigid in
lusions due to the inertial e�e
ts.The settlements of the foundation measured during the experiments are presented in Figure2.12. The strong values of the settlements 
an be related to a plasti�
ation of the systemo

urring rapidly in this soft 
lay with a very weak undrained shear resistan
e of 4 kPa. Thea

umulation of the settlement was more signi�
ant for the �rst 
y
les, while it tends tostabilize later. For both models CMM and RI, the settlements in the quasi-stati
 test werelower than those in the dynami
 test. This di�eren
e is parti
ularly strong for the RI model,but this fa
t may be due to a progressive lo
al pun
hing of the mattress above the head ofthe in
lusion due to a weak 
ompa
tion.Numeri
al modelling of soil reinfor
ed by CMM and RI in the redu
ed s
aleThe numeri
al modelling of the experimental study was 
arried out using a 
omputer programFLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions; (FLAC3D, 2006)). It isa three-dimensional expli
it �nite di�eren
e program for engineering me
hani
s 
omputationdesigned by Itas
a Consulting Group In
. It simulates the behaviour of three dimensionalstru
tures built of soil, ro
k or other materials that undergo plasti
 �ow when their yield lim-its are rea
hed. The dynami
 analysis option permits to resolve the full equations of motion,using the fully nonlinear method embodied in FLAC3D, rather than the 'equivalent-linear'method whi
h is 
ommonly used in earthquake engineering for modelling wave transmissionin layered sites and dynami
 soil-stru
ture intera
tion. The fully nonlinear method followsany pres
ribed nonlinear 
onstitutive relation, and irreversible displa
ements and other per-manent 
hanges are modelled automati
ally.The numeri
al models were designed a

ording to the geometry, proportions and me
hani
al
hara
teristi
s of the physi
al models (Zhang, 2011). Despite this, it is noted that the tran-
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Figure 2.12: Foundation settlement with 
y
li
 loading a) CMM, b) RI



2.2. Soil reinfor
ement - CMM and RI 21sition zone made of PVC plates and the geotextile so
ks, both �guring in the experimentalstudy, were negle
ted in the numeri
al simulations. Mohr-Coulomb 
onstitutive laws wereused for 
lay and gravel material with input parameters summarized in table 2.1. Rigid partsof the CMM and RI were represented by pile 'stru
tural elements', a pre-de�ned possibilityin
luded in FLAC3D.Table 2.1: Input parameters for 
lay and gravel materialsMaterial Young's modulus Poissons 
oe�
ient Fri
tion angle Cohesion
E ν φ cClay 1 MPa 0.45 0 2.1kPaGravel 60 MPa 0.3 38 0.3kPaBeing interested in the behaviour of the rigid in
lusion a
ting within the CMM and RI systems,de�e
tion, bending moment, normal and shear for
e were studied along the piles during thedynami
 loading. Figure 2.13 shows the envelopes of the de�e
tion and the internal for
es,distinguishing 
ases when the foundation model was embedded or not. It was found that thede�e
tion values and the values of internal for
es are higher for piles a
ting within the RIsystem. This would suggest that the stone 
olumns are able to absorb more of the for
esapplied to the foundation model.
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Figure 2.13: De�e
tion, bending moment, normal for
e and shear for
e along the pile
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al modelling of soil reinfor
ed by CMM and RI in the real s
aleThe studied foundation system 
onsisted of a square footing 2m wide and 0.5m thi
k. It wastotally embedded in the soil. Four (2 x 2) CMMs or four rigid in
lusions asso
iated to agranular layer were pla
ed in the soil under the footing. The upper part of the CMM was astone 
olumn with 0.9m diameter and a varying length (0.3m, 1.0m and 1.5m). The lowerpart of the CMM was a rigid in
lusion made of plain 
on
rete with 0.34m diameter, witha length of 5m. Between the upper and the lower part of the CMM was an area 
alled a'transition zone' whi
h had the same diameter as the stone 
olumn and a length of 0.5m. TheRI was modelled in the same way and the CMM, but the stone 
olumns were repla
ed by agravel mattress having the same width as the foundation. There was 
onsidered no 'transition'zone. The length of the upper part of the CMMs and RIs was varied in order to examineits in�uen
e on the behaviour of the rigid in
lusions in the lower part. Two soil layers weretaken into a

ount in the numeri
al modelling. A soft 
lay layer and a more resistant gravellayer to obtain the embedding of the rigid in
lusions. The rigid in
lusions were modelled bythree-dimensional pile elements and ea
h rigid in
lusion was dis
retized in ten pile elements.In the 
ase of CMM, the heads of the rigid in
lusions were linked rigidly to the 'transitionzones' in the three displa
ement dire
tions (no relative displa
ement between the grid and thenode) and free in the three rotational dire
tions. To form the embedding of rigid in
lusionsin gravel layer, the links between the pile element nodes and the gravel layer were set rigidin all the degrees of freedom. The behaviour of stone 
olumns, soft 
lay and gravel layer wasdes
ribed by an elastoplasti
 
onstitutive model based on the non-asso
iated Mohr-Coulomb
riterion. The input parameters are summarized in table 2.2.
Table 2.2: Input parametersMaterial Young's modulus Poissons 
oe�
ient Fri
tion angle Cohesion

E ν φ c

cGravel 
olumns or mattress 60MPa 0, 3 38 0Bottom gravel layer 100MPa 0, 3 45 0Clay mass 6MPa 0, 3 0 20kPaTransition zone 600MPa 0, 3Foundation 10GPa 0, 2Rigid in
lusions 5, 3GPa 0, 2

As horizontal 
y
li
 loading was imposed to the foundation, the pile lateral response to thisloading was registered. Figure 2.14 shows the pile lateral de�e
tion for the 
ase when the pileis within a CMM or a RI system. The pile de�e
tion seems to in
rease with the de
reasingheight of the stone 
olunm or mattress. It 
an be seen that the pile within the RI reinfor
ementsystem is more a�e
ted by the foundation loading.
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CMM03
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CMM15Figure 2.14: De�e
tion along the pile within a CMM or RI te
hnology

2.3 Pile under stati
 lateral loading2.3.1 Pile designPiles making part of a foundation 
an be loaded by lateral for
es 
aused by earthquake, windfor
es or wave for
es. Designing the pile foundations to resist su
h lateral loads, the piledesign 
riteria are based either on ultimate lateral resistan
e, but in most 
ases on allowedlateral de�e
tion. The allowed lateral de�e
tion of piles within a foundation depends onthe stru
ture type and the stru
ture design - bridges or tall stru
tures do not tolerate largede�e
tions of pile foundations, on the 
ontrary temporary stru
tures or retaining walls 
anbe designed with relatively large pile de�e
tions allowed. The load-de�e
tion relationship islinear at loads less than one third to one half of the ultimate lateral resistan
e of the pile.After ex
eeding su
h load level, the load-de�e
tion relationship be
omes nonlinear. Whenpile de�e
tion at the ground surfa
e be
omes approximately 20 % of the pile diameter, themaximum lateral resistan
e is rea
hed (Broms, 1964).
2.3.1.1 Ultimate lateral resistan
eA 
onventional stati
 approa
h is based on determining a horizontal for
e Hu and bendingmoment Mu at the pile head whi
h mobilize the ultimate soil resistan
e pu along the pile.This approa
h assumes the pile to be �oating and su�
iently rigid that the failure of soilwill o

ur before the pile failure. Considering equilibrium of horizontal for
es and momentsand solving the resulting equations, a general solution for a failure load Hu and moment Mu
ombination is obtained (Figure 2.15).
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Figure 2.15: Ultimate lateral resistan
e of unrestrained rigid piles, (Poulos and Davis, 1980)where envelope (A) is valid for a 
ase of a uniform distribution of soil resistan
e with depthalong the pile. Envelope (B) 
an be applied for a 
ase of linear variation of soil resistan
ewith depth, from p0 at the ground surfa
e to pL at the pile tip.A theory developed by (Broms, 1965) is based on the 
onventional stati
 approa
h and dealsin detail with piles in purely 
ohesive soil and piles in purely fri
tional soil. Be
ause the workpresented 
on
erns a group of piles surrounded by 
lay, only ultimate soil resistan
e for pilesin purely 
ohesive soil will be addressed.

Figure 2.16: Distribution of lateral earth pressure (Broms, 1964)
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Figure 2.17: Failure me
hanism for free-head piles in 
ohesive soil (after (Broms, 1964));upper example - short pile, lower example - long pile
For purely 
ohesive soil, the ultimate lateral resistan
e pu in
reases from surfa
e down toa depth of three pile diameters 3d and then stays 
onstant (Poulos and Davis, 1980). Itsvalues are equal to 2
u at the surfa
e(
u being the soil undrained shear strength) and 8 
u to12
u at a depth of three pile diameters (Poulos and Davis, 1980) (Figure 2.16). Broms(1964)simpli�ed this distribution by suggesting a zero soil resistan
e from the ground surfa
e toa depth of 1.5 d and a 
onstant value of 9 
u d below this depth (Figure 2.16(
)). In thefollowing, a 
ase of a free headed and a �xed headed pile in a 
ohesive soil is 
onsidered. Thefailure me
hanisms for a free-head and a �xed-head pile are shown in �gures 2.17 and 2.18,respe
tively. It 
an be seen that the failure me
hanism di�ers for a short and a long pile.Long pile is termed a pile whose lateral 
apa
ity is primarily dependent on yield moment ofthe pile itself. Short pile, on the 
ontrary, has a lateral 
apa
ity dependent wholly on the soilresistan
e.When dealing with a pile group, the total lateral resistan
e of the pile group 
an be 
al
ulatedas a sum of Hu of every individual pile. This 
an be done under a 
ondition, that the pilespa
ing is more than four pile diameters. If it is not the 
ase, the total ultimate lateralresistan
e of the pile group may be less than the ultimate lateral resistan
e 
al
ulated as asum of Hu of all individual piles (Broms, 1964).
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Figure 2.18: Failure me
hanism for �xed-head piles in 
ohesive soil (after (Broms, 1964)); a)short pile, b) intermediate pile, 
) long pileAnalyti
al 
al
ulations lead to a graphi
al solution (Figure 2.19) for the ultimate lateralresistan
e.

Figure 2.19: Ultimate lateral resistan
e in 
ohesive soils, (Broms, 1964)



2.3. Pile under stati
 lateral loading 272.3.1.2 Load-De�e
tion designTwo most 
omonly used theoreti
al approa
hes used for predi
ting lateral pile de�e
tion underlateral loading are:
• Subgrade rea
tion approa
h
• Elasti
 approa
hThe subgrade-rea
tion approa
h dis
retizes a pile surrounded by a soil mass into a number ofpoints and relates, at ea
h point, a pile rea
tion to a de�e
tion. The elasti
 approa
h, on the
ontrary, assumes the soil to be an ideal elasti
 
ontinuum. The following text is devoted tothe subgrade rea
tion approa
h.Load-de�e
tion predi
tion for laterally loaded piles is most 
ommonly des
ribed by the subgrade-rea
tion approa
h, whi
h was introdu
ed by Winkler in 1867. This approa
h des
ribes soil asa series of springs whi
h are atta
hed to the pile body. Subgrade-rea
tion theory relates soilrea
tion p [kPa℄ a
ting on the laterally loaded pile and pile de�e
tion y [m℄ by the followingequation:

p = k.y (2.15)where k [kN
m3

℄ is a 
oe�
ient of subgrade rea
tion. Multiplying the 
oe�
ient of subgrade-rea
tion k by a pile diameter d, equation (2.15) 
an be restated as
P = Es.y (2.16)where P [kN/m℄ is soil rea
tion per unit length and Es is the sugrade-rea
tion modulus [kPa℄:
Es = k.d (2.17)Assuming the pile to be a �exible beam, a governing equation for the soil-pile intera
tion 
anbe written in a form:

EpIp.
d4y(z)

dz4
+ Es.y(z) = 0 (2.18)where Ep Ip is the pile bending sti�ness and z is the depth below the surfa
e. Solutions to theabove di�erential equation may be obtained either analyti
ally or numeri
ally. Some methodsused limit to 
onsidering k being 
onstant with depth, other methods take into a

ount a kvariation with depth.Modulus of subgrade rea
tionDetermination of Es is generally 
arried out by one of the following methods:
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• Empiri
al 
orrelations with other soil properties
• Plate-load test (assuming that Es is 
onstant with depth) (Broms, 1964)
• Triaxial test
• Full s
ale lateral loading test on pile
• in-situ pressure-meter testThe value of Es is a fun
tion of the pile de�e
tion. It is 
onstant for small de�e
tions butfalls rapidly as the de�e
tion in
reases.Empiri
al 
orrelations with other soil properties, giving a 
oe�
ient of horizontal subgrade re-a
tion kh ,were proposed for 
ohesive soil by the numerous authors. Some of these 
orrelationsare listed in the following:
• Broms (1964):

kh = 1.67E50/d (2.19)
• Skempton (1951): Taking 
orrelation proposed by Broms (1964) and using a value of

E50 equal to 50 to 200 times the undrained shear strength 
u, he obtained
kh = (80 − 320)cu/d (2.20)(Skempton, 1951)

• Davisson (1970):
kh = 67cu/d (2.21)(Davisson, 1970)The use of plate loading-test has been dis
ussed by Terzaghi in (Terzaghi, 1955). The maindisadvantage of this method is that results obtained for a plate have to be extrapolated to apile problem. For 
lays, (Terzaghi, 1955) proposes to 
onsider the same value for horizontaland verti
al subgrade rea
tion modulus, whi
h is therefore independent on depth. Then thevalue of 
oe�
ient of horizontal subgrade rea
tion kh for piles embedded in sti� 
lay 
an bedetermined by the following relation:

kh =
1

1.5d
ks1 (2.22)where d is the pile diameter. ks1 denotes basi
 value of 
oe�
ient of verti
al subgrade rea
tionfor a square plate. (Terzaghi, 1955) proposes empiri
al values of ks1 for sti�, very sti� andhard 
lays. For normally 
onsolidated 
lay, the values of ks1 are so small, that the bendingmoment in loaded beam should be 
omputed on the assumption that the load supportingstru
ture is perfe
tly rigid.



2.3. Pile under stati
 lateral loading 29The appli
ation of pressuremeter test to determine kh is a method whi
h is often in
ludedin the national 
odes and re
ommendations. kh is related to the pressuremeter modulus anda fa
tor dependent on the soil type. Menard (Menard et al., 1969) proposed to 
al
ulatethe sugrade-rea
tion modulus Es as a fun
tion of the pressuremeter modulus Em, rheologi

oe�
ient α, the pile diameter d and a referen
e diameter d0 whi
h is equal to 0.6m.for d > d0
Es

Em

=
3

2
3 (

d
d0
)(2.65 d

d0
)α + α

2

(2.23)for d < d0
Es

Em

=
18

4(2.65)α + 3α
(2.24)Rheologi
 
oe�
ient α depends on the soil type and is given in the following table (after(Baguelin et al., 1978)): Soil Type αPeat 1Clay 2/3Silt 1/3Sand 1/3Nonlinear analysis - P-y 
urvesRelationship between pressure and de�e
tion at any point along pile is nonlinear. This non-linearity is a

ounted for in several approa
hes of whi
h the most widely used was introdu
edby Reese and his 
o-workers (Reese and Wel
h, 1975). This approa
h is often referred as'p-y' approa
h and requires an input of 'p-y' 
urves for various points along the pile. Designpro
edures for 
onstru
ting the p-y relationships 
an be based on the results of �eld mea-surements su
h as pressure-meter test of type Menard. Menard (Menard et al., 1969) relatesthe pressure-meter probe dilatation and the intera
tion of pile-soil system. The p-y 
urveproposed in Fas
i
ule 62 is shown in �gure 2.20.

Figure 2.20: Pile-soil intera
tion



30 Literature ReviewThe pressure-de�e
tion 
urve is 
hara
terized by Kf and Pf. It is 
onsidered within theFas
i
ule 62 that Kf is equal to 2xEs (equations (2.23) and (2.24)) and therefore:for d > d0

Kf =
12Em

4
3(

d
d0 )(2.65

d0
d
)α + α

(2.25)for d < d0

Kf =
12Em

4
3(2.65)

α + α
(2.26)Value of Pf indi
ates a plasti
 �ow.Cohesive soils show an in
rease of ultimate lateral soil resistan
e with in
reasing pile de�e
tion(Rosquoët, 2004). To take this into a

ount as well as to better �t the experimentally obtained
urves, Fas
i
ule 62 proposes, for 
ohesive soils, a p-y 
urve having the following form:

Figure 2.21: Pile-soil intera
tionwhere Pl = 0.8PfThe analysis of the p-y 
urves is addressed in numerous experimental studies. In general, itis shown that the initial sti�ness of the p-y 
urves and the ultimate lateral rea
tion in
reaseswith the depth. This is due to the fa
t, that the me
hani
al properties of the soil 
hange within
reasing depth. This phenomenon 
an be seen from experimental results plotted in Figure2.22 whi
h were presented by M. Khemakhem (Khemakhem, 2012). Figure 2.22 shows p-y
urves obtained while imposing lateral load to a pile surrounded by an over
onsolidated 
lay.The p-y 
urves are plotted for di�erent depths from the surfa
e and it 
an be seen that indeed,the initial sti�ness in
reases with in
reasing depth (Khemakhem, 2012). An ex
eption are thep-y 
urves 
lose to the surfa
e of the 
lay mass, whi
h are superposed. One of the reasons forthis trend is that the soil me
hani
al properties are quasi-
onstant 
lose to the surfa
e.
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Figure 2.22: p-y 
urves plotted for di�erent depths along the pile - initial sti�ness in
reasewith in
reasing depth (Khemakhem, 2012)
Load-de�e
tion in view of Euro
ode 8Annex C of Euro
ode 8 (EN 1998-5:2004) (Euro
ode8, 2005) de�nes the pile-head stati
sti�ness as the slope of the for
e (moment)-de�e
tion (rotation) 
urve obtained for the pilehead. Following 
orrelation with soil and pile properties is proposed for horizontal sti�ness
KHH and �exural sti�ness KMM :Soil model KHH

dEs
KMM

d3Es

E = Es.z/d 0.6(Ep
Es

)0.35 0.14(Ep
Es

)0.8

E = Es.
√

z/d 0.79(Ep
Es

)0.28 0.15(Ep
Es

)0.77

E = Es 1.08(Ep
Es

)0.21 0.16(Ep
Es

)0.75where E is the Young's modulus of the soil model; Ep is the Young's modulus of the pilematerial; Es is the Young's modulus of the soil at a depth equal to one pile diameter d and zis the pile depth.



32 Literature ReviewMoments in pilePoulos (Poulos and Davis, 1980) presented a moment distribution along a pile in a purelyelasti
 soil, whi
h is shown in Figure 2.23. Figures 2.23a and 2.23b refer to a free-head pilesubje
ted to horizontal load only and to moment load only, respe
tively. For a pile subje
tedto horizontal load only, the maximum moment typi
ally o

urs at a depth of between 0.1Land 0.4L below the surfa
e. For moment loading only, the maximum moment always o

ursat the surfa
e and equals to the applied moment. For a �xed head pile (Figure 2.23
), themaximum moment o

urs at the pile head where the restraint is provided (Poulos and Davis,1980).

Figure 2.23: Moments in pile, 
itePoulos80



2.4. Pile under lateral 
y
li
 loading 332.4 Pile under lateral 
y
li
 loadingBased on observations presented in previous studies of lateral 
y
li
 pile performan
e in 
lay,following phenomena 
an be listed:
• Displa
ement a

umulation - Brown(1987) (Brown et al., 1987) has shown, 
omparing
y
li
 and stati
 lateral pile performan
e, that a de�e
tion along the pile is more impor-tant after 100 loading 
y
les than after 1 loading 
y
le. He des
ribed this phenomenonby a de�e
tion ratio, relating pile head de�e
tion at 100 
y
les to pile head de�e
tionat 1 
y
le. This phenomenon was shown not only for a single pile but also for a 
ase ofa pile group.The phenomenon of the displa
ement a

umulation with the 
y
li
 loading was ad-dressed in detail within the study of M. Khemakhem (Khemakhem, 2012). The exper-imental study was 
arried out in the 
entrifuge, analysing the behaviour of pile in 
layunder stati
 and 
y
li
 lateral loading. Results 
on
erning displa
ement a

umulationunder 
y
li
 loading of the pile in saturated and slightly over
onsolidated 
lay are shownin the following.In the mentioned experimental study, the lateral loading applied to the pile head was
ontrolled in for
e. Figure 2.24 shows the loading path, whi
h is linear until a horizontalfor
e Hm is rea
hed and then 
hanges to have a form of a sinusoid with a 
onstant 
y
li
load amplitude Hc.

Figure 2.24: The path of a for
e 
ontrolled loading applied to a pile during an experimentalstudy 
arried out by M. Khemakhem (Khemakhem, 2012)It was observed that the level of lateral pile soli
itation has an in�uen
e on the pileresponse in terms of de�e
tion a

umulation. Figure 2.25 shows three (�gure a) b)and 
)) di�erent trends observed a

ording to the level of horizontal load Hc and Hmapplied. The graphi
 a) shows a 
ase where the level of displa
ement a

umulationde
reases with in
reasing number of 
y
les applied, graphi
 b) refers to a 
ase where thelevel of displa
ement a

umulation is 
onstant throughout the 
y
li
 loading and thegraphi
 
) refers to a 
ase where the level of displa
ement a

umulation in
reases with
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y
li
 loading.

(a) (b)

(
)Figure 2.25: Pile de�e
tion a

umulation with 
y
li
 loading (Khemakhem, 2012) (a)Hm =150kN, H
 = 100kN (b)Hm = 250kN, H
 = 100kN (
)Hm = 150kN, H
 = 200kN
The work of M. Khemekhem (Khemakhem, 2012) showed that there is a dependen
ebetween the pile de�e
tion a

umulation and the type, the level and the amplitude ofhorizontal loading applied.

• Lateral sti�ness degradation - An important aspe
t to 
onsider in the 
y
li
 soil-pileintera
tion for soft 
lays is the lateral sti�ness degradation. It is 
aused by remouldingand softening of the surrounding soil, as well as by a gap opening near the soil surfa
e.This phenomenon is taken into a

ount adjusting the 
y
li
 P-y 
urve envelope as isshown in Figure 2.26. The 
y
li
 P-y envelope is based on empiri
al observations from�eld tests performed by Matlo
k (Matlo
k, 1970).
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Figure 2.26: Predi
ted P-y 
urves (API, 2000)where y50 = 2.5ε50D, ε50 is the strain at whi
h 50% of soil strength is mobilizedIt was shown, that the above presented lateral sti�ness degradation rea
hes a stabilisa-tion after a 
ertain number of 
y
les (Matlo
k, 1970).The phenomenon of lateral soil rea
tion P degradation with 
y
li
 loading has beenproved by numerous experimental studies. Figure 2.27 shows an example of su
h exper-imental results showing lateral soil rea
tion measured at di�erent depths on a pile as afun
tion of the pile de�e
tion measured at the same points (Khemakhem, 2012).
• Post 
y
li
 behaviour addressed in (Zhang et al., 011b) and (Jeanjean, 2009) showsthat 
y
les with small amplitudes 
ause an in
rease of global sti�ness and therefore ofpost-
y
li
 ultimate lateral resistan
e. This phenomenon is des
ribed in Figure 2.28(Jeanjean, 2009). The tests, marked 
hronologi
ally from 1 to 4, were performed in a
entrifuge. After ea
h test, a three months long 
onsolidation stage was 
arried out.It 
an be seen that the stati
 ultimate lateral resistan
e, and therefore the sti�ness,in
reased after applying the two stages of 
y
li
 loading. Smaller the amplitude of
y
les applied, bigger the in
rease in shear resistan
e and therefore sti�ness of the soil(Jeanjean, 2009).
• The ultimate lateral resistan
e rea
hed for 
y
li
 loading is smaller than the ultimatelateral resistan
e rea
hed for monotoni
 loading. Matlo
k (Matlo
k, 1970) proposes to
onsider 
y
li
 lateral resistan
e being equal to 0.72 times stati
 lateral resistan
e. Thisphenomenon was 
on�rmed by (Brown et al., 1987) and 
an be seen in Figure 2.29.The experimental results shown were obtained by 
y
li
 lateral loading of a large-s
alepile group embedded in sti� 
lay. The p-y 
urves are plotted for 1.2m depth, but arerepresentative of the trends observed at other depths of the pile. As 
an be seen, a soilrea
tion mobilised after 100 
y
les is smaller than a soil rea
tion mobilized after 1 
y
le.There is a visible loss of soil resistan
e during the 
y
li
 loading. This trend is valid notonly for a single pile but also for a pile within a pile group.
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Figure 2.27: Lateral soil rea
tion degradation. The lateral soil rea
tion is plotted for di�erentdepths on a pile as a fun
tion of the pile de�e
tion measured at the same points (Khemakhem,2012)

Figure 2.28: For
e-displa
ement 
urves for lateral stati
 and 
y
li
 loading of a pile (Jeanjean,2009)
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Figure 2.29: Experimental P-Y 
urves for monotoni
 and 
y
li
 loading (Brown et al., 1987)
• Lo
al maximum of bending moment in
reases in value and in depth with the 
y
li
loading (Reese and Wel
h, 1975). This phenomenon is visible in Figure 2.30 whi
hshows a bending moment distribution along the pile for �rst, �fth and twentieth 
y
le.

Figure 2.30: Bending moment evolution with 
y
li
 lading (Reese and Wel
h, 1975)Su
h e�e
t of 
y
li
 loading on the bending moment position was also observed byKhemakhem (Khemakhem, 2012), who also analysed the phenomenon in relation to thelevel of horizontal for
e applied to the pile Hm (see Figure 2.24) and the amplitude of the
y
li
 loading Hc (see Figure 2.24). Experiments on lateral pile response to a horizontal
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onsolidated 
lay provided results shown in Figure 2.31. Itwas not only 
on�rmed that under su
h 
onditions the lo
al maximum of the bendingmoment in
reases in value and moves deeper along the pile with the 
y
li
 loading, butit was also observed that the 
y
li
 loading amplitude Hc has an important e�e
t onthe moment distribution. Indeed, Figure 2.31(a) shows that 70 loading 
y
les 
ause thelo
al maximum of the bending moment to in
rease by 40% in its value when the 
y
li
loading amplitude Hc is equal to 200kN, whereas when the loading amplitude Hc isequal to 50kN, 1000 loading 
y
les 
ause the lo
al maximum of the bending moment toin
rease only by 17% (Khemakhem, 2012). Based on results shown in Figures 2.31(a)and 2.31(b), it was noted that the position of the lo
al bending moment maximumrea
hes a faster stabilisation for smaller 
y
li
 loading amplitudes Hc. The positionof the bending moment maximum is deeper from the surfa
e with in
reasing loadingamplitudes Hc. This is assumed to be due to degradation on me
hani
al properties ofthe soil whi
h 
ause the load to transfer to lower, more resistant layers (Khemakhem,2012).

Figure 2.31: Bending moment along the pile developed under di�erent kinds of lateral 
y
li
loading in a slightly over
onsolidated 
lay (Khemakhem, 2012)
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• A gap opening behind a pile after a pile lateral de�e
tion was observed during numerousstudies of pile behaviour in 
lay (Brown et al., 1987), (Zhang et al., 011b)
• Comparing performan
e of a single pile with a pile a
ting within a pile group, followingfeatures 
an be listed based on (Brown et al., 1987):� The maximum soil resistan
e for piles in a group is redu
ed as 
ompared to thatof a single pile. This observation was shown to be valid for both stati
 and 
y
li
loading.� Redu
tion of soil resistan
e under 
y
li
 loading is similar for a single pile and apile within a pile group (�gure 2.28).� Bending moments in a pile within a pile group are grater than bending momentsin a single pile.� Considering that a load a
ting on a single pile is equal to an average load per pilea
ting within a pile group. De�e
tion and a moment of a pile within a group ofpiles is grater than that of a single pile. Maximum moments are shifted deeper fora pile in a pile group.� Variation of load to the piles in a pile group is generally 20 % or less.� Variation of maximum bending moment in piles in a pile group is generally 20 %or less.2.5 Con
lusionThe presented literature review addresses topi
s related to the problemati
 of the responseof reinfor
ed soil subje
ted to an inertial loading of a shallow foundation. In the presentedexperimental study, a shallow foundation model simulates seismi
, wind or water loading ofa superstru
ture applied to a reinfor
ed soil. The topi
 of shallow footings under 
ombinedloading was therefore addressed in the �rst part of this 
hapter.The physi
al models used in the experimental study are 
omposed of a foundation modelwhi
h is lying on 
lay reinfor
ed by the rigid in
lusions asso
iated either to Load TransferColumns (LTCs) or to a Load Transfer Platform (LTP). These models 
an, up to some extend,represent two types of soil improvement te
hnologies - the Mixed Module Columns (CMM)and the Rigid In
lusions (RI). Se
tion 2.2 of this 
hapter was therefore dedi
ated to these twote
hnologies, des
ribing them and summarizing results of the previous studies 
arried out inthis �eld.Both of the physi
al models of the soil reinfor
ement have their lower rigid parts made ofa rigid in
lusion surrounded by 
lay. It is one of the aims of the presented work to study theresponse of the rigid in
lusion to the applied loading in order to analyse the nature of inertialfor
es transmitted through the upper �exible part to the rigid in
lusion. Hen
e, lateral pilebehaviour in 
lay under monotoni
 and 
y
li
 loading was addressed in se
tions 2.3 and 2.4of this 
hapter.It is noted that even though many resear
h proje
ts 
on
erning the soil reinfor
ement are
arried out, there seems to be a la
k of studies addressing this problemati
 in seismi
 
on-ditions. Moreover, a very little number of these studies on soil reinfor
ement under seismi
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arried out in 3D. It is assumed that this is due to the 
omplexity of the physi
almodels in 3D and due to a di�
ult monitoring of the system response to the dynami
 load-ing. The 3D numeri
al models are more 
omplex with a higher time demands that the 2Dnumeri
al models.The aim of the presented thesis was to 
ontinue in the resear
h started by Zhang (Zhang,2011) in order to extend the knowledge on the problemati
 of the response of reinfor
ed soilto the inertial loading in 3D. The performed study provides qualitative results on the subje
t.These 
ould be used not only as a referen
e for the 
urrent design pra
ti
e, but also as a database for the numeri
al modelling or as preliminary results for experiments in the real s
ale ora 
entrifuge.



CHAPTER 3
Experimental Methodology

3.1 Introdu
tionThe aim of the presented work was to study the response of the reinfor
ed soil to inertialloading applied by a foundation model. The soil reinfor
ement was 
omposed of rigid in
lu-sions asso
iated to an upper �exible part 
onsisting either of Load Transfer Columns (LTCs)surrounded by 
lay (Figure 3.1(a)) or a Load Transfer Platform (LTP) (Figure 3.1(b)). Theseredu
ed 1/10 physi
al models were studied in 
lay. The rigid in
lusions were modelled byaluminium piles, one of whi
h was equipped with sensors. In order to simulate the inertialloading of the reinfor
ed soil, 
ombined verti
al stati
 and horizontal dynami
 loading wasapplied with a shallow foundation model, whi
h prevents rotation. A parametri
 study was
arried out varying the LTC or LTP height in order to de�ne its e�e
t on lateral performan
eof the rigid in
lusion and the energy dissipation. Lateral response of the instrumented in
lu-sion was monitored using 20 levels of strain gauges. The strain measured was used to 
al
ulatethe bending moment along the pile, giving a pile de�e
tion y by double integration and soilrea
tion P by double derivation. P-y 
urves were thus obtained. Furthermore, the 
al
ulationof the de�e
tion y at the pile head yield the energy dissipation within di�erent parts of thephysi
al models.3.2 Physi
al Modelling in redu
ed s
ale3.2.1 Similarity ConditionsAfter (Ros
oe, 1968), there are two main uses of model testing in soil me
hani
s:1. A redu
ed s
ale model examines on a non-quantitative basis assumptions made in the-
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(a)

(b)Figure 3.1: Physi
al models of rigid in
lusions asso
iated to Load Transfer Columns (LTCs)surrounded by 
lay (a) or a Load Transfer Platform (LTP) (b)
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ed s
ale 43oreti
al analysis of prototype problems. The obje
tive is to develop analysis and modelside by side with a view of analysis improvement. This approa
h does not ne
essarilyrespe
t the similarity 
onditions, therefore 
are should be taken when analyzing thedata.2. A redu
ed s
ale model attempts to satisfy the similarity 
onditions so that prototypebehaviour 
an be predi
ted dire
tly from model data. These similarity 
onditions arederived from basi
 equilibrium equation of 
ontinuous media:
δσij
δxj

+ ρ(gi +
d2ξi
dt2

) = 0 (3.1)where σ is the stress tensor, x are the 
oordinates, ξ is the displa
ement ve
tor, ρis the volumetri
 mass, g is the a

eleration �eld of the gravity and t is the time.Introdu
ing s
ale fa
tors whi
h relate model s
ale m to prototype s
ale p, we obtainfollowing equations:
σ∗

ij =
σijm
σijp

(3.2)
l∗ =

xjm
xjp

(3.3)
ξ∗ =

ξim
ξip

(3.4)
ρ∗ =

ρim
ρip

(3.5)
g∗ =

gim
gip

(3.6)
t∗ =

tm
tp

(3.7)where index m stands for model s
ale and index p stands for prototype s
ale. l∗ repre-sents the s
ale redu
tion fa
tor applied to the geometry of the models.In order to obtain identi
al equilibrium equations for the prototype and the model,equations 3.8 and 3.9 are introdu
ed representing the similarity 
onditions for physi
almodelling.
σ∗

ij = ρ∗g∗l∗ (3.8)
ξ∗ = g∗t∗2 (3.9)Sin
e it is desired to have the same s
ale redu
tion fa
tor l∗ applied to the geometry ofthe model as well as to the displa
ement obtained, next similarity 
ondition is presentedin 3.10
ξ∗ = l∗ (3.10)and therefore the strain tensor ε is equal for the physi
al model and the real s
aleproblem:
ε∗ = 1 (3.11)Be
ause me
hani
al behaviour of soils is 
losely related to the level of applied stress, itis essential, for preserving the similarity, to subje
t the model to the same level of stressas is applied to the prototype. This 
ondition is mathemati
ally formulated in followingequation
σ∗ = 1 (3.12)
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al properties for soil in the prototype and the model,a �nal similarity 
ondition is introdu
ed in 3.13
ρ∗ = 1 (3.13)(Garnier, 1995).The redu
ed physi
al models in the presented experimental study belong to the �rst 
asedes
ribed, providing only qualitative results. The models presented in Figure 3.1 are in s
ale1/10 and work under gravity of 1g. The s
aling law des
ribed in equation 3.12 is not ful�lled.As a 
onsequen
e, a gradient with depth in the soil properties 
annot be simulated in su
h amodel and the laboratory soil is 
onsidered to have 
onstant properties. Also, the frequen
yapplied in the dynami
 tests should be √10 times the prototype frequen
y. Hen
e, assuminga prototype input with a frequen
y around 1Hz, the model should be tested at 3.16 Hz.Even though the s
aling laws are not stri
tly respe
ted, this work provides a qualitative studyof the two types of soil reinfor
ement and of the me
hanisms mobilized under the dynami
loading.3.3 Experimental Devi
e3.3.1 The 'Visu
uve'The experiments were 
arried out in an experimental devi
e named 'VisuCuve' (Figure 3.2,standing for a visualization tank. This devi
e was developed in Laboratory 3S-R and previ-ously used for studying soil-pipeline intera
tion (Foray et al., 2004), (Oroz
o, 2009), (Zhang,2011). VisuCuve setup was adjusted to meet the required loading 
onditions, i.e. 
ombinedverti
al and horizontal loading of shallow foundation with resulting settlement and horizontalmovement of this foundation while preventing it from rotation in any possible sense. Furthermodi�
ations were done in order to make the system su�
iently resistant to vibrations 
ausedby dynami
 loading. Redu
ed models surrounded by 
lay were installed within the tank inorder to study their behaviour under lateral loading. Experimental setup is 
omposed of:

•A rigid tank whi
h holds the reinfor
ed soil. This tank, named 'VisuCuve', is 2m long,1m wide and 1m high. The presented study used the 'VisuCuve' as a rigid tank, dividingit in half by a reinfor
ed wooden board. This redu
ed the experimental area to 1m3. Thevisualization possibility was not used sin
e the physi
al models were installed in the 
enter ofthe 1m3 area and the obje
tive was to study 3D models (Figure 3.3).
•A trolley, a metal framework sliding horizontally on top of the tank. The frameworkis made of square pro�les 20x20mm, whi
h are welded together. To allow horizontal move-ment of the trolley, two rails were �xed on top of the tank, whi
h enable the trolley to slidealong the rails (Figure 3.4). This sliding system was developed and used for previous studies(Oroz
o, 2009), (Zhang, 2011).
•A foundation model, made of square aluminium plate (240mm side length; 20mm thi
k-ness). Foundation is rigidly �xed to a metal rod of 56mm in diameter and 30
m in length.This metal rod is 
ompatible with an anti-rotational ball bearing whi
h, being �xed to thetrolley, makes the link between the foundation and the horizontal loading system (Figure 3.5).
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Figure 3.2: Experimental setup 'VisuCuve'

Figure 3.3: Experimental setup 'VisuCuve'
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Figure 3.4: Sliding system of a trolleyThe ball-bearing is supported by a system of aluminium plates, whi
h are �xed to the trolleyframework (Figure 3.6). The system was designed to sustain loads expe
ted during the exper-imental pro
edures. Verti
al load is applied to the foundation by a verti
al a
tuator, whi
his linked through a for
e sensor to the metal rod holding the foundation and sliding freelyin the anti-rotational ball bearing. This system of �xation was developed for the purpose ofthe presented work in order to allow verti
al displa
ement but avoiding any rotation of thefoundation model. The whole system was designed to be easily disassembled and ex
hangedfor the previous loading system.
•Verti
al loading devi
e: Unlike in the 
ase of the previous work 
arried out in the Vi-suCuve (Zhang, 2011), it was desired to 
ontrol the verti
al loading of the foundation. Forthis reason, a verti
al a
tuator was installed in a verti
al position on the metal trolley. Thisset-up was already used in previous studies ((Oroz
o, 2009)) and so the �xation system wasreassembled in the same way. The verti
al a
tuator used was a type Exlar IX40. It is a linearmotion ele
trome
hani
al a
tuator with a roller s
rew te
hnology. It is 
ombined with a highperforman
e brush-less motor and a variator. The a
tuator 
an be 
ontrolled in position andvelo
ity. The minimum velo
ity is 0.017 mm/s and the maximum is 12.7 mm/s. A 
onstantfor
e up to 17.6kN 
an be applied, while the peak for
e 
an rise up to 33.6kN.
•Horizontal loading devi
e: It was desired to impose horizontal dynami
 loading to thefoundation model. Horizontal 
y
les of amplitude up to 5mm had to be 
ontrolled in dis-pla
ement and have a frequen
y of 2-3Hz. For these purposes, a horizontal a
tuator ExlarFT35 was 
hosen (Figure 3.8). The loading devi
e was rigidly 
onne
ted to the trolley andtherefore the load was applied through the trolley skeleton to the foundation model. Thea
tuator used is a linear ele
tri
 a
tuator using a roller s
rew mounted inside a teles
opingtube me
hanism. It is 
ombined with a high performan
e brush-less motor and a numeri
alvariator. The a
tuator 
an be 
ontrolled in position and velo
ity. The maximum velo
ity that
an be applied is 750 mm/s and the a
tuator needs 100ms for a

elerating/dea

elerating. A
onstant for
e up to 17.8 kN 
an be applied. This a
tuator served well for the purposes ofapplying dynami
 loads.
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Figure 3.5: 1) Foundation; 2) System of aluminium plates supporting the ball bearing; 3)Sliding system; 4) For
e sensor; 5) Verti
al a
tuator

Figure 3.6: Foundation model with verti
al sliding system
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Figure 3.7: Verti
al a
tuator - Exlar IX40

Figure 3.8: Horizontal a
tuator - Exlar FT35 installed on the 'VisuCuve'
•For
e and displa
ement sensors:

• Horizontal for
e - The for
e applied by the horizontal a
tuator on the trolley was mea-sured by a for
e sensor linking the a
tuator with the trolley. The sensor was of typeSTS 2.5 T, being of an S shape and having maximum 
apa
ity of 2.5 tons.
• Verti
al for
e - The for
e applied by the verti
al a
tuator on the foundation was mea-sured by a for
e sensor linking the a
tuator with the metal rod �xed to the foundation.The sensor was of type AEP TS 20 kN, being of an S shape and having maximum
apa
ity of 2 tons.
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• Horizontal Displa
ement - Horizontal LVDT served to measure the foundation horizontaldispla
ement. It was �xed in the horizontal axes of the 'VisuCuve' and was measuringthe horizontal displa
ement of the sliding trolley. Sin
e the trolley and the foundationmodel were rigidly linked in horizontal sense, the obtained measurements stand for thefoundation horizontal displa
ement. The LVDT sensor used had a working range of+/-5mm or +/-100mm, depending on the experiments performed.
• Verti
al Displa
ement - Verti
al LVDT served to measure the foundation verti
al dis-pla
ement. It was �xed to the trolley and was dire
tly measuring the foundation set-tlement. The LVDT sensor user had a working range of +/-100mm, depending on theexperiments performed.3.3.2 Modi�
ations of the experimental devi
eAs mentioned before, the experimental devi
e 'VisuCuve' was developed and previously usedto study soil-pipeline intera
tion (Foray et al., 2004), (Oroz
o, 2009) and then it served forthe purposes of studying CMM and RI soil reinfor
ement in 2D (Zhang, 2011). For thepresented experimental program, the 'VisuCuve' was modi�ed in order to meet the requiredloading 
onditions and to adapt it to appli
ation of dynami
 loading. List of the modi�
ations
arried out is presented:1. Repla
ement of the pipe by a footing model, whi
h was made of an aluminium plate(240mmx240mm)2. Verti
al loading system allowing 
ontrolled foundation loading and displa
ement. Thissystem, as introdu
ed in se
tion 3.3.1, was 
omposed of a metal rod, �rmly �xed to thefoundation model, whi
h traversed an anti-rotational ball bearing to be linked to theverti
al a
tuator (Figures 3.5 and 3.6). The ball bearing was �xed to the trolley frameby a system of aluminium plates. All design plans are listed in Annex A.3. Dividing the 'VisuCuve' in two parts by a wooden board �xed onto a rigid metalli
frame, whi
h was 
onne
ted to the 'Visu
uve'. The joints had to be su�
iently rigid toavoid any vibrations.4. Installation of the physi
al model inside the 'Visu
uve' (the model is des
ribed in thefollowing se
tion). Design plans for di�erent parts of the physi
al model are listed inAnnex A.5. Be
ause dynami
 loading was being applied, measures were done in order to avoid un-ne
essary vibrations of the horizontal a
tuator, whi
h would be subsequently transferredto the 'Visu
uve'. The horizontal a
tuator, whi
h was applying a dynami
 loading witha frequen
y of 2.7 Hz, was �xed to the 'VisuCuve' frame with angle irons (Annex A).6. The horizontal a
tuator was a sour
e of strong ele
tromagneti
 perturbations, whi
h hadan in�uen
e on the monitoring system. In order to limit the e�e
t of these perturbationson di�erent sensors, the a
tuator had to be ele
tri
ally isolated from the 'VisuCuve'frame. It was then observed, that isolating also the instrumented pile from the 'Visu
uve'
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uve'and the a
tuator and between the physi
al model and the 'Visu
uve', were isolated byintrodu
ing isolation dis
s and isolation s
rew 
oats (design plans and photos are listedin Annex A).7. In order to have a better a

ess to the physi
al models and to enable 
lay installation,one side of the 'VisuCuve' was taken apart and was re
onstru
ted from wooden boards.The wooden boards were easily disassembled and when 
ombined with a plasti
 foil,provided a su�
ient rigidity and waterproofness.3.3.3 Physi
al modelsTwo types of physi
al models in 
lay at s
ale 1/10 were used - four piles asso
iated to theLoad Transfer Columns (LTCs) or four piles asso
iated to a Load Transfer Platform (LTP).The models 
onsisted of three parts, where the lower rigid part and the transition zone are
ommon for the two models:1. Lower rigid part is made from an aluminium tube with inner diameter 8mm and externaldiameter 16mm. The tube is 58
m long and is embedded into the 'VisuCuve' bottomby 8
m. Therefore the rigid part taking role in the physi
al model is 50
m long. Thetube 
ross-se
tion parameters were set to the stated values in order to:(a) obtain equivalent pile-�exibility fa
tor Kr (Poulos and Davis, 1980) for the redu
edmodel and the prototype(b) to permit installation of strain gages with 
ables passing inside the pile.The pile �exibility fa
tor is formulated as:
Kr =

EpIp
EsL4

(3.14)where Ep is Young modulus of the pile, Ip is moment of inertia of the pile se
tion, Esis the Young modulus of the soil and L is the pile length.Pile length was 
hosen in order to respe
t the s
ale 1/10 between the prototypes andthe redu
ed models. One of the four tubes serving as pile models was equipped with20 levels of strain gages. In order to avoid me
hani
al damage of the strain gages, alu-minium tube was grooved (Figure 3.9), whi
h permitted embedding of every gauge aswell as its ele
tri
al wires. A little hole was drilled after every �ve levels of strain gaugesin order to permit passage of the wires to inside of the tube. Colle
ting all ele
tri
alwires inside the tube, wires were led through the tube bottom towards the ampli�er.Details on the pile instrumentation are presented in se
tion 3.3.5
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(a) (b)Figure 3.9: Pile before instrumentation with 20 levels of strain gagesPiles were �xed to the 'Visu
uve' bottom as shown in Figure 3.10. They were embeddedin an aluminium plate whi
h was �xed to two U shaped metal pro�les. Ea
h pile was�xed from both sides to the aluminium plate by two me
hani
al support 
omponents oftype SFWR16 (details in Annex A).

Figure 3.10: The pile installation2. The transition zone is represented in the physi
al model by an aluminium funnel whi
h
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an be seen at the top of the piles in Figure 3.10. Funnel dimensions and design plansare presented in Annex A. Ea
h funnel is �lled with gravel with grain size 2-4mm. Thelink between the funnel and the pile is semi-rigid, where the funnel is atta
hed to thepile from four sides by s
rews whi
h are not s
rewed in entirely to allow some play.Funnel atta
hed to the tube equipped with strain gages has an a

elerometer �xed toits bottom. In order to prote
t this a

elerometer from me
hani
al damage, it was sep-arated from the gravel by a metal plate (shown in a Figure in Annex A). The aim wasto measure a

eleration obtained at the pile head. Double integration of the signal withrespe
t to time would give pile head displa
ement whi
h 
ould be 
ompared with thestrain gauge measurements. Due to te
hni
al problems (see se
tion 5.7), a

elerometersignal was not interpretable.
3. The upper �exible part di�ers for the two types of physi
al models (see Figure 3.1. Forone type of model, the �exible part is 
omposed of four Load Transfer Columns (LTCs)whi
h are surrounded by 
lay. The 
olumns are made of gravel and are designed with adiameter around 90mm (the exa
t diameter is not known due to the installation pro
essdes
ribed in se
tion 3.4.2). For the se
ond type of the physi
al model, the �exible partof the model is represented by a Load Transfer Platform (LTP) 
omposed entirely ofgravel. The same type of gravel with a grain size in the order of 2-4mm is used in bothmodels. Height of the �exible part is varied from 5
m to 10
m in order to study itse�e
t on the response of the lower rigid part.

3.3.4 SoilTwo types of materials were used during the experimental pro
edure - gravel and 
lay. Basi

hara
teristi
s of both materials are given in the following.
3.3.4.1 GravelThe gravel material used for gravel 
olumns and gravel mattresses was a 
rushed limestonewith sili
a impurities. The grain size distribution was from 2mm to 4mm.A shear box test was 
arried out on the gravel in order to �nd out residual and peak fri
tionangle of the gravel. Gravel was 
ompa
ted and sheared in a shear box with dimensions 30 
mby 30 
m (Figure 3.11). Obtained results for three di�erent 
on�ning pressures are plottedin Figure 3.12 and are summarized in table 3.1. The range of 
on�ning pressure applied was
hosen in order to represent the 
onditions in the experimental pro
edure.
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Figure 3.11: A shear box with dimensions 30
m by 30
m

−0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

4

Horizontal Displacement [m]

S
he

ar
 F

or
ce

 [N
]

 

 

confining pressure 60kPa
confining pressure 100kPa
confining pressure 150kPa

Figure 3.12: Shear box test resultsTable 3.1 lists the experimental results obtained. Analysing the values of fri
tion angle, itis noted that the experiment 
arried out under a 60 kPa 
on�ning pressure doesn't providesatisfa
tory results. It is 
on
luded that the residual fri
tion angle of the gravel is 37o and itspeak fri
tion angle is 56o.
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hara
teristi
s based on the shear box test60 kPa 100 kPa 150 kPaResidual Fri
tion Angle 46 36 37Peak Fri
tion Angle 48 57 553.3.4.2 ClayThe aim was to 
reate a 
lay mass, as homogeneous as possible, whi
h would 
onsequentlypresent as a soil to whi
h reinfor
ement would be applied. It was desired to obtain a 
lay masshaving a 
ohesion around 20 kPa without having to 
onsolidate the 
lay in the 'VisuCuve'.Su
h a 
lay was pur
hased in blo
ks of 10 kg with their origin in Proven
e, Fran
e. The soilwas 
lassi�ed by number of tests, whi
h are listed in the following text. The obtained resultsserved not only for the experimental study, but also for a numeri
al model 
alibration.1. Atterberg limits The results of the Atterberg limits, whi
h were used to measure thenature of the 
lay used are listed in Table 3.2Table 3.2: Atterberg limitsPlasti
 limit 21%Liquid limit 42%Water 
ontent 28%Plasti
ity index 21%Liquidity index 33%2. Isotropi
 
ompression

10
−1

10
0

10
1

10
2

10
3

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

V
oi

d 
ra

tio
 e

Stress [kPa]Figure 3.13: Isotropi
 
ompression stress-strain pathThe obtained stress-strain path, where the strain is represented in terms of void ratio,is shown in Figure 3.13. Evaluating the results, following 
lay 
hara
teristi
s were
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e 55obtained:
Cc ≈ 0.288 (3.15)
Cs ≈ 0.084 (3.16)

λ =
Cc

ln(10)
≈ 0.1254 (3.17)

κ =
Cs

ln(10)
≈ 0.0366 (3.18)

pc ≈ 60kPa (3.19)where C
 is the 
ompression index, Cs is the swell index, λ is slope of normal 
ompressionline, κ is the slope of the isotropi
 unload-reload line and p
 is the pre
onsolidationpressure.3. Bender Element Test on Clay - Identifying the Shear Wave Arrival TimeAs the 
lay sample was subje
ted to di�erent 
ompression stages during the isotropi

ompression, shear wave velo
ity was measured using bender elements. Sample andsignal 
hara
teristi
s are given in Table 3.3:Table 3.3: Bender elements - sample and signal 
hara
teristi
sSample height 102mmSample width 70mmSour
e type S-wave; sinusoidal wavePeriod of the sour
e 0.2sAmplitude of the sour
e 14VSample frequen
y 100 ksamp/se
Sampling time 5 mse
Number of sta
s to obtain the �nal signal 25-50
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Figure 3.14: Shear wave at 
ompression = 0 kPa
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Figure 3.15: Shear wave at 
ompression = 50 kPa
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Figure 3.16: Shear wave at 
ompression = 100 kPaKnowing the shear wave velo
ity vs for di�erent 
ompression stages, the small-strainshear modulus G 
an be evaluated using the following equation:
vs =

√

G

ρ
(3.20)where ρ is the mass density. Obtained results for 
on�ning pressure of 0kPa, 50kPaand 100kPa are summarized in Table 3.4. This 
on�ning pressure range 
orresponds topressures applied during the experiment. The obtained values of the s-wave velo
ity arein the expe
ted order for the tested material.
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e 57Table 3.4: Results of bender elements test on 
layPressure [kPa℄ Mass density [ kg
m3 ℄ Velo
ity [m/s℄ Shear Modulus [MPa℄0 2091.8 75 11.7750 2233.5 97 21100 2318.6 134 41.64. Oedometer
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 pathThree oedometer tests were performed in a stress range visible from Figure 3.17, ob-taining the following results:
Cc ≈ 0.24 (3.21)
Cs ≈ 0.051 (3.22)

λ =
Cc

ln(10)
≈ 0.105 (3.23)

κ =
Cs

ln(10)
≈ 0.022 (3.24)

pc ≈ 40kPa (3.25)Figure 3.18 shows the oedometri
 stress-strain 
urve plotted in the same graph as theisotropi
 
ompression stress-strain 
urve. It is 
onsidered that the di�eren
e betweenthe two paths is a

eptable.
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Figure 3.18: Isotropi
 
ompression and oedometri
 stress path5. Vane test, 
one testVane tests and 
one tests were performed on the 
lay samples in order to obtainundrained shear strength 
u. The average water 
ontent w was evaluated.
cu ≈ 17− 21kPa (3.26)

w ≈ 0.30 (3.27)6. Un
on�ned 
ompression testUn
on�ned 
ompression test (Figure 3.19) was performed on 
lay samples with water
ontent w = 0.28.

Figure 3.19: Un
on�ned 
ompression of a 
lay sample
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e 59The obtained Young modulus E values are 0.44 MPa and 0.7 MPa. It is noted, thatthese values are valid for large strains and therefore no relation 
an be applied betweenthe shear modulus G obtained from shear wave velo
ity measurements and the Youngmodulus E evaluated from the un
on�ned 
ompression test. Undrained shear strength
u obtained based on number of un
on�ned 
ompression tests is:
cu =

1

2
σmax ≈ 18kPa (3.28)7. Shear box test - 
lay-aluminium interfa
eIn order to 
hara
terize the 
lay-pile and the 
lay-foundation interfa
e, a spe
iallyadapted shear box apparatus was used (Figure 3.20). This apparatus 
onsists of ashear box, 
ontaining a 
lay sample, whi
h slides on a metal plate. For the purpose ofthe presented study, the plate was made of aluminium, be
ause both, the pile and thefoundation were designed in aluminium.

Figure 3.20: Shear box apparatus for testing 
lay-aluminium interfa
eClay samples were sheared under di�erent verti
al stresses and di�erent shear strainvelo
ities. Consolidated and un
onsolidated 
lay samples were used. A summarizinggraph giving one 
ommon 
ohesion 
u value of 3.7kPa and one fri
tion angle φ value of
φ = 6.6o is shown in Figure 3.21.
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Figure 3.21: Results giving 
ohesion and fri
tion angle 
hara
teristi
s of the 
lay-aluminiuminterfa
eNaming initial slope of the normal stress-displa
ement path kn and initial slope ofthe shear stress-displa
ement path ks, their values obtained from di�erent experimentsperformed are listed in Table 3.5:Table 3.5: ks and kn values obtained for di�erent experiments performedConsolidation Velo
ity [mm/min℄ Normal Stress [kPa℄ kn [kPa/mm℄ ks [kPa/mm℄No 0.2 15 85 36No 0.2 18 77 27No 0.2 20 70 75No 0.2 23 161 33No 0.2 25 59 44No 0.2 30 207 72No 0.002 100 241 99No 0.002 150 507 198No 0.002 200 434 128Yes 0.02 300 662 389No 0.02 40 357 108No 0.02 100 179 212No 0.02 300 459 375
Table 3.6 summarizes the 
lay and gravel 
hara
teristi
s.
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e 61Table 3.6: Clay and gravel 
hara
teristi
s based on laboratory experimentsClay GravelPeak fri
tion angle - 56◦Residual fri
tion angle - 37◦Cohesion 18 kPa -Water 
ontent 0.3 -C
 0.27 -Cs 0.06 -
λ 0.12 -
κ 0.03 -p
 50 kPa -G at 0 
on�ning pressure 12 MPa -G at 50 kPa 
on�ning pressure 21 MPa -G at 100 kPa 
on�ning pressure 42 MPa -Young's modulus 0.5 MPa -

3.3.5 Monitoring and data a
quisition systemThe following se
tion dis
usses main monitoring devi
es used. For
e sensors and LVDTs arenot mentioned be
ause they were already des
ribed in se
tion 3.3.1.Strain gaugesStrain gauge measurements giving moments along the instrumented pile serve to obtain lat-eral soil rea
tion P, shear for
e T and de�e
tion y of the pile. Be
ause the listed strainderived physi
al values were obtained by derivating and integrating the moment 
urve alongthe pile, it is important to have as exa
t and 'smooth' strain measurements as possible. Forthis reason, it was de
ided to instrument the pile model with twenty levels of strain gaugeswith a measuring range of +/- 1500 µdef . Ea
h level of gages 
onsists of four individualgauges forming a Wheatstone 
on�guration shown in Figure 3.22.

Figure 3.22: Strain gauge 
on�guration used for the pile model



62 Experimental MethodologyThe Wheatstone bridge 
on�guration is used to measure small variations in resistan
e R thatthe strain gauges produ
e, 
orresponding to a physi
al 
hange of the surfa
e that they arestu
k on. When the gauges at the four sides of the bridge have their resistan
e 
hanged to:
R1 + ∆R1 (3.29)
R2 + ∆R2 (3.30)
R3 + ∆R3 (3.31)and
R4 + ∆R4 (3.32)the bridge output voltage , e, be
omes:

e =
1

4
(
∆R1

R1
−

∆R2

R2
+

∆R3

R3
−

∆R4

R4
)E (3.33)where E is the input voltage. Introdu
ing a strain gage fa
tor K, equation 3.33 
an berewritten as:

e =
1

4
K(ǫ1− ǫ2 + ǫ3− ǫ4)E (3.34)Two strain gages from the Wheatstone bridge are mounted in the dire
tion of bending strainon one side of the pile model; the other two are mounted on the opposite side of the pile model(i.e. in dire
tions 'A' and 'B'; for referen
e see Chapter 5). This strain gauge 
on�guration isonly sensitive to bending strain but reje
ts axial strain. Used strain gages have an ele
tri
alresistan
e of 350 Ohm. More details on the te
hni
al 
hara
teristi
s and the set-up are listedin Annex A. Conditioners of type Sensorex 9300 and 9350 were used.A

elerometersThe aim was to monitor a

eleration at the foundation surfa
e and to 
ompare it to a

elera-tion measured at the pile head. To do that, two a

elerometers were used in the experimentalset-up. One was �xed to the foundation surfa
e and the se
ond was �xed to the pile head.1. A

elerometer at the pile head: For spa
e limitations, a miniature a

elerometer PCB356A01 was 
hosen to be used. This triaxial a

elerometer monitors vibrations in threex-y-z perpendi
ular axes has a wide frequen
y range up to 8kHz. A 
ompatible 
on-ditioner of type 482C15 was pur
hased. The exa
t a

elerometer position at the pilehead is graphi
ally des
ribed in Annex A.
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Figure 3.23: A

elerometer at the pile head2. A

elerometer at the foundation level: An a

elerometer Bruel and Kjaer of type 4379was �xed from the top of the foundation. It was 
onne
ted to a 
ompatible 
onditionerIsotron type 4416B.For
e sensorsIt was desired to determine verti
al stress distribution inside the stone 
olumns and at thepile head. For this reason, 3 for
e sensors of type BC303 (Figure 3.24a), with a 
apa
ity of350kg and dimensions plotted in Figure 3.24b were used.

(a) (b)Figure 3.24: For
e sensors used in the experimental set-upMe
hani
al adaptations were 
arried out in order to enable the desired for
e measurements:
• The for
e sensors are designed in a way that they measure for
e applied to a small roundplate of 3mm in diameter whi
h is pla
ed in the 
enter of the for
e sensor (Figure 3.24b).Be
ause this surfa
e was not su�
ient 
ompared to the grain size of gravel, there hadto be a transition of for
e from a bigger surfa
e to the small surfa
e. This was done by
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ing the sensors in a 
over (Figure 3.25), where the small surfa
e of 3mm in diameterwas in a dire
t 
onta
t with the rigid 
over. Therefore, all normal for
es applied to the
over 
ould be measured by the for
e sensors. The 
over was, at �rst, made of steel.Experien
e showed that it be
ome wedged in pla
e through a drawer jamming e�e
tand therefore gave wrong measurements. For this reason, the 
ap material was 
hangedto te�on.

Figure 3.25: Metal 
over in whi
h is pla
ed the for
e sensor
• For
e measurements, made with the 
on�guration des
ribed before, suggested that thetransition surfa
e of the 
over is still not large enough, 
ompared to the gravel grainsize. Therefore a metal plate of a same diameter as the stone 
olumns, was �xed on themetal 
ap. In this way, by introdu
ing su
h a 'load transition surfa
e', verti
al for
eapplied to the whole stone 
olumn 
ould be measured.It is noted that neither a

elerometer measurements nor for
e sensor measurements were usedin the �nal result evaluation. This is des
ribed in more detail in se
tion 5.7.A
quisition system and 
ontrol systemThe a
quisition and the 
ontrol system was entirely designed and prepared by a te
hni
al sup-port of 3SR-Lab. Two high-speed data a
quisition 
ards of type National Instruments USB6259 were used, allowing su�
iently fast data a
quisition whi
h was needed for performingexperiments in dynami
 domain. A 
ontrol system was 
reated in LabVIEW design platformwith visual programming language.3.4 Experimental Pro
edure3.4.1 Clay installationThe aim was to have a 
lay soil mass whi
h was as homogeneous as possible, while ensuring agood 
onta
t between the piles representing the rigid in
lusions and the 
lay. The 
lay 
amein blo
s of re
tangular prism shape, whi
h were installed, one by one, into the 'VisuCuve'. Awire was used to 
ut sides of the blo
ks in order to make them smoother and so the surfa
esof two adja
ent blo
ks would be in a better 
onta
t. Water was sprayed on the 
lay to ensurethat the blo
ks sti
k together. A spe
ial 
are was taken while installing the 
lay around the
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edure 65physi
al model. While installing the 
lay around the piles, numerous pro
edures were triedin order to �nd the best one. It was desired to 
reate a good 
onta
t between the 
lay andthe pile and at the same time avoid too mu
h deformation of the pile. The �nal pro
edure
onsisted of 
areful 'pottery-like' s
ulpting of 
lay around the piles (Figure 3.26a).Be
ause it would have been too mu
h time 
onsuming emptying the whole 'VisuCuve' afterea
h experiment, it was de
ided to repla
e only the �exible part of the model (i.e. LTP orLTCs surrounded by 
lay) and a top layer of 
lay with ea
h experiment 
arried out. The
lay was removed down to a depth of 20
m from the pile head (Figure 3.26d). This depthwas determined a

ording to the experimental results whi
h showed that most of the piledeformation o

urred at the upper 20
m of the pile. After removing this part of soil, the 
layand gravel installation pro
edure was on
e more repeated for the missing part of soil.Photos des
ribing the installation pro
edure are shown in the following �gures.

(a) (b)

(
) (d)Figure 3.26: The 
lay installation pro
edure



66 Experimental Methodology3.4.2 Load Transfer Column (LTC) and Load Transfer Platform (LTP) installa-tion3.4.2.1 LTC installationThe upper �exible part made of the LTCs surrounded by 
lay 
onsisted of four 
olumns madeof gravel whi
h were installed in 
lay. The 
olumn installation pro
edure 
an be divided intoseveral steps:1. After installing the 
lay up to the top edge of the funnels, ea
h funnel was 
overed witha geotextile. A 
lay layer was then added, rea
hing a desired thi
kness. This thi
kness
orresponds to the planed stone 
olumn height (i.e. 5
m, 8
m or 10
m).2. Taking a 
ore drill of 70mm in diameter, a hole was made above the funnels. To arrivepre
isely onto the funnel tops, a PVC pattern, designed for this purpose, was used as aguide to the 
ore drill (Figure 3.27a). The 
lay from the 
ore drill was then taken outand so was the geotextile at the top of the funnels.3. The 
ore drill was on
e more introdu
ed into the hole.4. The 
ore drill was �lled with a prede�ned amount of gravel. This gravel was then
ompa
ted during a prede�ned amount of time, while the 
ore drill was slowly beingpulled up. As a 
onsequen
e, the gravel penetrated into the surrounding 
lay. Thisstage was repeated until the stone 
olumn was formed. The �nal diameter was due tothe gravel penetration into the 
lay higher than the the 
ore drill diameter. This wasplanned, sin
e it was desired to rea
h a stone 
olumn diameter of 90mm. The �nishedstone 
olumns with the surrounding 
lay are shown in Figure 3.27b.

(a) (b)Figure 3.27: Installation pro
edure of the Load Transfer Columns surrounded by 
lay3.4.2.2 LTP installationThe upper �exible part made of the LTP 
onsisted of a gravel mattress 
overing the wholesurfa
e of the 
lay. The gravel mattress installation pro
edure was not as long and di�
ult
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olumn installation. After installing the 
lay up to the top edge of the funnels, agravel layer was added on top of the 
lay. The gravel layer thi
kness was either 5
m, 8
mor 10
m, depending on the experiment planned. The gravel was then 
ompa
ted with a �at,wooden tool. It was found, that the gravel 
ompa
tion was di�
ult, having su
h a big surfa
e.Therefore a metal pattern was used to 
ompa
t the gravel around the physi
al model. Thenthe rest of the gravel was added on the external side of the metal pattern and 
ompa
ted.The metal pie
e was then pulled out. Photos from the mattress installation pro
edure areshown in Figure 3.28.

(a) (b)

(
)Figure 3.28: Installation pro
edure of the Load Transfer Platform3.5 Experimental Program3.5.1 Preliminary experiments1. Experiments in the 'small tank'The aim of these experiments was to obtain data 
hara
terizing the behaviour of thephysi
al models under horizontal loading. E�ort was made to simulate the 
onditions
omparable to the 
onditions in the 'VisuCuve' in order to measure response of themodels whi
h would represent the range of data expe
ted for experiments in the 'Visu-



68 Experimental MethodologyCuve'. Having knowledge of expe
ted stress-strain 
onditions within di�erent parts ofthe models helped to design a monitoring system for future experiments in the Visu-Cuve.Experimental devi
e: A physi
al model of a rigid in
lusion asso
iated to a LTC(Figure 3.29a) was pla
ed in a radial tank and surrounded by 
lay. The 
lay used wasidenti
al to 
lay used for experiments in the 'VisuCuve'. Radial foundation, partly em-bedded in 
lay (Figure 3.29b), was installed dire
tly on the LTC and was subje
tedto horizontal 
y
li
 loading. The response of the model to this horizontal and verti
alloading (verti
al loading applied by weight of the foundation; 5,5kg) was measured by10 levels of strain gauges lo
ated along the rigid in
lusion (Figure 3.29
).

Figure 3.29: a) Experimental model of a rigid in
lusion asso
iated to a LTC; b) Foundationmodel embedded in 
lay; 
) Rigid in
lusion model equipped with 10 levels of strain gagesnumbered from 1 to 10
Loading devi
e: To impose horizontal loading, a horizontal a
tuator of type SKF(Figure 3.30a) was used. This a
tuator was previously used in a study of soil-pipelineintera
tion (Oroz
o, 2009). Modi�
ations of the a
quisition and 
ontrol system hadto be made. LabVIEW (short for Laboratory Virtual Instrumentation EngineeringWorkben
h) system was implemented.Experimental program: Horizontal 
y
li
 loading was applied to the foundationmodel in 
y
les with 2.5mm amplitude. Frequen
y and number of 
y
les was varied.
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(a) (b)Figure 3.30: Preliminary experiments 
arried out in a 'small tank' (a) providing results (b)on expe
ted range of data for future experiments in the 'VisuCuve'Results and 
on
lusions: For known loading 
onditions, lateral pile behaviour wasobtained. An example of measured strain along the pile is shown in Figure 3.30b. Havingsu
h results, a method of data evaluation 
ould be tested. Fitting the experimental datawith a polynomial, integrating and derivating moment 
urves along the pile allowedtesting of su
h pro
edures. These were then routinised, thus permitted more e�
ient�nal data evaluation.The des
ribed series of preliminary experiments was 
arried out in order to obtainlimited information on the system behaviour under horizontal 
y
li
 loading. Eventhough these experiments did not provide valuable results, they were ne
essary and veryimportant in terms of monitoring system design and de�nition of the �nal experimentalprogram. The �nal pile models were designed with referen
e to the pile behaviourduring the preliminary experiments. Sin
e the expe
ted range of strain within thepile was known, strain gauge types 
ould be 
hosen for the �nal pile model. Problemsexperien
ed during these preliminary experiments allowed to prevent the same problemsin the �nal experimental program.2. Experiments measuring pile response without the surrounding soil - areamoment of inertia 
alibration.On
e the piles were installed in the 'VisuCuve', two experiments (ESSAI PREM 1,ESSAI PREM 2) were 
arried out in order to study lateral pile response without inter-feren
e of the surrounding soil (Figure 3.31). The measured pile response was 
omparedto the analyti
ally 
al
ulated pile response and served to 
alibrate a value of area mo-ment of inertia. The di�
ulty of determining the area moment of inertia analyti
allywas the fa
t, that the instrumented pile had grooving in its surfa
e and the strain gaugeswere 
overed by a prote
tive layer of unknown properties. While performing these ex-periments, in�uen
e of the horizontal a
tuator on di�erent sensors was examined.
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Figure 3.31: Pile lateral behaviour without interferen
e of the surrounding soil
3. Experiments testing the soil installation pro
edure:In order to study lateral pile-soil intera
tion, 
are was taken while installing the 
layaround the pile. Numerous methods of 
lay installation were tested, de�ning a �nalinstallation pro
edure des
ribed in se
tion 3.4.1. This, as well as the 
lay mass prepara-tion, was done within the s
ope of a master thesis within the Lab 3SR (Cofone, 2010).
4. Experiments leading to horizontal and verti
al bearing 
apa
ity of 
lay andsoil reinfor
ed by piles asso
iated to LTCs surrounded by 
lay.On
e the 
lay mass was installed in the 'VisuCuve', the foundation model was used todetermine the bearing 
apa
ity. The same was done for the reinfor
ed soil. A 'swipe test'was used to de�ne the yield surfa
e for the foundation on 
lay and on the soil reinfor
edby piles asso
iated to LTCs surrounded by 
lay. The swipe test uses a pro
edure whenat a given verti
al load, the footing is moved horizontally while the verti
al penetrationis held 
onstant (Byrne and Houlsby, 2001). This is graphi
ally shown in Figure 3.32.Table 3.7 lists experiments 
arried out in order to study verti
al and horizontal bearing
apa
ity of the 
lay and the reinfor
ed 
lay.
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Figure 3.32: Swipe test, after (Grange, 2008)Table 3.7: Preliminary experiments in the 'VisuCuve' - Bearing 
apa
ity determinationExperiment Soil type PurposeLTC1 Clay reinfor
ed by piles asso
i-ated to 10
m high LTCs Determining verti
al bearing 
a-pa
ityLTC5 Clay reinfor
ed by piles asso
i-ated to 8
m high LTCs Determining verti
al and hori-zontal bearing 
apa
ity - swipetestLTC9 Clay reinfor
ed by piles asso
i-ated to 5
m high LTCs Determining verti
al and hori-zontal bearing 
apa
ity - swipetest
lay1 Clay Determining verti
al and hori-zontal bearing 
apa
ity - swipetest5. Experiments testing the loading devi
e The verti
al and horizontal loading de-vi
es were not 
ompatible. While the horizontal a
tuator applied dynami
 loading, theverti
al a
tuator, designed to work in stati
 
onditions, had to keep 
onstant verti
alload. As the foundation model settled under the horizontal dynami
 loading, verti
ala
tuator had to 'keep up' with this settlement and rea
t by in
reasing the verti
al loadapplied. This was a problem, sin
e the verti
al a
tuator was not fast enough to adjustthe verti
al load in order to keep it 
onstant. Therefore the experimental program had
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reated su
h foundation settlements that would allow theverti
al a
tuator to rea
t in time. In order to �nd an experimental program suitablefor the purpose of study and, at the same time, possible to realize with the loadingdevi
es, number of experiments had to be performed. Based on these experiments, a�nal experimental program was determined.
3.5.2 Dynami
 experiments in the 'VisuCuve'This se
tion presents experimental program for experiments 
arried out in the 'VisuCuve'.The aim was to study by the redu
ed s
ale physi
al models the behaviour of the reinfor
edsoil subje
ted to inertial loading. This kind of loading 
onditions, in reality, 
an be foundduring earthquakes or during wind and water impa
ts on stru
tures. The experimental pro-gram was designed to simulate these loading 
onditions, taking into 
onsideration limitationsof the experimental set-up.It is possible to divide the experimental program in two main phases.

1. Appli
ation of verti
al stati
 load; For
e 
ontrolled
2. Appli
ation of horizontal dynami
 load; Displa
ement 
ontrolled

The experimental set-up allowed appli
ation of stati
 load that in reality represents weightof a superstru
ture. This stati
 load was applied to the foundation model by a verti
ala
tuator. The load was transmitted by the shallow foundation on the reinfor
ed soil. Thestati
 verti
al load was applied in 5 separate steps, rea
hing a maximum load of 5000 N, whi
his 
onsidered to be approximately 1/3 of the bearing 
apa
ity of the reinfor
ed soil. This valueof the ultimate bearing 
apa
ity was evaluated experimentally. After imposing ea
h step ofverti
al load, the load was held 
onstant in order to leave the 
lay massif to 
onsolidate. Theexperimental devi
e was designed to apply a horizontal dynami
 load that in reality simulatesa seismi
 event or a wind/water loading. The horizontal load was applied by a horizontala
tuator 
onne
ted to a trolley, whi
h was 
arrying the foundation model. The horizontaldynami
 loading was applied after the stati
 
onsolidation, having an amplitude of +/-2mmand a frequen
y of 2.7Hz. During both loading stages, the performan
e of the physi
al modelwas monitored. Experiments performed under the des
ribed experimental program, or withminor modi�
ations, are listed in Table 3.8. Modi�
ations to the des
ribed experimentalprogram were made mainly at the beginning, when the limitations of the experimental devi
ewere appearing.
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lusion 73Table 3.8: Summary of the experiments performed in the 'VisuCuve'Experiment LTC/LTP Height Modi�
ations to the experimen-tal programLTC1 10
m Soil loaded by verti
al stati
 loadto its bearing 
apa
ity; horizon-tal amplitude +/-5mmLTC2 10
m Verti
al load applied in one stageLTC3 8
m Verti
al load applied in one stageLTC4 5
m Verti
al load applied in one stageLTC5 8
m Swipe testLTC6 8
m Verti
al load applied in one stageLTC7 8
m Verti
al load applied in one stageLTC8 8
m Verti
al load applied in one stageLTC9a 5
m -LTC9b 5
m Swipe testLTC10 10
m -LTC11 8
m -LTC12 8
m Horizontal loading started in theopposite dire
tionLTC13 10
m -LTC14 5
m -LTP1 5
m -LTP2 8
m -LTP3 10
m -LTP4 5
m -LTP5 8
m -LTP6 10
m -
3.6 Con
lusionThe aim of this 
hapter was to present di�erent aspe
ts of the physi
al modelling performedin the redu
ed s
ale. Two di�erent physi
al models of soil reinfor
ement are presented andtheir development and installation is des
ribed in detail. Soil surrounding this reinfor
ementis 
hara
terized by its me
hani
al properties, whi
h were determined within the 3S-R Labo-ratory.The experimental devi
e 'VisuCuve' was 
reated within the 3SR-Lab and was previously usedfor various studies. This devi
e is des
ribed in detail and modi�
ations made in order toadjust it to the 
urrent needs are mentioned.The purpose of the experiments was to study the response of the reinfor
ed soil to di�erenttypes of loading - verti
al stati
 loading as well as loading simulating an inertial loading. Theloading appli
ation as well as the monitoring system allowing to study the system responseunder various loading 
onditions are presented.
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CHAPTER 4
Experimental Data Treatment

4.1 Introdu
tionA 
orre
t treatment of the obtained experimental data is essential and 
an eventually en-able a proper understanding of the problem 
on
erned. The following 
hapter des
ribes theevaluation of the 'raw' data obtained from di�erent sensors used in the experiments (se
tionExperimental Methodology/Monitoring).4.2 Physi
al Values Derived from Strain Gage MeasurementsThe pile was instrumented with twenty levels of strain gages. These strain gages were re-sponding to bending of the pile, therefore the amount of strain measured was a

ounting onlyfor �exural strain and no axial strain. The theoreti
al one dimensional elasti
 response of amaterial is a

ording to Hooke's law:
σ = E ∗ ǫ (4.1)where E is the Young's modulus, ǫ is the strain and σ is the stress at the point of interest.Knowing the value of stress, the equation (4.2), whi
h is based on Bernoulli's prin
iple, isentered in order to obtain the value of bending moment M.

σ = M ∗
r

I
= r ∗E ∗

d2y

dz2
(4.2)Here, r is the distan
e from the neutral axis to a point of interest, y is the pile de�e
tion



76 Experimental Data Treatmentat position z and I is the area moment of inertia. The value of I was determined in thepreliminary experiment des
ribed in se
tion 3.5.1. Finally, knowing that
dM

dz
+ T = 0 (4.3)and

dT

dz
+ p = 0 (4.4)a set of equations having an important physi
al meaning is obtained:

p = −
d2M

dz2
(4.5)

T = −
dM

dz
(4.6)

Θ =

∫

M ∗ dz (4.7)
y =

1

E ∗ I

∫

(

∫

M.dz).dz (4.8)where T is shear for
e, Θ is rotation and p is lateral pile resistan
e, all a
ting at one pointof interest. The main di�
ulty in su
h an analysis is a 
orre
t interpolation of moment dataalong the pile length. This was done with a polynomial fun
tion of sixth degree, whi
h wasfound to �t best the data 
on
erned. An example of su
h a �t is shown in Figure 4.1. Thisapproa
h, when the data are �tted with a polynomial fun
tion, allows a simple and timee�e
tive derivation and integration of the measured data.
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tion
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h a fun
tion was �tted to all time instants at whi
h the data registration was done. Thisway, an evolution of moment along the pile was mathemati
ally de�ned for all time instants.In order to perform a double integration of the polynomial fun
tions, two integration 
onstantswere needed. These were obtained from setting the displa
ement and rotation at the pile toeto zero. This was 
onsidered as 
orre
t sin
e the pile was �rmly �xed at the 'VisuCuve'bottom. Having these two integration 
onstants, ea
h polynomial fun
tion was interpolatedand derived in order to obtain the wanted physi
al values listed in equations (4.5) to (4.8).
4.3 Energy dissipation and sti�ness evaluationWith industrial appli
ation of the studied soil reinfor
ement in seismi
ally vulnerable sites
omes a great deal of interest 
on
erning the dynami
 soil properties su
h as energy dissipa-tion and damping ratio values. The following text summarizes the pro
edures whi
h are usedto analyse the energy dissipation and sti�ness in di�erent parts of the reinfor
ed soil.The physi
al model is horizontally divided into two parts, where ea
h part is examined sep-arately. The energy dissipation within the lower rigid part - represented by an aluminiumpile and the surrounding 
lay, is obtained by the shear for
e T, lateral soil rea
tion P andde�e
tion y data analysis. The se
ond, upper �exible part of the physi
al models 
onsists ofLTP or LTCs surrounded by 
lay. Energy transfer within this part of the models is evaluatedfrom the horizontal for
e and displa
ement measurements at the foundation level, 
omparingthese to the shear for
e and de�e
tion registered at the pile head. The hysteresis loops 
reatedserve to de�ne the system sti�ness. Knowing that global energy dissipated at the foundationlevel is in relation to the energy dissipated in the di�erent parts of the physi
al model, asimpli�ed rheologi
al model is introdu
ed to illustrate the energy balan
e in the reinfor
edsoil.

4.3.1 Global energy dissipationThe experimental results showed that a relation between the 
y
li
 horizontal displa
ementu of the shallow foundation and the horizontal for
e H a
ting on this foundation 
an begraphi
ally shown as a hysteresis loop. If there would be no damping taking pla
e, thisfor
e and the displa
ement would be in phase and proportional to ea
h other and thereforethe stress-strain relationship would have a 
ompletely reversible elasti
 evolution. When thevis
ous damping 
oe�
ient has a non-zero value, the hysteresis loop has an ellipti
al shape(Figure 4.2). This hysteresis loop is 
ommonly used to des
ribe the energy loss me
hanismwhi
h is also 
alled a damping me
hanism. The shape, size and in
lination of this loop dependson the energy dissipated in one 
y
le, energy stored in the system during one 
y
le and thesti�ness of the system. Therefore, the desired dissipation, damping and sti�ness values 
ouldbe obtained from these hysteresis loops in the following way:
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Figure 4.2: Hysteresis Loop, after (Grange, 2008)
Wd =

∫ b

a

F
du

dt
dt (4.9)

a = t0 (4.10)
b = t0 +

2π

ω
(4.11)where Wd is the dissipated energy and ω is the angular frequen
y of the displa
ement signal.Be
ause Wd 
orresponds to the area of the hysteresis loops, the integration is done over one
y
le, setting the integration limits a and b. Referring to the Figure 4.2, the elasti
 strainenergy Ws stored during one 
y
le and the system sti�ness k [N/m℄ is obtained by

Ws = A.B.πcos(φ) (4.12)
k = B/A.cos(φ) (4.13)where Ws represents the area of the triangle shown in Figure 4.2. Having the values of Wsand Wd, the damping ratio ξ 
an be 
al
ulated:

ξ =
Wd

4πWs
(4.14)Global energy loss is a result of energy loss in di�erent me
hanisms happening under thedynami
 loading within the physi
al model. Sin
e the physi
al model used is 
omplex, sim-pli�
ations 
annot be prevented while analysing its behaviour in the 
ontext of energy 
on-servation. In order to understand di�erent relations between the dynami
 soil 
hara
teristi
s



4.3. Energy dissipation and sti�ness evaluation 79obtained for di�erent parts of the physi
al model, a simpli�ed rheologi
al model based on theexperimental result analysis is introdu
ed in se
tion 5.6.3.4.3.2 Energy Dissipation within the �exible part of the modelWanting to de�ne the energy transfer within the �exible part of the physi
al models, twomethods of energy loss evaluation are used in order to in
rease the reliability of obtainedresults.4.3.2.1 Hysteresis loop based pro
edureA relation between horizontal for
e H applied at the top of the stone 
olumn/mattress andthe di�eren
e between the pile head and foundation horizontal displa
ement ∆U (i.e. u-ya

ording to Figure 4.3) 
an be graphi
ally shown as a hysteresis loop (see se
tion 4.3.1).The desired dissipation, damping and sti�ness values 
ould be obtained from these hysteresisloops by applying equations (4.9)-(4.14).In order to evaluate the sti�ness of the �exible part of the model, it is noted that indeed, arelation between the for
e H and the displa
ement ∆U should be 
onsidered. The for
e H-T,T being the for
e applied at the pile head, is a for
e transferred from the foundation to thesurrounding soil and to the soil around the rigid in
lusion (see Figure 4.3).

Figure 4.3: Evaluation of energy dissipation within the �exible part of the model, after S.Grange
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y response modelIntrodu
ing the horizontal for
e H applied at the foundation level as an input and the di�er-en
e ∆U of displa
ements between the foundation level and the pile head as output, one 
anrelate these two by the following relation:
∆U(ω) = χ(ω) ∗H(ω) (4.15)where U(ω) is the input and H(ω) is the output represented in a frequen
y domain. χ(ω) is
alled a frequen
y response fun
tion or also a transfer fun
tion and on
e obtained, it 
an berepresented as a 
omplex number, having a real and an imaginary 
omponent:

Re(χ(ω)) = k(ω) (4.16)
Im(χ(ω)) = c(ω) (4.17)where k is sti�ness in [N.m℄ and 
 is a damping 
oe�
ient in [N. m/s℄. Plotting the transferfun
tion in a 
omplex plane (i.e. Argand plane), an angle between the real axis and the
omplex number 
an be expressed as

φ(ω) = Arg(χ(ω)) = Arctan
c(ω)

k(ω)
(4.18)Having φ, the damping ratio 
an be obtained:

ξ =
tanφ

2
(4.19)4.3.3 Energy Dissipation within the rigid part of the modelThe energy dissipation in the rigid part of the model is said to be due to the intera
tionbetween the elasti
 pile model and the soil. The elasti
 energy produ
ed under the pilesoli
itation is transferred to the soil, whi
h 
an plastify. This plasti�
ation is assumed to bethe 
ause of the energy dissipation. The lateral pile-soil intera
tion under dynami
 
onditionsis des
ribed by a governing equation for the dynami
s of an Euler-Bernoulli beam:

δ2

δz2
(E.I

δ2y

δz2
) = −µ

δ2y

δt2
+ p(z) (4.20)where z is the position along the pile [m℄, y is the de�e
tion at a 
ertain point [m℄, p is theexternal load [N/m℄, µ is the mass per unit length [kg/m℄, E is the pile Young's modulus [Pa℄and I is the area moment of inertia [m4℄. Rewriting the previous equation,

δ2M

δz2
= −µ.ÿ + p(z) (4.21)where the time derivations are denoted with a 'dot' supers
ript in order to distinguish themfrom the spatial derivations. Therefore ÿ stands for a se
ond derivative of displa
ement withrespe
t to time (i.e. the a

eleration [m/s2℄). In the 
ontext of energy 
onservation, equation
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an be rewritten in terms of work, that is equal to the for
e a
ting on an obje
t timesits displa
ement. This power equation 
an be expressed as
∫ L

0
p.ẏ.dz =

∫ L

0
µ.ÿ.ẏ.dz +

∫ L

0
E.I.

d4y

dz4
.ẏ.dz (4.22)where pile length is 0 to L. Rewriting p as a derivative of shear for
e T with respe
t to z andintegrating this left term of equation (4.22) by parts, equation (4.23) is obtained. To do this,it is 
onsidered that the displa
ement, as well as its �rst and se
ond derivative with respe
tto time, are equal to zero at the pile toe. This 
an be done sin
e the pile model is �rmly �xedat its base.

T (L).ẏ(L)−
∫ L

0
T.

dẏ

dz
.dz = µ

∫ L

0
ÿ.ẏ.dz +

∫ L

0
p.ẏ.dz (4.23)Rewriting T as a derivative of moment M with respe
t to z and integrating this term byparts, eq (4.24) is obtained.

T (L).ẏ(L)−M(L).
dẏ(L)

dz
−
∫ L

0
M.

d2ẏ

dz2
.dz =

∫ L

0
p.ẏ.dz +

µ

2
.
d

dt

∫ L

0
ẏ2.dz (4.24)Integrating ea
h term of equation (4.24) over one 
y
le, the power equation gains the followingform

∫ t=1cycle

t=0
[T (l).ẏ(L)−M(L)

ẏ(L)

dz
]dt =

∫ t=1cycle

t=0
[

∫ L

0
p.ẏ.dz]dt (4.25)It 
an be noti
ed that the two last terms on both sides of equation (4.24) disappeared, whi
his due to the fa
t that the pile model is assumed to behave elasti
ally. Moreover, plotting arotation against a moment at the pile head shows linear elasti
 behaviour and therefore noenergy loss due to the pile rotation o

urs. This �nally yields the �nal power equation usedin the energy dissipation analysis for the system pile-soil.

∫ t=1cycle

t=0
T (l).ẏ(L).dt =

∫ t=1cycle

t=0
[

∫ L

0
p.ẏ.dz]dt (4.26)Equation (4.26) shows two possible ways of evaluating energy dissipation at the pile head:1. Analysing T-y loops at the pile head, where T and y stand for shear for
e and dis-pla
ement respe
tively. The T-y loops are treated as hysteresis loops (se
tion 4.3.1)and therefore ea
h 
y
le 
an be analysed for damping ratio, sti�ness, dissipated anda

umulated energy.2. Analysing p-y loops and integrating along the pile. This pro
edure 
onsists of piledis
retization along its length and plotting p-y loops for ea
h verti
al position. P-yloops are then approximated by an ellipse and are treated as hysteresis loops (se
tion4.3.1), where ea
h 
y
le 
an be analysed for damping ratio, sti�ness, dissipated anda

umulated energy. In order to obtain a global behaviour of the pile-soil system, globalenergy dissipation Wdr and global energy a

umulation War need to be obtained. Forea
h 
y
le n, Wdr and War are 
al
ulated as follows:
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Wdr = Az.dz (4.27)

War =
1

2

∫ H

0

M2

E.I
.dz (4.28)where A is area of a loop at ea
h verti
al position z, dz is the distan
e between twoverti
al positions, E is the Young's modulus, I is the se
ond moment of inertia, M isthe maximal moment rea
hed during the 
y
le 
onsidered and H is the pile length.On
e Wdr and War are obtained, the damping ratio ξr 
an be 
al
ulated:

ξr =
Wdr

4.π.War
(4.29)These two methods give similar results, although some un
ertainty 
omes from dis
rete inte-gration used in the se
ond method.4.4 Con
lusionPhysi
al modelling of the reinfor
ed soil response to di�erent loading 
onditions providedmonitoring data, whi
h had to be subsequently treated and analysed in order to 
on
ludeon the system behaviour. The data analysis provided results on the foundation settlementand its horizontal response to the applied loading as well as on the lateral performan
e ofthe rigid in
lusions in terms of bending moment, shear stress and de�e
tion. Knowing theresponse of the rigid in
lusions, behaviour of the �exible part of the models 
ould be dedu
ed.Energy dissipation within di�erent parts of the model was analysed in order to evaluate theperforman
e of the reinfor
ed soil under seismi
 
onditions.



CHAPTER 5
Analysis of Experimental Results

5.1 Introdu
tionBased on the pro
edures introdu
ed in se
tion 4, experimental data were treated in order toenable and fa
ilitate subsequent data analysis, giving the results introdu
ed in this 
hapter.The pile response served to analyse the role of the �exible part of the physi
al models. Inorder to avoid interpretation mistakes due to initial pile de�e
tion 
aused by 
lay and gravelinstallation, this phenomenon was examined and results are presented at the beginning of the
hapter.The aim was to study the behaviour of the two 
on�gurations of soil reinfor
ement:1. Piles asso
iated to Load Transfer Column (LTC)2. Piles asso
iated to Load Transfer Platform (LTP)Attention is given mainly to the pile lateral performan
e and the foundation settlement. Thee�e
t of 
ombined stati
 verti
al and horizontal loading applied to the foundation model isthen studied and a failure envelope is 
onstru
ted. A 
omparison is made between the failureenvelope obtained experimentally and its analyti
al des
ription. Sin
e the studied systemof the soil reinfor
ement te
hnologies is widely used in seismi
 zone areas, the main se
tionof 
hapter 5 presents the e�e
t of 
ombined verti
al stati
 and horizontal dynami
 load-ing on the reinfor
ed soil. A parametri
 study is presented, where gravel 
olumn/mattressheight/thi
kness is varied (Figure 5.2a) in order to see its in�uen
e on lateral pile performan
eand foundation settlement.The experimental models (Figure 5.1) are 
omposed of four rigid in
lusions surrounded by 
lay,whi
h are asso
iated to a gravel 
olumn (LTC) or a gravel mattress (LTP). The reinfor
ed soil
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ted to verti
al and horizontal loading applied by a foundation model. Behaviour ofboth physi
al models under di�erent loading 
onditions is monitored. Lateral pile behaviour isstudied in terms of bending moments M, de�e
tion y, lateral soil rea
tion P and shear for
e T.These data were obtained from strain gage measurements along the pile (Figure 5.2b) whi
hwere expressed in terms of bending moment as a fun
tion of depth. The sign 
onvention isbased on relations introdu
ed in 4, whi
h are reminded:
EI.

d2y(z)

dz2
= M(z) (5.1)where M is the bending moment, EI is the pile bending sti�ness, z is the depth and y is thedispla
ement of the pile neutral axes. This displa
ement 
an be expressed in a form

y(z) =
1

EpIp

∫ z

0
(

∫ u

0
M(t)dt)du + C1z + C2 (5.2)with C1 and C2 being the integration 
onstants. Shear for
e T and lateral soil rea
tion p 
anbe expressed as:

T (z) = −
dM(z)

dz
(5.3)

p(z) = −
d2M(z)

dz2
(5.4)Su
h a data treatment provides P-y 
urves, whi
h are presented in the following text. Obser-vations are made on their dependen
e on depth, number of 
y
les and stone 
olumn/mattressheight. Attention is given to analysing dissipation of energy 
oming from the foundationdynami
 movement. Energy dissipation within the di�erent parts of the physi
al model isanalysed independently and 
on
lusions are made on the 
oupled me
hanism. Load TransferColumns (LTCs) and Load Transfer Platform (LTP) are 
ompared in terms of stati
 andseismi
 response. Ea
h experiment was repeated at least twi
e to verify the reliability of theobtained results. For the sake of readability, not all experimental results are presented in thefollowing text and are pla
ed in Annex B.The redu
ed physi
al models presented in this work are submitted to a normal gravity 'g∗ = 1'and the 
onditions for a rigorous similitude with respe
t to the stress level 'σ∗ = 1' are notful�lled. Even though the s
aling laws are not stri
tly respe
ted, the main obje
tive of thephysi
al modelling was to perform a qualitative study of the presented soil reinfor
ement,studying the behaviour of the two physi
al models under 
ombined loading and 
omparingtheir performan
e in terms of seismi
 response. Using the results obtained, a 1/10 numeri
almodel was 
alibrated in order to reprodu
e similar results as obtained experimentally. Su
ha model 
ould further be extended into real s
ale, allowing a dire
t 
onne
tion and use in the
urrent pra
ti
e.
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(a) (b)Figure 5.1: Experimental models of soil reinfor
ed by piles asso
iated to a LTC and LTP

(a) (b)Figure 5.2: a) Geometry of the redu
ed models, the LTC/LTP height was varied: 5
m, 8
m,10
mb) Position of strain gauges5.2 Initial 
onditionsIt was noted that due to the soil installation pro
edure, the instrumented pile undergoes aninitial de�e
tion. In order to understand at whi
h stage of the installation pro
edure the
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tion is 
reated, strain gauge measurements were registered at three stages of soilinstallation:1. Stage 1: Clay rea
hes 10 
m below the pile head.2. Stage 2: Clay rea
hes the level of the pile head.3. Stage 3: Stone 
olumn installation.The three stages are graphi
ally shown in Figure 5.3

(a) (b)

(
)Figure 5.3: (a)Stage 1 (b)Stage 2 (
)Stage 3



5.2. Initial 
onditions 87It was found that the pile is deformed even before the stage 1, that means even before thetop layer of 
lay is installed. Therefore the initial pile deformation was mainly 
aused duringinstallation of the bottom layers of 
lay. These bottom layers of 
lay were not 
hanged inbetween the experiments, be
ause it was observed that at su
h a depth, the pile does notundergo any de�e
tion 
aused by the applied loading. As a 
onsequen
e, su
h an initialde�e
tion was 
ommon for all the experiments (Figure 5.6). This did not present a problem,sin
e the pile behaviour is 
onsidered to be elasti
 during the whole experimental study andtherefore the initial pile deformation does not present a di�
ulty. Referring to Figures 5.4and 5.5, it 
an be seen that a minor deformation was also mobilized between the stage 1and the stage 3, although its value is negligible 
ompared to the pile state of deformationat stage 1. Sin
e the top layer of 
lay was installed around an 'already deformed' pile andits installation did not 
ause an important pile deformation, it is assumed that the valuesof moment M, shear for
e T and lateral soil rea
tion P measured at the pile top during theexperiments are not highly in�uen
ed by the initial state of deformation. This is 
on�rmedin Figures 5.4 and 5.5 where it 
an be seen that M and T values at the pile top tend tozero. The lateral soil rea
tion P shows a small in
rease 
reated in between the stages 1 and3, but this is a

eptable sin
e it is 
onsidered that the ultimate lateral soil rea
tion Pu is notmobilized. Indeed, referring to the work of Khemakhem (Khemakhem, 2012) who proposedthe following relations for the ultimate lateral soil rea
tion Pu 
reated at a pile de�e
tion y0:
y0 = 0.05.B (5.5)and

P0 = 11.27.B.cu (5.6)it is noted the pile deformation 
reated between the stages 1 and 3 did not mobilize the valuesof y0 equal to 0.9mm and the values of Pu equal to 3.5 kN/m. Therefore, it is a spe
ulationthat the soil was not pasti�ed during the installation pro
edure.
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LTP 10cm; exp LTP6Figure 5.6: Initial de�e
tion along the pile for di�erent experiments. This de�e
tion is 
ausedby the soil installation pro
edure.5.3 Pile data presentation with respe
t to the initial state of de-formationIn this 
hapter results from experiments on soil reinfor
ed by piles asso
iated to a LTC andLTP are dis
ussed. It is reminded that the experimental pro
edure 
onsists of soil installation(time t0 to t1 in Figure 5.7), verti
al loading V of the foundation up to one third of its bearing
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apa
ity (t1 to t2 in Figure 5.7) and horizontal dynami
 loading at a 
onstant verti
al load(from t2 further on in time - Figure 5.7). Figure 5.7 shows this graphi
ally, de�ning t0, t1and t2. In order to have a proper understanding of the pile behaviour during ea
h loadingstage, three di�erent ways of data presentation are de�ned:1. Strain 
reated during the soil installation as well as during the verti
al and the horizontalloading is 
onsidered in the analysis. The strain level is zero at time t0. This datapresentation will be referred to as 'Corre
tion-0'.2. Strain 
reated during the verti
al loading and the horizontal loading is 
onsidered inthe analysis. The strain level is put to zero at time t1. This data presentation will bereferred to as 'Corre
tion-ini'.3. Strain 
reated during the horizontal 
y
li
 loading is 
onsidered in the analysis. Thestrain level is put to zero at time t2. This data presentation will be referred to as'Corre
tion-Vload'.

Figure 5.7: The applied verti
al and horizontal loading during the experimental pro
edureThe following �gures show the lateral pile performan
e under three di�erent loading 
onditionsreferred to as 'Case1', 'Case2' and 'Case3' :1. after the soil installation but before the appli
ation of the verti
al load, i.e. at time t1 ;'Case 1'2. after appli
ation of the verti
al load, but before applying the horizontal loading, i.e. attime t2 ; 'Case 2'3. during the horizontal loading under a 
onstant verti
al load; 'Case 3'



90 Analysis of Experimental ResultsFigures 5.8 and 5.9 show the pile performan
e for the three 
ases listed, using the datapresentation 'Corre
tion-0'. This means, that there were no adjustments made to the straindeveloped during the soil installation. Maximum envelopes for moment M, shear for
e T,de�e
tion y and lateral soil rea
tion P are plotted for ea
h one of the three loading 
ases1.This is done in order to show the global pile behaviour during the experiments. The followingse
tions, analysing separately the e�e
t of the verti
al and the horizontal loading presentthe pile behaviour using mainly the 'Corre
tion-ini' and 'Corre
tion-Vload', respe
tively.Otherwise it is mentioned when a di�erent data presentation is used.
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Case 2

Case 3 (b)Figure 5.9: (a) Shear for
e along the pile (b) Lateral soil rea
tion along the pile1It is noted that throughout the following text, maximum and minimum envelopes are referred to as graphsshowing the variation in respe
tively maximum or minimum values for a given fun
tion (su
h as M, T, y orP along the pile) due to the appli
ation of given loading 
onditions.



5.4. Stati
 Verti
al loading 915.4 Stati
 Verti
al loadingA verti
al load of 5000 N, representing approximately one third of the reinfor
ed soil bearing
apa
ity, is applied to the foundation model in �ve steps (1000N, 2000N, 3000N, 4000N and5000N). During ea
h step, a period of 
onsolidation takes pla
e, in order to stabilize the
orresponding settlements. Three heights of LTC and LTP are tested, respe
tively. Ea
hexperiment is repeated at least twi
e to in
rease the reliability of the results, although for thesake of simpli
ity, not all the results are presented in the main text and are pla
ed in AnnexB. The foundation settlement under the in
reasing stati
 load was studied for 3 di�erent stone
olumn/mattress heights - 5
m, 8
m and 10
m. Figures 5.10 to 5.12 present the results. Thesettlement 
onsidered in the graphi
s 
orresponds to the settlement taking pla
e after the �rstloading stage of 1000N up to the last loading of 5000N. This is done to avoid interpretationmistakes due to initial settlements 
aused possibly by a bad 
onta
t between the foundationand the soil surfa
e.
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Figure 5.10: Foundation settlement under verti
al stati
 loading; 
olumn height/ mattressthi
kness 5 
m
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Figure 5.12: Foundation settlement under verti
al stati
 loading; 
olumn height/ mattressthi
kness 10 
m
Following 
omments on the results are made for the two soil reinfor
ements under stati
 ver-ti
al loading:
•The settlement of soil improved by piles asso
iated to LTC depends of the height of thestone 
olumn, where this settlement de
reases with de
reasing stone 
olumn height
•Soil improved by piles asso
iated to LTP seems to be, in terms of settlement, less sensi-tive to the mattress thi
kness. This observation is valid within the range of the studiedthi
kness.
•Foundation settlement on soil reinfor
ed by piles asso
iated to LTC varies between exper-iments performed with 5
m and 8
m stone 
olumn height. This is assumed to be an e�e
tof the installation pro
edure. Experiments performed with 10
m high stone 
olumns show agood repeatability
•For the 
ase of LTC, there is a 
onsolidation happening in between the load in
rements,whi
h is visible in Figure 5.13. On the 
ontrary, for the 
ase of LTP, it seems as if all thesettlement takes pla
e during the appli
ation of the load in
rements and no 
onsolidationo

urs in between these in
rements. Therefore it is noted, that the foundation settlementsare higher in the 
ase of piles asso
iated to LTC due to the lateral presen
e of 
lay, whi
hallows lateral expansion of the stone 
olumn and therefore de
rease in its height.The response of the instrumented pile is monitored as verti
al load is applied on the founda-tion model. Figures 5.14 and 5.15 show the bending moment, de�e
tion and shear for
e alongthe instrumented pile under verti
al load of 5000N. Figure 5.14 refers to the pile supporting astone 
olumn (LTC) and �gure 5.15 refers to a pile supporting a gravel mattress (LTP). More�gures des
ribing pile lateral behaviour are listed in Annex B.
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Figure 5.13: Foundation settlement under verti
al stati
 loading as a fun
tion of time; 
olumnheight/ mattress thi
kness 10 
m
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Figure 5.15: Lateral behaviour of the instrumented pile asso
iated to a LTP, Vload = 5000 NFollowing 
omments on the results are made for the two soil reinfor
ements under stati
 ver-ti
al loading:
•The verti
al loading has a little impa
t on the instrumented pile asso
iated to a 8
m and 10
m mattress (LTP).
•Lateral pile performan
e is 
omparable for the two soil reinfor
ement te
hnologies whenthe stone 
olumn/mattress height is 5
m.
•For 
ases when the 
olumn (LTC) or the mattress (LTP) are 8
m and 10
m high, the pilehead supporting the LTC undergoes higher moments, shear for
es and de�e
tion than in the
ase of LTP. This phenomenon 
ould be explained by the geometry di�eren
e between the twophysi
al models. In the 
ase of pile supporting a LTC, a square foundation applies a verti
alload on four gravel 
olumns surrounded by 
lay. This load is transferred through the stone
olumns to the rigid transition zone and then to the pile. As V load in
reases, the foundationsettles and the underlying soil has a tenden
y to migrate towards an area with lower pressure- non-reinfor
ed 
lay surrounding the four 
olumns. As a 
onsequen
e, the stone 
olumnsundergo a rotation, whi
h is then proje
ted onto the rigid transition zone and the pile. In the
ase of LTP, the soil between the foundation and the transition zone is entirely 
omposed ofa gravel material. As a 
onsequen
e, there is smaller tenden
y to lateral spreading of the soil(due to 
onstant material sti�ness and lower foundation settlement).
•The behaviour of pile asso
iated to a LTC is sensitive to the stone 
olumn height. Thehigher the stone 
olumn, the bigger de�e
tion of the pile. This 
an be due to the fa
t that theshort stone 
olumns a
t as a more rigid link between the foundation and the pile head andtherefore less 
olumn rotation o

urs. As a 
onsequen
e, the pile head is subje
ted to lowerbending moment and de�e
tion for shorter 
olumns.



5.4. Stati
 Verti
al loading 95
•On the 
ontrary, pile asso
iated to a LTP seems to exhibit an opposite trend, that is in
reas-ing de�e
tion with de
reasing thi
kness of the gravel mattress. It is noted that the level of pilede�e
tion in Figure 5.15 is small, with values less than 0.1mm and therefore no 
on
lusionsare be made due to a possible experimental error.The pile response under the verti
al loading suggests that there is an important role of thefunnels whi
h simulate the transition zone. The transition zone, for the real 
ases of CMMs,should serve as a ball-joint whi
h transfers the verti
al load to the rigid in
lusions but whi
hlimits the transfer of the shear for
es and moments. This transition zone is, for the real prob-lems, 
omposed of a mixture of gravel and 
on
rete. In the performed experimental study,the transition zone 
onsisted of a metal funnel �lled with gravel, whi
h was �xed to the pile.The joint between the pile and the funnel was 
reated by s
rewing the funnel together withthe pile, but the s
rews were not s
rewed entirely into the pile to allow some 
learan
e. It isa spe
ulation that this semi-rigid joint 
ould have been transferring more moments and shearfor
es to the pile than is the 
ase for the real s
ale CMMs.5.4.1 Stati
 P-y 
urvesSin
e applying verti
al load on the foundation 
aused lateral pile de�e
tion, P-y 
urves 
ouldbe plotted. Figure 5.16 shows stati
 P-y 
urves obtained at the pile head for three di�erentstone 
olumn heights (LTCs). The P-y path is given for the 5 loading stages, where ea
hloading stage is followed by a 
onsolidation and relaxation (
ausing a 'hill-shape' of the P-ypath). The results presented are valid for all experiments performed. It 
an be noti
ed thatthe mobilized lateral soil rea
tion P is greater when the pile supports a stone 
olumn of 8
mand 10
m. This is valid even when the pile undergoes the same level of de�e
tion y. It isassumed that this is 
aused by di�erent stress distribution in the reinfor
ed soil for di�erentstone 
olumn heights. While shorter 
olumns, under verti
al load, a
t as rigid elements andtransfer the load verti
ally to the piles, longer 
olumns tend to a
t in 
ombination with thesurrounding 
lay and transfer the load not only to the piles, but also to the 
lay (Figure 5.17).As the lateral soil rea
tion P in
reases with in
reasing stress in the soil, it 
an be assumedthat P at the pile top is higher when soil is reinfor
ed by piles supporting longer 
olumns.Considering su
h a load distribution as shown in Figure 5.17, it 
an be assumed that thelonger stone 
olumns have a tenden
y to rotate be
ause their lower part is pushed towardsthe 'unreinfor
ed' soil. This rotation is possibly transferred through the funnels to the pileheads and additional moments are 
reated. This spe
ulation is 
on�rmed by Figure 5.14,where it 
an be seen that the moments and shear for
es are higher for piles supporting longerstone 
olumns.The evolution of the P-y 
urves suggests that the ultimate soil lateral resistan
e was rea
hedduring the verti
al loading. It is noted that the maximum values of P rea
hed in Figure 5.16do not represent the real values of P registered at the pile top. This is due to the fa
t, thatthe graphi
s in this se
tion are plotted in the 'Corre
tion-ini' data presentation (see 5.3).The real P-y path obtained from data without applying the 
orre
tion for the strain 
reatedduring soil installation (i.e. 'Corre
tion-0' data presentation) shows values of P whi
h are ingeneral 1 kN/m higher than the values plotted in �gure 5.16. The position of the P-y 
urvesfor both data presentations,i.e. for Corre
tion-0 and 
orre
tion-ini, is plotted in Figure 5.18.It 
an be seen that the value of ultimate bearing 
apa
ity rea
hed experimentally is around2.2 kN/m.Comparing the value of Pu whi
h was determined analyti
ally (see se
tion 5.2) and the value



96 Analysis of Experimental Resultsof Pu based on the presented experimental results, it 
an be noted that the experimentallyobtained Pu represents 2/3 of the Pu determined analyti
ally. Despite this, it is 
onsideredthat the two values are in the same order.
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olumn heights: shorter 
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Figure 5.18: Stati
 P-y 
urve plotted using two di�erent data presentations: Corre
tion-0and 
orre
tion-ini ; 
ase when the pile is supporting an 8
m stone 
olumn
The initial part of the P-y 
urve is expressed by:

P = Es.y (5.7)
Being interested in the value of Es, the P-y 
urves were plotted for the �rst loading stage,i.e. for the loading from 0N to 1000N (Figure 5.19). The Es values found to be independentof the stone 
olumn height and to range form 6MPa to 11MPa. It is noted that the foundrange of Es values might not be the 
orre
t initial value 
orresponding to virgin loading asthe pile and the surrounding soil have been deformed during the soil installation. Despitethis, the values of Es found should be in the same order with the initial Es values, sin
e itis 
onsidered that the ultimate lateral resistan
e was not yet mobilized at the pile top duringthe soil installation as well as during the �rst loading stage (Figure 5.20). It is noted thatFigure 5.20 presents the addressed problem in a simpli�ed manner and is in
luded only for
larity of the explanations.
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Figure 5.19: 'Initial' sti�ness range

Figure 5.20: Simpli�ed P-y path for the pile headComparing the experimentally found value of Es with its analyti
al formulation, it was foundthat the experimental Es is higher than what would be expe
ted based on analyti
al for-mulations. Despite this, both Es values are 
onsidered to be in the same order. The usedanalyti
al determination of Es is des
ribed in the following:
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al loading 99Menard (Menard et al., 1969) proposes to 
al
ulate the sugrade-rea
tion modulus Es as afun
tion of the pressuremeter modulus Em, rheologi
 
oe�
ient α, the pile diameter d and areferen
e diameter d0 whi
h is equal to 0.6m.For d > d0, the relation is
Es

Em

=
3

2
3 (

d
d0
)(2.65 d

d0
)α + α

2

(5.8)Rheologi
 
oe�
ient α depends on the soil type and is given in the following table (after(Baguelin et al., 1978)): Soil Type αPeat 1Clay 2/3Silt 1/3Sand 1/3In order to 
al
ulate the equation 5.8, the pressuremeter modulus Em has to be de�ned. Thefollowing equation was proposed by Menard (Menard et al., 1969) for a slightly over
onsoli-dated 
lay:
12 <

Em

5.5cu
6 15 (5.9)Taking α equal to 2/3 and 
u of 18 kPa, the sugrade-rea
tion modulus Es is de�ned to bearound 2.4 MPa.Using 
entrifuge to study lateral pile-soil intera
tion shows an in
rease of initial lateral 
layrea
tion P and the initial sti�ness Es with in
reasing depth (Khemakhem, 2012). This phe-nomenon is not observed for 
ases, when the pile is surrounded by an over
onsolidated 
laywith its properties 
onstant with depth (Khemakhem, 2012). For su
h a 
ase, the P-y 
urvesare found to vary little with the depth.The 
lay mass used in the experimental study was aimed to be homogeneous with a 
u around20 kPa. Plotting the sti�ness evolution with depth (Figure 5.21), it was observed that theinitial sti�ness de
reases up to a depth of around 10
m from the pile head and then stays
onstant. The pile behaviour at depth 10
m and deeper 
orresponds to what was shown by M.Khemakhem (Khemakhem, 2012) for a pile in slightly over
onsolidated 
lay. The top 10
mof the pile show a de
reasing sti�ness with depth. This 
an be 
aused by two fa
tors:1. The verti
al load applied to the soil by the foundation model de
reases with depth andtherefore 
ause the P to also de
rease with depth. The area assumed to be in�uen
ed bythe verti
al load under the foundation model is shown in Figure 5.22 as the hat
hed area.It is a spe
ulation that the verti
al load applied by the foundation has no importantin�uen
e at depth 10 
m from the pile head and further down.2. As des
ribed in se
tion 3.4.1, only the �exible part of the model (i.e. LTP or LTCssurrounded by 
lay) and the top 20
m thi
k layer of 
lay around the piles was repla
edafter ea
h experiment whi
h was 
arried out. After removing this part of soil, the 
layand gravel installation pro
edure was on
e more repeated for the missing part of soil.Therefore the resulting 
lay mass around the pile was 
omposed of two layers withdi�erent me
hani
al properties.
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Figure 5.21: 'Initial' sti�ness evolution with depth

Figure 5.22: Area of in�uen
e of the verti
al load 
aused by the shallow foundation



5.5. Combined stati
 loading - Swipe Test 1015.5 Combined stati
 loading - Swipe TestExperiments under 
ombined stati
 load are presented in the following se
tion. The aim isto �nd the ultimate 
ombination of verti
al load V and horizontal load H that will 
ause abearing 
apa
ity failure of a shallow foundation. One way how to analyti
ally de�ne a 
riti
al
ombination of H and V load is using the following equation (Butter�eld and Gottardi, 1994):
H

th
=

V

Vmax

.(Vmax − V ) (5.10)where Vmax is the verti
al bearing 
apa
ity and th is a footing-soil fri
tion 
oe�
ient with anexperimentally de�ned value of about 0.5. This failure envelope 
an be found experimentallyby verti
al loading of a shallow foundation up to its ultimate bearing 
apa
ity, blo
king thefoundation at its verti
al position and then applying horizontal displa
ement. This pro
edureis 
ommonly referred as a 'swipe test' (Byrne and Houlsby, 2001). The measured verti
al andhorizontal for
e applied by the foundation on the soil provide the failure envelope.
5.5.1 Failure envelope - Foundation on 
layUndrained verti
al bearing 
apa
ity q
 of a simple shallow foundation is given by

qc = cu.Nc + p0 (5.11)where Nc is a bearing 
apa
ity fa
tor, 
u is undrained shear strength and p0 is the totalverti
al stress at the foundation bottom. The Nc fa
tor depends only on the shape of thefoundation and its values were proposed by numerous authors. In order to 
al
ulate analyti-
ally the bearing 
apa
ity of the foundation model, a value of Nc proposed by (Day, 2006) wasused, taking Nc equal to 5.53. For the 
ase of the foundation model, the undrained verti
albearing 
apa
ity obtained with this equation is approximately 100kPa, 6kN. This value isused to plot a theoreti
al failure envelope (de�ned by equation (5.10)), whi
h is graphi
allyshown in Figure 5.23 by a full line. As shown by (Oroz
o, 2009), the failure envelope for anembedded foundation does not rea
h a value V=0 at H=0. Therefore it 
an be seen that theanalyti
al formula does not take into a

ount the foundation embedding. The dashed lineshows a V-H path obtained from an experimental swipe test, where verti
al bearing 
apa
itywas not rea
hed sin
e it was de
ided to stop the V load before. The foundation was em-bedded and therefore a lateral passive pressure has to be taken into a

ount with respe
t tothe analyti
al equation. It 
an be observed that the theoreti
al and experimental maximumhorizontal load is in the same order, although its position in relation to the x axis is not inagreement.
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Figure 5.23: Comparison between experimental and analyti
al results
The maximum horizontal bearing 
apa
ity develops when: (Butter�eld and Gottardi, 1994)

Hmax ≈ Vmax/8 (5.12)This empiri
al observation is respe
ted in the Figure 5.23.
5.5.2 Failure envelope - Foundation on soil reinfor
ed by piles asso
iated to theLoad Transfer Columns (LTCs)Introdu
ing a soil reinfor
ement, the V-H load leading to bearing 
apa
ity failure in
reases. Aswipe test was 
arried out for a 
ase of a foundation embedded in pure 
lay and a foundationon soil improved by piles asso
iated to the LTCs. A 
omparison of these two tests is shownin Figure 5.24. It 
an be seen that the failure envelope of a foundation on the reinfor
ed soilis mu
h larger than the failure envelope of a foundation in pure 
lay. The shape of the twoenvelopes is homotheti
 with a size ratio of approximately 4 between the swipe test envelopefor the reinfor
ed soil and the swipe test envelope for pure 
lay. The ultimate verti
al bearing
apa
ity for the reinfor
ed soil is found to be around 280kPa (16000 N, Figure 5.24). Theperformed swipe test is also used to verify that the stress path 
orresponding to the imposeddynami
 loading (presented in the next se
tion) remains within the failure surfa
e. Figure5.25 shows that the 
y
li
 loading path is situated inside the rupture surfa
e.
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Figure 5.24: Swipe test performed on 
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al Stati
 load + Horizontal Dy-nami
 loadAfter the stage of soil 
onsolidation introdu
ed in se
tion 5.4, the verti
al load of 5000N,whi
h is applied to the reinfor
ed soil, is set 
onstant. This load represents one third ofthe foundation verti
al bearing 
apa
ity. Thirty 
y
les of horizontal 
y
li
 loading are thenapplied with a 
onstant displa
ement amplitude of +/- 2mm and a frequen
y of 2.7Hz. Thehorizontal loading is 
ontrolled in displa
ement and is shown in Figure 5.26(b). The dire
tionof the �rst horizontal loading is the dire
tion 'A' (Figure 5.26), whi
h makes the instrumentedpile a
t as the 'front' pile in the group of the other piles during the loading in dire
tion 'A'.It is noted that unless spe
i�ed di�erently, the �gures in
luded in this se
tion are plotted inthe 'Corre
tion-Vload' data presentation (see 5.3).
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li
 Loading- Dire
tion A, Dire
tion B5.6.1 Soil reinfor
ed by piles asso
iated to Load Transfer Columns (LTCs)5.6.1.1 Foundation SettlementThe behaviour of a shallow foundation under a dynami
 loading on soil reinfor
ed by pilesasso
iated to LTCs is studied. Height of the stone 
olumns was varied in order to study thee�e
t of stone 
olumn height on the foundation settlement (Figure 5.27). It is observed, thatthe amount of settlement under the horizontal dynami
 loading of the foundation in
reaseswith the in
reasing stone 
olumn height. This phenomenon 
an be explained by an assumption
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 load 105that shorter stone 
olumns tend to transfer a large amount of the imposed verti
al load to therigid in
lusions and therefore the upper, �exible part of the system is less 
ompa
ted underthe 
ombined loading. Total settlement a

umulated during 30 
y
les varies from 3 to 5.5mm (i.e. approximately 0.01B to 0.02B) and doesn't rea
h a stabilization by the end of 
y
li
loading. It 
an be noti
ed that the value of the a

umulated settlement is in the same orderas the value of settlement 
aused by stati
 verti
al loading of the foundation model (Figure5.10-5.12).
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Figure 5.27: Foundation settlement under horizontal dynami
 loading - soil reinfor
ed by pilessupporting the LTCs
5.6.1.2 Horizontal response of the foundation modelAs the 
y
li
 displa
ement with a 
onstant amplitude was applied to the foundation model,the foundation response in terms of horizontal for
e was measured. The value of the horizontalfor
e is dependent on the verti
al pressure between the soil and the foundation as well as onthe interfa
e 
hara
teristi
s and lateral pressure a
ting on the sides of the foundation.Figure 5.28(a) shows loops des
ribing the relation between the horizontal displa
ement andthe horizontal for
e measured at the foundation level. It was observed that the loops 
hangetheir in
lination throughout the 
y
li
 loading and therefore it 
an be dedu
ed that the systemrigidity 
hanges with the number of 
y
les. This rigidity in
rease is shown in Figure 5.28(b)and is explained by the fa
t that as the foundation settles throughout the 
y
li
 loading, theLTCs be
ome more dense and rigid and 
ause the global rigidity of the system to in
rease.There was observed no dependen
e of the system rigidity on the height of the LTCs.
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e registered at the foundation level when it is subje
ted to
y
li
 displa
ement with a 
onstant amplitude; (b)In
reasing sti�ness of the system soil-reinfor
ement throughout the 
y
li
 loading; exp LTC11
5.6.1.3 Physi
al values derived from strain measurements in the pile asso
iatedto a LTCMoment M, De�e
tion y and Shear For
e TThe instrumented pile undergoes a de�e
tion 
aused by 
y
li
 loading of the foundation model.This de�e
tion registered at the pile head was found to be in phase with the horizontal dis-pla
ement of the foundation (Figure 5.29). Pile head de�e
tion monitored by the top level ofstrain gages is used to de�ne times when the pile de�e
tion rea
hes its lo
al maximum andminimum. These lo
al maxima and minima are studied for the �rst, �fth, tenth, �fteenth andthe thirtieth 
y
le and their lo
ation in the time domain are t1-t3-t5-t7-t9 for the maximaand t2-t4-t6-t8-t10 for the minima. The bending moment, de�e
tion and shear for
e at timeinstants t1 to t9 are plotted in Figures 5.30 to 5.32 for 3 experiments with stone 
olumn height5
m, 8
m and 10
m. More �gures presenting su
h results from other experiments are listedin Annex B. The obtained results indi
ate that:
•It 
an be noti
ed that the pile performs a reversible behaviour only during the �rst �ve
y
les. After the �fth 
y
le, the pile doesn't enter the zone of negative de�e
tion and showsa very important de�e
tion a

umulation with the dynami
 loading. This a

umulated lat-eral displa
ement develops in dire
tion 'A' towards unreinfor
ed soil, i.e. out of the pile group.
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Figure 5.29: De�e
tion y registered at the pile head whi
h is found to be in phase with thehorizontal displa
ement of the foundation
•As the foundation moves in dire
tion 'A', the pile undergoes positive lateral de�e
tion. Thede�e
tion a

umulation is the most important for the �rst �ve 
y
les and has a tenden
y tostabilize for the last ten 
y
les.
•The pile undergoes lateral movement up to a depth of approximately 20
m out of its 50
mlength. Ratio between a depth of �rst pile deformation measured from the foundation surfa
ed and foundation width B varies from 0.8 to 0.9:

d

B
∈ [0.8; 0.9] (5.13)

•The position of lo
al maximum shear for
e moves deeper along the rigid in
lusion with thedynami
 loading. Su
h a trend, although not as visible, 
an also be observed for the lo
almaxima of the bending moment as their position moves deeper along the pile. This 
on�rmsobservations made by (Khemakhem, 2012). This phenomenon is explained by the fa
t thatas the pile undergoes lateral 
y
li
 movement, the surrounding soil degradates and looses itsstrength. As a 
onsequen
e, the load appli
ation moves to lower, more rigid soil layers.
•For the �rst 
y
le, M, T and y along the pile at times t1 and t2 rea
h the same abso-lute values. For the 
y
les 10 to 30 (t5 to t10), when the foundation moves in dire
tion 'B'(sub�gures with dashed lines in �gures 5.30 to 5.32), the pile shows two shear for
e lo
al max-ima. This may be due to the 
ontradi
tion that, on one hand, the pile moves in dire
tion 'B'along with the foundation movement and on the other hand, the transition zone is 
onstantlyin
lined towards the unreinfor
ed soil in dire
tion 'A'. Another possible explanation for thepresen
e of the two lo
al maxima of the shear for
e along the pile are the inertia e�e
ts.
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Figure 5.30: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTC of5 
m (exp LTC9); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion 'B' = t2, t4, t6, t8, t10



5.6. Combined Loading - Verti
al Stati
 load + Horizontal Dynami
 load 109

0 5 10 15
−2

0

2

4

6

8

10

12
x 10

−4

t1

t2

t3

t4

t5

t6

t7

t8

t9

t10

Time [s]

D
is

pl
ac

em
en

t a
t p

ile
 h

ea
d 

[m
]

0 5 10

0

0.1

0.2

0.3

0.4

0.5

Moment [N.m]

P
ile

 le
ng

ht
 [m

]

 

 

t1

t3

t5

t7

t9

−3 −2 −1 0 1 2

0

0.1

0.2

0.3

0.4

0.5

Moment [N.m]

P
ile

 le
ng

ht
 [m

]

 

 

t2

t4

t6

t8

t10

 LTC 8cm

0 5 10

x 10
−4

0

0.1

0.2

0.3

0.4

0.5

Deflection [m]

P
ile

 le
ng

ht
 [m

]

−2 0 2 4

x 10
−4

0

0.1

0.2

0.3

0.4

0.5

Deflection [m]

P
ile

 le
ng

ht
 [m

]

−50 0 50

0

0.1

0.2

0.3

0.4

0.5

Shear Force [N]

P
ile

 le
ng

ht
 [m

]

−60 −40 −20 0 20 40

0

0.1

0.2

0.3

0.4

0.5

Shear Force [N]

P
ile

 le
ng

ht
 [m

]

Figure 5.31: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTC of8 
m (exp LTC11); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion 'B' = t2, t4, t6, t8, t10
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Figure 5.32: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTC of10 
m (exp LTC10); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion 'B' = t2, t4, t6, t8, t10In order to analyze the in�uen
e of the stone 
olumn height on the lateral pile performan
e,
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al Stati
 load + Horizontal Dynami
 load 111moment M, shear for
e T, de�e
tion y and lateral soil resistan
e P envelopes were studied.The maximum M, T, y and P envelopes were plotted for the �rst 
y
le and then for the totalhorizontal loading sequen
e, i.e. 30 
y
les:
• The First loading 
y
le
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LTC 10cm(b)Figure 5.33: Maximum moment M (a) and de�e
tion y (b) envelopes for the �rst loading
y
le
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LTC 5cm

LTC 8cm

LTC 10cmFigure 5.34: Maximum shear for
e F envelopes for the �rst loading 
y
leFigures 5.33 to 5.34 show envelopes of maximum moment, shear for
e and de�e
tion forthe pile subje
ted to one loading 
y
le at the beginning of 
y
li
 loading. In is noted



112 Analysis of Experimental Resultsthat during the �rst loading 
y
le, the pile response doesn't seem to be in�uen
ed bythe stone 
olumn height (
onsidering stone 
olumns within the tested range of heights).
• 30 Loading Cy
les
Maximum bending moment, shear for
e and de�e
tion envelopes are plotted in Figures5.35 and 5.36. Ea
h �gure shows results of six experiments when ea
h stone 
olumnheight was tested twi
e. Following observations are made:
� Bending moment and shear for
e de
rease with in
reasing 
olumn height.� The position of the bending moment maximum and the shear for
e maximummoves deeper along the rigid in
lusion with in
reasing 
olumn height.� Pile deformation rea
hes larger depth for higher 
olumns.

The pile response over the total 30 
y
les suggests that shorter stone 
olumns a
t asmore rigid elements and therefore transfer higher bending moments 
aused by lateralfoundation displa
ement. They allow less shearing than the higher 
olumns and there-fore may 
ause a higher pile head rotation. Deeper lo
ation of the bending momentmaximum for piles followed by higher 
olumns suggests that the soil around these pilesdegradates into larger depth than for piles supporting shorter stone 
olumns. This is inagreement with the observation that the pile deformation rea
hes larger depths whenthe pile is asso
iated to a higher 
olumn. It is noted, that an opposite trend was ex-pe
ted.It is reminded that at the beginning of the 
y
li
 loading stage, the pile is under a higherde�e
tion and a higher bending moment for 8
m and 10
m stone 
olumn heights. Eventhough these initial 'deformation derived' values are put to zero at the beginning ofthe 
y
li
 loading (this is done in order to see pure in�uen
e of 
y
li
 loading on thepile performan
e), it is thought as ne
essary to keep their presen
e in mind during theresults analysis.
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LTC 10cm(b)Figure 5.35: Maximum moment M (a) and de�e
tion y (b) envelopes for 30 loading 
y
les

0 10 20 30 40 50 60 70

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Shear Force [N]

D
ep

th
 [m

]

Shear Force envelopes

 

 

LTC 5cm
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LTC 10cmFigure 5.36: Maximum shear for
e T envelopes for 30 loading 
y
lesIn order to have a proper understanding of the in�uen
e of the group e�e
t on the instrumentedpile, experiments were 
arried out where the horizontal 
y
li
 displa
ement of the foundationmodel was started in an opposite dire
tion than usual, i.e. in dire
tion 'B'. The pile responseto this loading was monitored and 
ompared to the pile performan
e when the foundationmotion starts in dire
tion 'A'. A pile head lateral de�e
tion for the two experiments is plottedin Figure 5.37. To 
ompare lateral performan
e of the pile for these two experiments, valuesof bending moment M, shear for
e T and de�e
tion y are 
ompared for the �rst loading 
y
le.Pile responses registered at a moment when the pile de�e
tion rea
hes its amplitude (P1 andP2 in Figure 5.37), are 
ompared. It is observed, that when the foundation moves in dire
tion'B', i.e. in dire
tion from the instrumented pile towards the other piles, the rea
hed de�e
tion,moment and shear for
e values are smaller, than when the foundation moves in dire
tion 'A',i.e. in dire
tion from the instrumented pile towards the unreinfor
ed 
lay. These results 
anbe seen in Figures 5.38 and 5.39 and 
on�rm the 
lassi
al 'shadow e�e
t' in the intera
tionbetween front and rear piles in a group. Figure 5.38 also shows that the 
urves representingthe pile response at times P1 and P2 are superimposed for the two experiments. This is also



114 Analysis of Experimental Resultsobserved for all the following 
y
les and therefore suggests that there is no in�uen
e of theinitial loading dire
tion on the global pile behaviour.

Figure 5.37: E�e
t of a pile group shown on an example when the foundation displa
ementis started in two oppsite dire
tions - de�nition of P1 and P2
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P2, first load in dir. A(a)Figure 5.39: T values at amplitudes of the pile head de�e
tion (P1 and P2 in �gure 5.37)P-y 
urvesAs des
ribed in the 
hapter 4, the P-y loops 
ould be derived from strain measurements.These P-y loops des
ribe pile lateral performan
e not only in terms of lateral soil rea
tionand de�e
tion, but also in terms of pile-soil sti�ness and energy dissipation. Ea
h P-y loop,obtained from one load 
y
le, is approximated by an ellipse. Area of this ellipse is used to
al
ulate energy dissipation and its slope is used to 
al
ulate sti�ness of the pile surroundedby 
lay.Dependen
e of P-y 
urves on depthThe P-y loops are plotted in Figure 5.40 for four di�erent verti
al positions - 3
m, 5.4
m,7.4
m and 10.4
m from the pile head. Ea
h of the sub�gures shows loops obtained at a
ertain depth during the 30 loading 
y
les. Logi
ally the size and the area of the P-y loops is
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reasing with depth.Position of the loops in the P-y spa
e shows that the lateral soil resistan
e is mobilized morewhen foundation is loaded in dire
tion 'A', i.e. in dire
tion heading outside the pile group(Figure 5.26). This means, that the positive lateral soil rea
tion rea
hes higher values thanthe negative lateral soil rea
tion. Su
h an observation 
an be explained by the 'shadow e�e
t'between front and rear pile in the group, whi
h limits the instrumented pile de�e
tion, and
onsequently the lateral soil rea
tion, when the foundation moves in dire
tion 'B'. In these
ond half of the 
y
li
 loading, values of negative lateral soil rea
tion start to de
rease andmove towards zero. This is assumed to mark a starting presen
e of a gap between the soiland the pile. This gap develops in dire
tion 'B' from the instrumented pile and is shown inFigure 5.41.Slope of the P-y loop expresses sti�ness of the pile-soil system. It is shown by numerousauthors (Rosquoët, 2004), (Khemakhem, 2012), et
. dealing with the lateral pile behaviourin the 
entrifuge that the pile-soil sti�ness in
reases with depth. This phenomenon was notobserved for the redu
ed physi
al model presented and is due to the fa
t that the soil hasuniform properties with depth.
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Figure 5.40: P-y 
urves plotted at di�erent positions of a pile asso
iated to a LTC with 8 
mheight (exp LTC11)
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Figure 5.41: Gap 
reated between the pile and the 
layDependen
e of P-y 
urves on number of 
y
lesWith the 
y
li
 loading, the sti�ness of the pile-
lay system de
reases. This phenomenon willbe further referred as sti�ness degradation. This is due to the fa
t, that as the pile penetrateshorizontally into the surrounding 
lay, the soil gets disturbed. Due to the 
lay nature and
ohesion, the generated gap doesn't 
lose after the pile returns ba
k to its initial position.Due to this gap opening and due to degradation of the 
lay me
hani
al properties, the sti�-ness of the pile-soil system de
reases with the 
y
li
 loading. The sti�ness degradation has atenden
y to stabilize in the se
ond half of the 
y
li
 loading.Figure 5.42 shows a detail of a P-y loop at 2.5
m depth from the pile head. Beginning ofthe 
y
li
 loading is marked by a red star. It 
an be seen, that the position of the loop inthe P-y spa
e stabilizes after approximately ten 
y
les. This is in agreement with the previ-ously presented results that show M, y and T stabilization in the se
ond half of 
y
li
 loading.
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urves for pile asso
iated to a LTC with 8 
m height (exp LTC11)
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h P-y loading 
y
le 
an be approximated by an ellipse (Figure 5.43) representing a hys-teresis loop. Ea
h loop is then analysed and the P-y sti�ness is 
al
ulated.Figure 5.44 shows the sti�ness evolution throughout the 
y
li
 loading. Results of two exper-iments performed with the same 
olumn height are plotted and show a sti�ness degradationwith the in
reasing number of 
y
les. This tenden
y is 
ommon for all experiments performed.In general, no in�uen
e of the stone 
olumn height on the sti�ness of the pile-soil system wasfound.Evaluating the initial slope of the P-y loops in Figure 5.43, an initial value of Es equal to6MPa was obtained. This is in the same order as the initial value of Es determined for theverti
al loading (see Figure 5.19).
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al Stati
 load + Horizontal Dynami
 load 1195.6.2 Soil reinfor
ed by piles asso
iated to Load Transfer Platform (LTP)5.6.2.1 Foundation SettlementThe behaviour of shallow foundation under a dynami
 loading on soil reinfor
ed by piles as-so
iated to a gravel mattress (LTP) was studied in the same way as for the soil reinfor
ed bypiles asso
iated to a gravel 
olumn (LTC). Thi
kness of the mattress was varied in order tostudy its e�e
t on the foundation settlement, whi
h is shown in Figure 5.45. It was observed,that the amount of settlement under dynami
ally loaded foundation in
reases with in
reasingmattress thi
kness. This phenomenon 
an be explained by an assumption that thinner mat-tress tends to transfer more of the imposed verti
al load to the rigid in
lusions and thereforethe upper, �exible part of the system is less 
ompa
ted under the 
ombined loading. Settle-ment a

umulated during the 30 
y
les varies from 2.8 to 7 mm, depending on the mattressthi
kness. For thinner mattress, a settlement stabilization is rea
hed by the end of 
y
li
loading. It 
an be noti
ed that the value of the a

umulated settlement is higher 
omparedwith the value of settlement 
aused by stati
 verti
al loading of the foundation model (Figure5.10 - 5.12).
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Figure 5.45: Foundation settlement under dynami
 loading - soil reinfor
ed by piles supportinga mattress (LTP)



120 Analysis of Experimental Results5.6.2.2 Horizontal response of the foundation model
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Number of cycles(b)Figure 5.46: (a) Horizontal for
e registered at the foundation level when it is subje
ted to
y
li
 displa
ement with a 
onstant amplitude; (b)In
reasing sti�ness of the system soil-reinfor
ement throughout the 
y
li
 loading; exp LTP5As the 
y
li
 displa
ement with a 
onstant amplitude was applied to the foundation model,the foundation response in terms of horizontal for
e was measured. The results are shown in



5.6. Combined Loading - Verti
al Stati
 load + Horizontal Dynami
 load 121Figure 5.46(a) whi
h shows loops des
ribing the relation between the horizontal displa
ementand the horizontal for
e measured at the foundation level. It was observed that the loops
hange their in
lination throughout the 
y
li
 loading and therefore it 
an be dedu
ed thatthe system rigidity 
hanges with the number of 
y
les. This rigidity in
rease is shown inFigure 5.46(b) and is explained by the fa
t that at the foundation settles throughout the
y
li
 loading, the LTP be
omes more dense and rigid and 
ause the global rigidity of thesystem to in
rease.
5.6.2.3 Physi
al values derived from strain measurements in the pile asso
iatedto a LTPMoment M, De�e
tion y and Shear For
e TThe bending moment, de�e
tion and shear for
e 
reated along the pile during the 
y
li
 load-ing are plotted in Figures 5.47 to 5.49. Ea
h of the three �gures shows results from oneexperiment with a LTP height of 5
m, 8
m or 10
m. The results are presented in the waysame as is the presentation used in se
tion 5.6.1.3. More �gures presenting results from otherexperiments are listed in Annex B. The obtained results indi
ate that:
•Varying the mattress thi
kness, it 
an be seen, based on the bending moment distribu-tion, that the thinner 5
m gravel mattress tends to indu
e higher deformation of the pile.Su
h an observation is more visible from the P-y 
urves, presented in the following. This
on�rms that the thinner mattress transfers more loading to the rigid in
lusion.
•Pile supporting 8
m and 10
m mattress exhibits similar behaviour.
•Eventhough the pile response under the �rst loading 
y
le is more or less symmetri
, thereis an important de�e
tion a

umulation (up to 1mm) with the dynami
 loading. This a

u-mulated lateral displa
ement develops in dire
tion 'A' towards unreinfor
ed soil, i.e. out ofthe pile group. The de�e
tion a

umulation is the most important for the �rst �ve 
y
les andhas a tenden
y to stabilize for the last ten 
y
les. This phenomenon was observed for bothreinfor
ement systems, i.e. for both 
ases when piles were asso
iated either to LTCs or LTP.
•The pile undergoes lateral movement up to a depth of approximately 35
m out of its 50
mlength. The lateral deformation is apparent at higher depths for the 
ase when the pile isloaded in dire
tion 'B'. Comparing the depth to whi
h the pile is deformed when it is asso-
iated either to the LTP or the LTC, it 
an be seen that it undergoes deformation to largerdepth when followed by the LTP.
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(b)Figure 5.47: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTP of5 
m (exp LTP4); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion 'B' = t2, t4, t6, t8, t10
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(b)Figure 5.48: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTP of8 
m (exp LTP5); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion 'B' = t2, t4, t6, t8, t10
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(b)Figure 5.49: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTP of10 
m (exp LTP6); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion 'B' = t2, t4, t6, t8, t10



5.6. Combined Loading - Verti
al Stati
 load + Horizontal Dynami
 load 125In order to analyze the in�uen
e of the mattress height on the lateral pile performan
e, mo-ment M, shear for
e T, de�e
tion y and lateral soil resistan
e P envelopes were studied. Themaximum M, T, y and P envelopes were plotted for the �rst 
y
le and then for the totalhorizontal loading sequen
e, i.e. 30 
y
les:
• The First Loading Cy
le
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LTP 10cm(b)Figure 5.50: Maximum moment (a) and de�e
tion (b) envelopes for the �rst loading 
y
le
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LTP 5cm
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LTP 10cmFigure 5.51: Maximum shear for
e envelopes for the �rst loading 
y
leFigures 5.50 to 5.51 show envelopes of maximum moment, shear for
e and de�e
tion forthe pile subje
ted to one loading 
y
le at the beginning of 
y
li
 loading. It is noted thatduring the �rst loading 
y
le, the pile response to the applied loading is higher whenthe pile is asso
iated to a mattress of 5
m. Pile supporting a 8
m or 10
m mattress



126 Analysis of Experimental Resultsseems to undergo an equivalent level of deformation. This pile behaviour presents adi�eren
e 
ompared to 
ases when the pile is asso
iated to the LTC - there the pileresponse during the �rst 
y
le doesn't show any in�uen
e of the 
olumn height.
• 30 Loading Cy
lesMaximum bending moment, shear for
e and de�e
tion envelopes are plotted in Figures5.52 and 5.53. Ea
h �gure shows results of six experiments when the response of the pileasso
iated to ea
h mattress height was tested twi
e. Following observations are made:� The e�e
t of the mattress height on the pile performan
e whi
h was observedduring the �rst loading 
y
le was 
on�rmed for the pile performan
e during thetotal of 30 
y
les: pile response to the applied loading is higher when the pile isasso
iated to a mattress of 5
m, but is equivalent when the pile is asso
iated to a8
m or 10
m mattress.� The mattress height doesn't seem to have and in�uen
e on the position of the lo
almaximum of the bending moment. As shown in the previous se
tion, this was notthe 
ase when the pile was asso
iated to a 
olumn (LTC). This suggests that thereis a less degradation of soil sti�ness when the pile is followed by a LTP than whenthe pile is followed by a LTC.The pile response over the total 30 
y
les suggests that the shorter mattress a
ts asa more rigid element and therefore transfers higher bending moments and shear for
es
aused by lateral foundation displa
ement. The higher mattresses seem to transfer anequivalent level of deformation to the pile head.
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e envelopes for 30 loading 
y
les
P-y 
urvesThis se
tion analyses P-y 
urves obtained at the top of the instrumented pile asso
iated to agravel mattress (LTP). The �gures are presented in the same manner as in se
tion 5.6.1 whi
hdeals with soil reinfor
ed by piles asso
iated to the LTCs. Sin
e there are strong similaritiesin the observed behaviour for a pile asso
iated to a LTC or a LTP, it was de
ided not torepeat all the 
omments already made in the se
tion 5.6.1.It is noted that a dire
t 
omparison between the P-y 
urves obtained for the instrumentedpile supporting the LTC or the LTP 
an not be made sin
e the P-y 
urves were plotted forea
h 
ase at a di�erent verti
al position. This was due to the fa
t that the strain gaugesdire
tly at the pile head did not work for experiments performed with the LTP.
Dependen
e of P-y 
urves on depthP-y loops plotted (Figure 5.54) at four di�erent verti
al positions logi
ally show that theirsize and their area is de
reasing with depth. The a

umulation of displa
ement in dire
tion'A' is the 
ause of mainly positive values of the pile de�e
tion y and the lateral soil rea
tionP.
Dependen
e of P-y 
urves on number of 
y
lesFigure 5.55 shows a detail of a P-y loop at 5.4
m depth from the pile head. Beginning ofthe 
y
li
 loading is marked by a red star. The �gure well illustrates the pile-soil sti�nessdegradation.
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Figure 5.54: P-y 
urves plotted at di�erent positions of a pile asso
iated to a LTP with 8 
mheight (exp LTP5)
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 load 129Dependen
e of p-y 
urves on the stone mattress thi
knessFigure 5.56 shows the pile behaviour in the P-y spa
e for three di�erent mattress thi
kness.The P-y 
urves are plotted at depth 8
m from the pile head. It 
an be seen that the soilrea
tion P [N/m℄ de
reases with the in
reasing mattress thi
kness. This 
an be linked tothe results showing that thinner mattress transfers higher for
es to the pile than a thi
kermattress and therefore it is logi
 that the lateral soil rea
tion P measured at the pile top ishigher when pile is asso
iated to a thinner mattress.

Figure 5.56: P-y loops obtained 8
m from the pile head for di�erent gravel mattress thi
kness5.6.3 Energy dissipation analysisSin
e the studied soil reinfor
ement is widely used is seismi
 zone areas, lot of attention isgiven to analysing dissipation of energy indu
ed by the foundation dynami
 movement. Tobetter understand the me
hanism, the physi
al models are divided into three parts:1. Foundation and the surrounding 
lay (1. in Figure 5.57)2. Upper �exible part of the physi
al models - Load transfer 
olumn (LTC) and the sur-rounding 
lay or the Load Transfer Platform (LTP) (2. in Figure 5.57)3. Pile and the surrounding 
lay (3. in Figure 5.57)The energy dissipation in these parts is evaluated independently and 
on
lusions on this
oupled me
hanism are made. Figures 5.57 illustrates the notations used in the followingtext.
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(a) (b)Figure 5.57: Horizontal loading of a shallow foundation on soil reinfor
ed by LTP (a) or LTC(b). Introdu
tion of the notations usedReferring to Figure 5.57, H is said to be 1/4 of the total horizontal for
e applied to thefoundation. This is done in order to evaluate the sti�ness of soil asso
iated to one out ofthe four piles whi
h make part of the physi
al models. It is assumed that H is equal to theshear for
e applied at the top of the �exible parts (LTC or LTP) of the physi
al models. Thefoundation horizontal displa
ement is noted as u and is assumed to be equal to the horizontaldispla
ement of the LTC or the LTP top. Lateral displa
ement of the pile head y is supposedto be equal to the horizontal displa
ement of the bottom of the LTC or LTP. Shear for
emeasured at the pile head is denoted T and is 
onsidered to represent the shear for
e at thebottom of the �exible parts.Global energy dissipation - energy dissipation at the foundation levelEvaluation of energy balan
e at foundation level 
an be obtained from measuring horizontalfor
e needed to indu
e the lateral movement of the foundation. This shear for
e is dependenton verti
al pressure between the soil and foundation, the interfa
e 
hara
teristi
s and lateralpressure of soil a
ting on sides of the foundation. Be
ause the aim is to evaluate energybalan
e within a soil se
tion above one out of four piles, the total shear for
e measured isdivided by four sin
e there are four piles a
ting in the system. This is not entirely 
orre
t sin
eit implies an assumption that ea
h pile is subje
ted to the same amount of horizontal for
e.It is well known that the horizontal load distribution between a pile group shows that thefront row of piles is subje
ted to higher lateral load than the ba
k row (Brown et al., 1987).Despite this, the used approa
h is 
onsidered as a

eptable sin
e it is dealing with horizontal
y
li
 loading and therefore the used shear for
e H 
an be 
onsidered as an 'average' shearfor
e a
ting on the top of the stone 
olumn throughout the 
y
li
 loading.Ea
h H-u loop is approximated by an ellipse and a damping ratio, sti�ness, a

umulatedenergy and dissipated energy are evaluated a

ording to pro
edures des
ribed in se
tion 4.3.1.The results are summarized in the following paragraph.Figure 5.58(a) shows H-u loops obtained for an experiment where the soil mass improvedby piles asso
iated to LTCs of 8
m height is subje
ted to a dynami
 lateral loading of theshallow foundation model. Based on the methods des
ribed in se
tion 4.3.1, damping ratio
ξeq, sti�ness keq, a

umulated energy Wseq and dissipated energy Wdeq are evaluated for ea
h
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y
le, as 
an be seen in Figure 5.58(b). The same presentation of the results but for a soilmass improved by piles asso
iated to a LTP of 8
m height is shown in Figure 5.59.Evaluating su
h results for ea
h experiment performed, the following 
on
lusions are made:
• The global sti�ness and a

umulated energy in
rease with 
y
li
 loading.
• The global damping ratio and dissipated energy de
rease with 
y
li
 loading.
• The level of damping ratio degradation de
reases with time. It is observed that duringthe �rst 
ouple of 
y
les, damping ratio de
reases to approximately two thirds of itsinitial value.
• In general, the system has a tenden
y to stabilize after 15 
y
les for a 
ase when thepile is asso
iated to a LTP or after 20 
y
les when the pile is asso
iated to a LTC.
• As mentioned, the global sti�ness in
reases with 
y
li
 loading. This observation is inagreement with the de
reasing energy dissipation during the 
y
li
 loading, be
ause asthe system be
omes more rigid, its 
apability to absorb energy de
reases.
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More �gures showing results of other experiments are listed in Annex B.Sin
e the values of damping ratio ξeq, sti�ness keq, a

umulated energy Wseq and dissipatedenergy Wdeq have a tenden
y to stabilize in the se
ond half of 
y
li
 loading, only values often last 
y
les are used in a Gaussian distribution performed. This gives, for the ten 
y
les,one value of ξeq, keq , Wseq and Wdeq with a strongest probability. Su
h a pro
ess is repeatedfor ea
h experiment with the aim of 
omparing the energy dissipation for experiments withdi�erent height of LTC or LTP. The results obtained for soil reinfor
ed by piles asso
iatedto LTCs are plotted in Figures 5.60 and 5.61 and results obtained for soil reinfor
ed by pilesasso
iated to LTP are plotted in Figures 5.62 and 5.63. These �gures show height of theupper �exible layer on the x-axes and the values of ξeq, keq, Wseq and Wdeq obtained withthe Gaussian distribution are plotted on y-axis.
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(b)Figure 5.60: Global damping ratio and dissipation for di�erent heights of stone 
olumns (LTC)
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(b)Figure 5.61: Global energy balan
e for di�erent heights of stone 
olumns (LTC)
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(b)Figure 5.62: Global damping ratio and dissipation for di�erent mattress thi
kness (LTP)
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(b)Figure 5.63: Global energy balan
e for di�erent mattress thi
kness (LTP)



134 Analysis of Experimental ResultsThe following table summarizes the results shown in Figures 5.60 to 5.63Table 5.1: Global DissipationSoil reinfor
ed with piles asso
i-ated to LTCs Sti�ness 1.3e5 N/m to 1.55e5 N/mDamping ratio 0.24 to 0.28Energy dissipated 0.73 J to 0.92 JEnergy a

umulated 0.22 J to 0.24 JSoil reinfor
ed with piles asso
i-ated to LTP Sti�ness 1e5 N/m to 1.7e5 N/mDamping ratio 0.18 to 0.23Energy dissipated 0.46 J to 0.7 JEnergy a

umulated 0.17 J to 0.27 JIn the 
ase of soil reinfor
ed by piles asso
iated to LTCs, there 
an be seen no e�e
t of thestone 
olumn height on the global sti�ness, dissipated energy nor damping ratio. On the
ontrary, for soil reinfor
ed by piles asso
iated to a LTP, the global energy and sti�ness seemto in
rease with the in
reasing LTP height.Based on the results presented, piles asso
iated to LTCs seem to be able to dissipate moreenergy than the piles asso
iated to LTP.Energy dissipation within the �exible part of the modelsEvaluation of energy dissipated in the �exible part of the physi
al models 
omposed of LTCsurrounded by 
lay or LTP, 
an be obtained from relation between horizontal for
e applied atthe foundation level H and the di�eren
e between the pile head and foundation displa
ementu-y (Figure 5.57). Ea
h H-(u-y) loop is approximated by an ellipse and a damping ratio,sti�ness, a

umulated energy and dissipated energy are evaluated a

ording to pro
eduresdes
ribed in se
tion 4.3. The results are summarized in the following paragraph.Figure 5.64(a) shows H-(u-y) loops obtained for an experiment when the soil mass improvedby piles asso
iated to 8
m high LTCs is subje
ted to a dynami
 lateral loading of a shallowfoundation model. Based on methods des
ribed in se
tion 4.3, damping ratio ξs , sti�ness ks,a

umulated energy Wss and dissipated energy Wds are evaluated for ea
h 
y
le, as 
an beseen in Figure 5.64(b). The same presentation of the results but for a soil mass improved bypiles asso
iated to a LTP of 8
m height is shown in Figure 5.65.Due to te
hni
al problems, deformation at the pile head y 
ould not be measured for experi-ments performed with LTP. The �rst measurements that 
ould be used for data interpretationwere 8
m from the pile head. Be
ause the pile response dire
tly at the pile head was notknown, de�e
tion values at 8
m from the pile head were 
onsidered as y in the following eval-uation. Evaluating results obtained for ea
h experiment performed, the following 
on
lusionsare made:
• In general, the system has a tenden
y to stabilize after 15 and 20 
y
les for experimentswith LTP and LTC, respe
tively.
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• The sti�ness ks and a

umulated energy Wss within the �exible part of the modelsshow the same trend as the sti�ness keq and a

umulated energy Wseq evaluated atthe foundation level, i.e. their values in
rease with the in
reasing number of 
y
les.This phenomenon 
an be explained by the fa
t that the gravel densi�es throughoutthe 
y
li
 loading and therefore its sti�ness rises, whi
h implies a higher elasti
 energya

umulation.
• It is observed that rea
hed ks and ξs values are higher than the keq and ξeq.

ks(n) > keq(n) (5.14)and
ξs(n) > ξeq(n) (5.15)where n is the 
y
le number varying from 1 to 30.

• Damping ratio ξs and energy dissipated Wds within the stone 
olumns surrounded by
lay show the same trend as the damping ratio ξeq and dissipated energyWdeq evaluatedat the foundation level, i.e. their values de
rease with the in
reasing number of 
y
les.This phenomenon 
an be explained by the fa
t that as the gravel densi�es throughoutthe 
y
li
 loading, less plasti�
ation is taking pla
e. As a 
onsequen
e, the dissipatedenergy, whi
h is proportional to the degree of soil plasti�
ation, de
reases with 
y
li
loading.
• It is observed that rea
hed Wss and Wds values are logi
ally smaller than the Wseqand Wdeq.

Wss(n) < Wseq(n) (5.16)and
Wds(n) < Wdeq(n) (5.17)
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More �gures showing results of other experiments are listed in Annex B.Performing a Gaussian distribution while taking into 
onsideration only stabilized values ofdamping ratio ξs, sti�ness ks, a

umulated energy Wss and dissipated energy Wds (i.e. theirvalues for the ten last 
y
les) one value of ξs, ks,Wds andWss with a strongest probability wasobtained. Su
h a pro
ess was 
arried out for ea
h experiment with the aim of 
omparing theenergy dissipation for experiments with di�erent height of LTC or LTP. The results obtainedfor soil reinfor
ed by piles asso
iated to LTCs are plotted in Figures 5.66 and 5.67, and resultsobtained for soil reinfor
ed by piles asso
iated to LTP are plotted in Figures 5.68 and 5.69.Height of the upper �exible layer (LTC or LTP) is plotted on x-axes and the values of ξeq,
keq, Wseq and Wdeq obtained with the Gaussian distribution are plotted on y-axis.
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(b)Figure 5.66: Damping ratio and dissipation for di�erent heights of stone 
olumns (LTC)
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(b)Figure 5.67: Energy balan
e for di�erent heights of stone 
olumns (LTC)
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(b)Figure 5.68: Damping ratio and dissipation for di�erent mattress thi
kness (LTP)
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(b)Figure 5.69: Energy balan
e for di�erent mattress thi
kness (LTP)



138 Analysis of Experimental ResultsThe following table summarizes the results shown in Figures 5.66 to 5.69Table 5.2: Energy Dissipation within the �exible part of the modelsSoil reinfor
ed with piles asso
i-ated to LTCs Sti�ness 1.4e5 N/m to 2.1e5 N/mDamping ratio 0.25 to 0.4Energy dissipated 0.6 J to 0.9 JEnergy a

umulated 0.15 J to 0.2 J JSoil reinfor
ed with piles asso
i-ated to LTP Sti�ness 1.4e5 N/m to 1.9e5 N/mDamping ratio 0.18 to 0.24Energy dissipated 0.4 J to 0.65 JEnergy a

umulated 0.15 J to 0.25 J
Energy dissipation due to the pile-soil intera
tionThis paragraph evaluates energy dissipation within the rigid part of the physi
al model, mean-ing the bottom part, where the rigid in
lusion intera
ts with the surrounding 
lay. Sin
e thepile deformation is happening in the elasti
 region, the observed energy dissipation is assumedto be due to the plasti�
ation of the 
lay surrounding the pile and to nonlinear hysteresis re-sponse degradation.As des
ribed in se
tion 4.3.3, there are two methods used for the evaluation of energy dissi-pation within the rigid part of the model:

1. T-y loop analysisThe shear for
e T obtained at head of the rigid in
lusion and the de�e
tion y measuredat the same position as the shear for
e T give loops that will be further referred as T-yloops. Based on these T-y loops, damping ratio ξr , sti�ness kr, a

umulated energy
Wsr and dissipated energy Wdr are evaluated using the same pro
edure as for the H-uand H-(u-y) loops. Figure 5.70 (a) shows T-y loops obtained for an experiment when asoil mass improved by piles asso
iated to a �exible layer (i.e. LTCs surrounded by 
lay orLTP) of 8
m in height is subje
ted to a dynami
 lateral loading of the shallow foundationmodel. The 
orresponding damping ratio ξr , sti�ness kr, a

umulated energy Wsr anddissipated energy Wdr are shown in �gure 5.70(b).



5.6. Combined Loading - Verti
al Stati
 load + Horizontal Dynami
 load 139

−2 0 2 4 6 8 10 12 14

x 10
−4

−20

−10

0

10

20

30

40

50

60

70

80

y [m]

T
 [N

]

(a)
0 10 20 30

0.1

0.12

0.14

0.16

0.18

0.2

D
am

pi
ng

 R
at

io

Number of cycles

ENERGY − PILE−SOIL

0 10 20 30
7.7

7.8

7.9

8

8.1
x 10

4

S
tif

fn
es

s

Number of cycles

0 10 20 30
2

4

6

8

10

12
x 10

−3

W
d 

[N
.m

]

Number of cycles
0 10 20 30

2

3

4

5

6

7
x 10

−3

W
s 

[N
.m

]

Number of cycles(b)Figure 5.70: Energy dissipation within the pile-soil system; LTC of 8
m height (exp LTC11)More �gures showing results of other experiments are listed in Annex B.Due to a

umulation of the pile lateral displa
ement with the 
y
li
 loading, the T-y
urves are not always possible to �t with an ellipse. The following 
on
lusions are madebased on a limited number of experiments:
• The values of dissipated energy Wdr are in order of 0.015 J.
• The values of a

umulated energy Wsr are in order of 0.005 J.
• The values of sti�ness kr are in order of 7.5e4 N.m.
• The values of damping ratio ξr are in order of 0.15.2. P-y loop analysisThe se
ond method of evaluating energy dissipation within the rigid part of the physi
almodels is to analyze the P-y loops. The pile is dis
retized in its length and P-y loops areplotted for ea
h verti
al position. P-y loops are then approximated by an ellipse, whi
his then treated as a hysteresis loop, providing energy dissipation parameters. Havingthese pile-soil 
hara
teristi
s for ea
h verti
al position, global pile-soil 
hara
teristi
s,su
h as dissipated energy Wdr, a

umulated energy Wsr and damping ratio ξr, 
an beobtained using the equations (5.18), (5.19) and (5.20).

Wdr =
n=30
∑

n=1

Wdn.dz (5.18)
Wsr =

∫ l

0

M2
max

EI
.dz (5.19)

ξr =
Wdr

Wsr.4.Π
(5.20)where n is the 
y
le number, l is the pile length, dz is the distan
e between two verti
alpositions at whi
h P-y loops are plotted and Mmax is the maximum moment registeredduring one 
y
le n. It is found, that it is su�
ient to 
onsider P-y loops at the �rst 10
m



140 Analysis of Experimental Resultsfrom the pile head. Below this depth, the P-y loop area be
omes very small and 
ouldbe therefore negle
ted. Figure 5.71(a) shows three verti
al positions along the pile, forwhi
h P-y loops (5.71 (b), (
), (d)) were plotted and used to evaluate the lo
al energy
hara
teristi
s at the lo
ation 
on
erned. These were subsequently used to evaluateglobal energy 
hara
teristi
s of the pile-soil system, su
h as damping ratio ξr, sti�ness
kr, a

umulated energy Wsr and dissipated energy Wdr. An example of the resultsobtained for an experiment when the soil mass is improved by piles asso
iated to aneight 
m high �exible layer 
omposed of LTCs is shown in Figure 5.72.
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(d)Figure 5.71: P-y 
urves 
orresponding to three verti
al levels along the pile (position1-3);(exp LTC11)More �gures showing results of other experiments are listed in Annex B.Due to the a

umulation of pile lateral displa
ement with the 
y
li
 loading, the P-y 
urves are not always possible to �t with an ellipse. Based on a limited number ofexperiments the value of energy dissipatedWdr within the pile-soil system was evaluatedto be in the order of 0.02 J (Figure 5.72).
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Position(b)Figure 5.72: Global 
hara
teristi
s of energy dissipation in the rigid part of the physi
al model(exp LTC11), results based on P-y loopsIt is noted that the two methods agree on the value of energy dissipated within the systempile-soil.It was shown that the �exible layer dissipates less energy when 
omposed entirely of gravelmattress (LTP) than when 
omposed of gravel 
olumns (LTCs) surrounded by 
lay. Thiswould logi
ally imply that there is more energy transferred to a pile that is asso
iated to theLTP. This is 
on�rmed by 
omparing the P-y loops for the upper part of the pile and showingthat the P-y loops for a pile supporting a LTP have a larger area than the P-y loops for apile supporting a LTC. Figure 5.73 shows su
h P-y loops whi
h are obtained at a depth of8 
m from the pile head. It was not possible to plot the P-y loops dire
tly at the pile headwhi
h was due to the te
hni
al problems when the deformation at the pile head 
ould not bemonitored for all the experiments performed.
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Figure 5.73: Comparison of the P-y loop area done for two 
ases - on
e when the pile isasso
iated to a LTC and on
e when the pile is asso
iated to a LTP. The P-y loops are plotted8
m below the pile head
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ussion on results of energy dissipationThe previous text shows how energy dissipation is evaluated for three parts of the physi
almodel, giving a sti�ness of ea
h of the parts:1. Foundation and surrounding soil; sti�ness = keq2. LTC and the surrounding soil or LTP; sti�ness = ks3. Pile and the surrounding soil; sti�ness = krIn order to have a better understanding of the intera
tion between the three parts, an ap-proximation of the physi
al model by a rheologi
al model is made (Figure 5.74).

Figure 5.74: Rheologi
al modelTaking keq as total sti�ness of the reinfor
ed soil, the following relation 
an be written, basedon the rheologi
al model presented:
keq =

1
1
ks

+ 1
kr+kc

(5.21)where kr is the sti�ness of the pile-soil system, ks is the sti�ness of the upper �exible part(LTC surrounded by 
lay or LTP) whi
h is dire
tly below the foundation and kc is the sti�nessadded to the system due to lateral pressure of the soil surrounding the upper �exible part ofthe model. As a result of this sti�ness kc, only part of the for
e H whi
h is applied at the topof the model is transferred to the pile head as for
e T. The sti�ness of di�erent parts of themodel 
an be expressed as:
kr = T/y (5.22)
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ks = H/(u− y) (5.23)and
kc = (H − T )/y (5.24)The for
e (H-T) is the for
e, that is passed to the 
lay surrounding the �exible layer whi
h isunderneath the foundation. This for
e 
an be also expressed as:

H − T = H − α.H (5.25)where α is the ratio between the shear for
e obtained at the pile head and horizontal for
eapplied at the foundation, i.e.
α = T/H (5.26)H 
an be expressed as
H =

kr.y

α
(5.27)or

H =
kc.y

1− α
(5.28)and hen
e following relation for kc is obtained:

kc =
1− α

α
.kr (5.29)Based on the experimental results, it was found that one sixth to one eight of the for
e Happlied at the foundation level is transferred to the pile head (see Figure 5.75). Being αthe ratio between the for
e T transferred to the pile head and the for
e H applied at thefoundation level, its value varies from 1

6 to 1
8 . Using equations (5.21) and (5.29), the totalsti�ness keq 
an be obtained. This analyti
ally 
al
ulated total sti�ness is in the same order asthe sti�ness measured at the foundation level, whi
h 
on�rms the rheologi
al model presented.
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Figure 5.75: Amount of shear for
e H transferred to the pile head
It was observed that the values of energy dissipated Wds within the �exible layer were equalto around 90% of the global energy dissipation Wdeq whi
h was measured at the foundationlevel. The �exible layer dividing the foundation from the rigid in
lusions showed that itis therefore able to dissipate most of the energy applied at its surfa
e. The 
ase of a LTCsurrounded by 
lay was found to be able to dissipate more energy than a LTP and the amountof dissipated energy seems to be independent of the LTC height. On the 
ontrary, for the
ase of LTP, the global energy dissipation seems to be in
reasing with the in
reasing heightof the LTP, suggesting that a thi
ker mattress is able to dissipate more energy than a thinnermattress. The global energy balan
e for the LTCs and the LTPs is shown in Figures 5.76 and5.77.
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Figure 5.76: Comparison of global damping ratio of soil reinfor
ed by piles asso
iated to LTCsor LTP
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Figure 5.77: Comparison of global energy dissipation of soil reinfor
ed by piles asso
iated toLTCs or LTP5.6.4 Dis
ussion on the results presented - P-y loops and experiment repeata-bilityThe validity of the results presented is linked to the repeatability of the experiments, whi
his dis
ussed in the following, taking the P-y loops as an example. Cases for soil reinfor
ed bypiles asso
iated to LTCs or LTP are dis
ussed separately.Experiments on soil reinfor
ed by piles asso
iated to Load Transfer Columns(LTCs)Ea
h of the �gures 5.78, 5.79 and 5.80 shows two examples of experiments performed with onestone 
olumn height. It 
an be seen that for the 8 
m stone 
olumn height, the repeatabilityis satisfa
tory. On the 
ontrary, the experiments with 10 
m and 5 
m high stone 
olumnshow a larger s
atter in the results. Aspe
ts whi
h are found to be a potential 
ause of su
hvariation in the results obtained are listed in the following:
• Position of the for
e sensors and pro
edure used for their installation. This aspe
t isthought to have an important in�uen
e on the obtained results. Sin
e it was desired tomeasure verti
al for
e a
ting on the pile head, for
e sensors were installed on top of thetransition zone. These sensors, having a non-negligible volume 
ompared with the stone
olumn dimensions may have in�uen
ed the me
hani
al behaviour of the whole system.
• Di�eren
e in the volumi
 weight of gravel within the stone 
olumn.
• Potential initial gap between the 
lay and the pile.Based on 
areful examination of experimental proto
ols and on an experien
ed judgement,some experiments are 
onsidered as more reliable than others. Comparing the results ofthese experiments with those of the preliminary experiments and experiments performed
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onsolidated soil mass (exp LTC1 - exp LTC8) �nally lead to the presented resultsinterpretation.
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Figure 5.78: P-y loops obtained at pile head for stone 
olumn of 5 
m
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Figure 5.79: P-y loops obtained at pile head for stone 
olumn of 8 
m
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Figure 5.80: P-y loops obtained at pile head for stone 
olumn of 10 
mExperiments on soil reinfor
ed by piles asso
iated to a Load Transfer Platform(LTP)While 
arrying out experiments on soil improved by piles asso
iated to a LTP, problems withstrain gauge monitoring o

urred. It is assumed that due to humid environment around thepile, gauges at the pile head were damaged. Therefore the previously shown results are in�u-en
ed by the fa
t, that the strain was not known dire
tly at the pile head. For experimentsLTP1, LTP5 and LTP6, the top level of strain gauges was not working. For experimentsLTP2, LTP3 and LTP4, the top two levels of strain gauges were not working. In 
ases of dataevaluation, where a 
omparison between di�erent experiments was made, a third level fromthe top (whi
h is positioned 8
m from the pile head) was taken as a referen
e point.In the previous result evaluation, an observation is made 
on
erning the in�uen
e of the mat-tress thi
kness on the lateral pile performan
e. As presented, the thi
ker gravel platformseems to absorb more shear for
e that is applied by the shallow foundation, and therefore lessbending moment is transferred to the pile head. The pile supporting a 5
m thi
k platformseems to be more a�e
ted by the 
y
li
 loading of the foundation. The validity of this obser-vation is linked to the repeatability of the experiments, whi
h is dis
ussed in the following,taking the P-y loops as an example.Ea
h of the �gures 5.81, 5.82 and 5.83 show two examples of experiments performed with onemattress thi
kness. Looking at experiments with one mattress thi
kness, there 
an be noti
eda di�eren
e between the two experiments. This di�eren
e is assumed to be mainly due tovolumi
 weight di�eren
e between the two experiments. Experiments LTP1, LTP2 and LTP3(plotted left on �gures 5.81, 5.82 and 5.83) were 
arried out with less dense mattress thanexperiments LTP4, LTP5 and LTP6 (plotted right on �gures 5.81, 5.82 and 5.83). The pre-sented results evaluation was based on all experiments performed, although experiments with
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 weight are 
onsidered as more representative, sin
e they 
orrespondmore to the 
urrent pra
ti
e.
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Figure 5.81: P-y loops obtained at pile head for gravel mattress of 5 
m
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Figure 5.82: P-y loops obtained at pile head for gravel mattress of 8 
m
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Figure 5.83: P-y loops obtained at pile head for gravel mattress of 10 
m5.7 Problems en
ountered during the experimental work1. An e�ort was made to obtain information on verti
al load transfer within the reinfor
edsoil. For this reason, for
e sensors were used in the experimental set-up. The resultsobtained were not interpretable due to the following reasons:
• Small surfa
e of the for
e sensors 
ompared to the gravel grain size.
• Drawer jamming e�e
t o

urring between the metal 
over and the for
e sensor (see3.3.5)
• Hight sensitivity of the for
e measurements to any in
lination of the 'load transitionsurfa
e' (see 3.3.5).2. A

elerometer �xed at the head of the instrumented pile did not give any valuabledata. This was due to ele
tromagneti
 perturbations 
aused by the horizontal a
tuator,whi
h entirely 
overed the a

elerometer measurements with 'noise'. These ele
tri
alperturbations 
aused frequent dysfun
tion of di�erent sensors and therefore measureshad to be done in order to limit them:
• The Visu
uve and the physi
al model with all the sensors were ele
tri
ally isolatedfrom the horizontal loading devi
e.
• Sensor mass was 
onne
ted to the ampli�er mass.
• Mass of the a
quisition 
ard was 
onne
ted to the mass of the VisuCuve.
• Modi�
ation of the 
ontrol program in Labview



150 Analysis of Experimental ResultsDespite the e�ort made, the perturbations never disappeared entirely and the a

elerom-eter at the pile head provided a signal 
overed with noise.3. While 
arrying out experiments on soil improved by piles asso
iated to a LTP, problemswith three top levels of strain gauges o

urred. It is assumed that humidity from 
layaround the pile got through the prote
tion membrane and a�e
ted strain measurementson the pile head.4. The verti
al and horizontal loading devi
es were not 
ompatible. While the horizontala
tuator applied dynami
 loading, the verti
al a
tuator, designed to work in stati

onditions, had to keep 
onstant verti
al load. As the foundation model settled underthe horizontal dynami
 loading, verti
al a
tuator had to 'keep up' with this settlementand rea
t by in
reasing the verti
al load applied. This was a problem, sin
e the verti
ala
tuator was not fast enough to adjust the verti
al load in order to keep it 
onstant.Therefore the experimental programme had to be adjusted so the loading 
reated lessfoundation settlement and therefore would allow the verti
al a
tuator to rea
t in time.5.8 Con
lusionsThis 
hapter presents experimental study on the behaviour of reinfor
ed soil under di�erentkinds of loading 
onditions. Two types of soil reinfor
ement were studied - piles asso
iated toLoad Transfer Columns (LTCs) and piles asso
iated to a Load Transfer Platform (LTP). Thefollowing 
on
lusions were developed based on the experimental results:1. Introdu
ing soil reinfor
ement 
omposed of piles asso
iated to LTCs into the soil, afailure envelope, i.e. the 
ombination of V-H load leading to a bearing 
apa
ity failure,in
reased by four times in its size with respe
t to the bearing 
apa
ity in the 
lay (Figure5.24).2. The foundation settlement is dependent on the LTC or LTP height - the higher the�exible part of the models, the larger the settlement observed.3. Unlike for the 
ombined dynami
 loading when the foundation settlement was in thesame order for both types (LTP or LTCs with 
lay) of the upper �exible part, it wasobserved that under verti
al stati
 loading the LTP allows less foundation settlementthan a mixture of 
lay and LTCs. It is suggested that this is due to the fa
t that the
lay, being present in between the LTCs, 
onsolidates with time and therefore this typeof the �exible part of the reinfor
ement system allows higher foundation settlement.This aspe
t is visible only if the loading period applied is long enough to allow the 
laymass to 
onsolidate. Sin
e the verti
al loading is applied in several loading stages whereea
h stage is kept 
onstant until the foundation settlement be
omes small (i.e. the 
laymass is partly left to 
onsolidate), the foundation lying on soil with a presen
e of 
lay(i.e. LTCs surrounded by 
lay) settles more during the verti
al stati
 stage of loading.The dynami
 horizontal loading is assumed to be in totally undrained 
onditions andtherefore 
onsolidation does not take pla
e within the 
lay mass. As a 
onsequen
e, the
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lusions 151dynami
 settlement of the foundation is in the same order for both types of the �exiblepart of the model.Figure 5.84 shows the results of the verti
al loading steps during experiments performedon soil reinfor
ed by piles asso
iated to both types of the upper �exible part. It 
an beseen that the di�eren
e between the foundation settlement for the two te
hnologies de-
reases with a de
reasing height of the �exible parts of the models. This is in agreementwith a phenomenon observed throughout the results evaluation, whi
h shows in
reasingsimilarities in behaviour of the �exible parts as their height de
reases.
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LTP − 10cmFigure 5.84: Foundation model settlement for soil reinfor
ed by piles asso
iated to LTCs orLTP of 5
m and 10
m height (ea
h experiment was performed twi
e)4. As shown in se
tion 5.4 whi
h des
ribes the response of the rigid in
lusion to verti
alstati
 loading applied by the foundation, both types (LTCs surrounded by 
lay or LTP)of the �exible part of the physi
al models transfer approximately the same amountof loading to the rigid in
lusion when the height of the LTC or LTP is 5
m. As theheight of the �exible part in
reases, the rigid in
lusion underlying a LTC undergoesa higher deformation than rigid in
lusion supporting a LTP. This phenomenon 
ouldbe explained by the geometry di�eren
e between the two physi
al models. In the 
aseof piles asso
iated to LTCs, a square foundation applies a verti
al load on four gravel
olumns surrounded by 
lay. This load is transferred through the stone 
olumns tothe rigid transition zone and then to the pile. As the V load in
reases, the foundationsettles and the underlying soil has a tenden
y to migrate towards an area with lowerpressure - non-reinfor
ed 
lay surrounding the physi
al model. As a 
onsequen
e, thestone 
olumns undergo a rotation, whi
h is then proje
ted onto the rigid transition zoneand the pile. In the 
ase of LTP, the soil between the foundation and the transitionzone is entirely 
omposed of gravel material and therefore there is a smaller tenden
yto lateral spreading of the soil (due to 
onstant material sti�ness and lower foundationsettlement).
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ulation that the rotation of the stone 
olumns, whi
h is most probably o
-
urring while applying load to the physi
al model of soil reinfor
ed by rigid in
lusionsasso
iated to LTCs, would not take pla
e in the real problems. This is due to the fa
tthat the physi
al model was 
omposed of only four rigid in
lusions followed by a LTC,whereas in the real problems, the soil reinfor
ement is applied in the whole 
onstru
tionsite. As a 
onsequen
e, soil in the real s
ale problems o�ers a higher lateral sti�nesswhi
h limits the e�e
t of LTC rotation.
5. While 
arrying out experiments on soil improved by piles asso
iated to LTP, problemswith strain gauge monitoring o

urred. It is assumed that due to a humid environmentaround the instrumented pile, gauges at the pile head were damaged. Therefore a thirdlevel of strain gauges (Figure 5.2b), being lo
ated 8.5
m from the pile head, served asa referen
e level. This allowed to plot and 
ompare P-y loops at the pile top for pilessupporting either a LTC (Figure 5.85) or a LTP (Figure 5.86) with varying heights. Themain observation made based on Figures 5.85 and 5.86 is that the lateral soil rea
tion Pat a depth of 8
m from the pile head rea
h more important values when the pile is a
tingin 
ombination with the LTP. This phenomenon 
an be explained by a spe
ulation thatthe LTCs surrounded by 
lay transfer more verti
al load to the piles than transfers theLTP. As a 
onsequen
e, the soil around the piles asso
iated to LTCs is under a lowerverti
al stress and this implies that the lateral soil rea
tion P is lower.

Figure 5.85: P-y loops for the �rst loading 
y
le plotted for experiments when the LTC heightwas varied. The aim of the �gure is only to show the lo
ation of the loops in the P-y spa
e.
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Figure 5.86: P-y loops for the �rst loading 
y
le plotted for experiments when the LTP heightwas varied. The aim of the �gure is only to show the lo
ation of the loops in the P-y spa
e.6. Results presented show a presen
e of a gap opening on a side of the pile. This gapappears for 
ases when piles in 
lay are subje
ted to important lateral loading. Su
himportant lateral pile loading happens very rarely in the real s
ale problems and there-fore the gap presen
e is negle
ted in the 
urrent pra
ti
e analysis. Wanting to 
omparelateral pile performan
e for the instrumented pile asso
iated to a LTC or a LTP withouthaving to 
onsider the gap in�uen
e, pile response only during the �rst loading 
y
le(when an absen
e of a gap is spe
ulated) was taken into a

ount. It was observed thatduring the �rst loading 
y
le, the pile response was in the same order when asso
iatedto either of the type of the �exible part. Behaviour of the pile a
ting in 
ombinationwith a LTC doesn't seem to be in�uen
ed by the stone 
olumn height. On the 
ontrary,bending moment M, de�e
tion y and shear for
e T measured along the pile supportinga LTP seem to suggest that there is a dependen
e of lateral pile behaviour on the mat-tress thi
kness. Lower 5
m mattress seems to transfer higher moments, shear for
es andde�e
tion onto the pile than a mattress of 8 and 10 
m. There is observed no apparentdi�eren
e between pile behaviour for 8
m and 10
m mattresses height. It is noted thatmoment M and shear for
e T measured along the pile asso
iated to a LTP rea
h theirlo
al maximum at a position deeper from the surfa
e than for a pile asso
iated to LTC.This suggests, that there is a higher soil degradation around a pile supporting a LTP.7. Analysing the pile response to all 30 
y
les of the 
y
li
 loading, it 
an be observed thatwhen the foundation moves in dire
tion 'A', the pile top supporting a LTC is subje
tedto higher moments than a pile supporting a LTP (Figure 5.87). This is assumed to bedue to higher rotation of the �exible LTC whi
h is transferred to the rigid transitionzone. This spe
ulation, adding to the 'horizontal-loading' me
hanism on the pile head
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hanism is in agreement with the fa
t, that the momentalong a pile supporting a 
olumn o

urs 
lose to the pile head. Curves presented byPoulos (Poulos and Davis, 1980) show su
h a moment distribution, where the maximummoment for 'moment-loading' only o

urs at the surfa
e, whereas the maximum momentfor 'horizontal-loading' only o

urs at depths between 0.1L and 0.4L below the surfa
e.It is noted, that su
h pile behaviour was already observed for the verti
al stati
 loadingand the rotation was assigned to the geometry of the physi
al model. This presentsone of the limitations of the presented physi
al model, whi
h 
ould be over
ome byinstalling more CMMs into the soil or introdu
ing a less rigid joint between the pile andthe transition zone.
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LTP 10cm (exp LTP6)(b)Figure 5.87: Envelopes for maximum moment along the instrumented pile asso
iated to eitherLTC or LTP; the height of the LTC or LTP is varied and ea
h 
on�guration is tested twi
e8. The �exible part of the physi
al models is 
apable of dissipating 90% of the energyapplied at the foundation level. The 
ase when the �exible part 
onsists of a LTC sur-rounded by 
lay was found to be able to dissipate more energy than a LTP. (Figures5.76 to 5.77).9. When analysing lateral pile behaviour within the soil reinfor
ement system, it is ob-served that the pile performs only a limited reversible de�e
tion, meaning that the pilede�e
tion stays almost entirely within a positive range of values. There is observed ana

umulation of the lateral de�e
tion when foundation is loaded in dire
tion 'A'. Thisa

umulation has a tenden
y to stabilize at the end of the 
y
li
 loading. The positionof a bending moment maximum moves deeper along the pile with the 
y
les evolution.This phenomenon was already observed in previous studies done on lateral behaviourof piles in 
lay (Khemakhem, 2012) and implies that as the pile undergoes the loading
y
les, the soil strength is degradated to larger depths.In agreement with observations made in previous works (Khemakhem, 2012), (Matlo
k,1970) lateral sti�ness degradation of the pile-soil system was observed during the 
y
li
loading. This pile-soil sti�ness degradation with in
reasing number of 
y
les is although
ompensated by the sti�ness in
rease within the �exible part observed throughout the
y
li
 loading. As a 
onsequen
e, the global sti�ness of the reinfor
ed soil in
reases withthe 
y
li
 loading.
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10. In order to understand the me
hanisms leading to the observed pile behaviour, all 
ol-le
ted data was studied in detail. Comparing pile performan
e for the two types of thephysi
al models and highlighting the di�eren
es helps to give a deeper understandingof the problem studied. Figures 5.30-5.32 and 5.47-5.49 show that the pile asso
iatedto LTP shows more reversible behaviour than a pile asso
iated to a LTC. When thefoundation applies displa
ement in dire
tion 'B' (time t10 in Figure 5.88), the pile topsupporting a LTP moves further in the loading dire
tion. The pile top supporting aLTC, on the 
ontrary, seems to be unable to perform su
h a reversible behaviour andstays almost entirely in
lined in dire
tion 'A' (Figure 5.88). As a 
onsequen
e, the pilesupporting a LTP undergoes larger de�e
tion at its top and therefore the P-y loopsplotted at the pile top show larger area for the pile asso
iated to a LTP than for a pileasso
iated to a LTC. Knowing that the P-y loop area is dire
tly related to the amountof the dissipated energy, it is suggested that the energy transferred to the pile head ishigher for the 
ase when the pile is asso
iated to LTP. This is in agreement with theresults showing that the LTP is not 
apable to dissipate as mu
h energy as the LTCssurrounded by 
lay (see Table 5.1).
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Figure 5.88: Pile de�e
tion when foundation is loaded in loading dire
tion 'A' (at time t9)and 'B' (et time t10). The pile response is shown for a 
ase when the pile is asso
iated to aLTP or a 
ase when the pile is asso
iated to a LTC
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CHAPTER 6
Numeri
al Modelling

6.1 Introdu
tionNumeri
al simulations presented are 
arried out with FLAC3D, numeri
al modelling 
ode thatutilizes an expli
it �nite di�eren
e formulation. The problem studied numeri
ally simulatesphysi
al experiments des
ribed in the previous 
hapters, addressing the trends observed forthe response of the rigid in
lusion to di�erent loading 
onditions applied.Numeri
al models of soil reinfor
ed by rigid in
lusions asso
iated to di�erent types of �exibleparts are introdu
ed. The system is subje
ted to inertial loading whi
h 
auses, among other,a lateral response of the rigid in
lusion. Analysing the moments and de�e
tions 
reated alongthe in
lusion is 
onsidered as important sin
e it provides not only information 
on
erning therigid part of the model itself but also provides information on the load transfer me
hanismshappening in the �exible part of the models.Aiming for a similar response of the numeri
al and physi
al simulations, 
alibration of thenumeri
al model is done based on results obtained from the physi
al experiments.The numeri
al results 
on�rmed general trends observed for the pile behaviour in the ex-perimental study. In order to 
ompare these results with a numeri
al study presented by X.Zhang (Zhang, 2011), another type of a �exible part was introdu
ed. The numeri
al simula-tions were therefore 
arried out not only with the two types of �exible parts that were studiedexperimentally (LTC, LTP), but also with a third type, whi
h is a modi�
ation of the LTP.This type of the �exible zone, whi
h is new in the presented study, is des
ribed further in thetext and will be referred as 'redu
ed LTP - blo
k'.Unlike the previous numeri
al study (Zhang, 2011), the 
urrent model simulates the 
laybehaviour using a modi�ed Cam-
lay 
onstitutive model instead of a Mohr-Coulomb model.The modi�ed Cam-
lay model o�ers a more realisti
 simulation of the non-linearities in the
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al Modellingstress-strain relationship but it is, same as in the 
ase of Mohr-Coulomb model, not 
apableof a proper simulation of the non-linear 
y
li
 soil behaviour. Constitutive models whi
h areable to realisti
ally reprodu
e under dynami
 
onditions the hysteresis behaviour of soil, theenergy balan
e and the sti�ness degradation during the unloading and reloading are not usedin the presented numeri
al study due to their 
omplexity. The modi�ed Cam-
lay is although
onsidered as su�
ient model for the purpose of this numeri
al study, i.e. to study the lateralperforman
e of a rigid in
lusion in 
lay, addressed in terms of bending moments and de�e
tion
reated along the pile. The system response to the inertial loading related to its hysteresisbehaviour is not studied numeri
ally and stays as one of the perspe
tives for the future works.6.2 The numeri
al 
ode used - FLAC3DFLAC3D is a three dimensional expli
it �nite-di�eren
e program. It numeri
ally studies theme
hani
al behaviour of a 
ontinuous three-dimensional medium as it rea
hes equilibriumor steady plasti
 �ow. The 
ode 
omprises of mathemati
al model and its numeri
al im-plementation. General prin
iples of 
ontinuum me
hani
s, su
h as Cau
hy stress de�nition,equilibrium equation, motion equation, boundary 
onditions and initial 
onditions, form thebase of a mathemati
al model. Adding an appropriate 
onstitutive equation des
ribing thenature of parti
ular material, me
hani
s of a medium is de�ned. Resulting set of partialdi�erential equations de�ning stress-stain rate relationship is being numeri
ally solved forparti
ular 
ase modelled. Numeri
al solution applies an expli
it �nite di�eren
e approa
h intime. For every time step, the 
al
ulation sequen
e 
an be summarized as follows:1. New strain rates are derived from nodal velo
ities.2. Constitutive equations are used in their in
remental form to 
al
ulate stress in
rementsfrom strain rates and stresses at the previous time.3. Nodal mass and out-of-balan
e for
e is 
omputed at a global node. The out-of balan
efor
e is monitored to dete
t whether the system has rea
hed an equilibrium state or asteady �ow state. Taking damping into a

ount, new nodal velo
ities and displa
ementsare derived from known out-of-balan
e for
es.This sequen
e is repeated every time step. If the out-of-balan
e for
e approa
hes to zero,the system modelled has rea
hed an equilibrium state. Out-of-balan
e for
e approa
hing a
onstant indi
ates that the system, or its portion, has rea
hed a steady state �ow of material.The des
ribed numeri
al s
heme is an alternative to impli
it methods used to solve non-linearproblems by in
remental methods. This dynami
 expli
it method reformulates a problem asa dynami
, indu
ing nodal velo
ities, a

elerations and inertia. The problem at time t+ δt issolved in
rementally using a state at time t, whi
h is the di�eren
e 
ompared to the impli
itmethods, whi
h solve a problem for time t+ δt using a state at t and t+ δt. Expli
it methodsdo not use iterations to enfor
e equilibrium at ea
h step like do the impli
it methods. Asa 
onsequen
e, the in
rements need to be small to ensure good a

ura
y. If the number ofin
rements is not su�
ient, the solution tends to drift from the 
orre
t solution.Comparing FLAC3D to more 
ommon �nite element methods (FEM), the following di�eren
esin the two approa
hes 
an be listed (FLAC3D, 2006):
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• By using an expli
it solution s
heme, a nonlinear problem 
an be solved almost in thesame 
omputer time as a linear problem. Impli
it solutions take longer to solve nonlinearproblems but on the 
ontrary demand shorter 
omputation time for linear simulations.FLAC3D is most e�e
tive when applied to nonliear or large strain problems.
• Plasti
 
ollapse loads and plasti
 �ow are modelled more a

urately in FLAC3D that inFEM thanks to using a mixed dis
retization s
heme.
• FLAC3D uses the dynami
 expli
it method des
ribed in the previous text to solvenonlinear problems. Full dynami
 equations of motion are used even when the systemmodelled is essentially stati
. The most 
ommonly used FEM methods use an impli
itnumeri
al s
heme with Newton-Raphson iteration pro
edure.
• Thanks to using an expli
it s
heme, FLAC3D does not store any matri
es, whi
h allows atime e�
ient modelling of large number of elements with a modest memory requirement.Dynami
 analysis option within FLAC3D permits to analyse soil-stru
ture response to dy-nami
 motion thanks to a fully nonlinear method embodied in FLAC3D. Based on expli
it�nite di�eren
e s
heme, equations of motion are solved using lumped grid point masses de-rived from the density of the surrounding zones.6.3 Numeri
al modelsNumeri
al models were 
onstru
ted in Fla
3D with the aim to simulate the physi
al experi-ments done in the VisuCuve. The observed trends were 
ompared to the previous numeri
almodelling 
arried out on the same problemati
 (Zhang, 2011).

Figure 6.1: Numeri
al model of soil reinfor
ed by piles asso
iated to Load Transfer Columns(LTCs) surrounded by 
lay
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al ModellingThe grid was generated a

ording to the geometry and dimensions of the physi
al models. Soilreinfor
ed by pile elements asso
iated to either Load Transfer Columns (LTCs) surroundedby 
lay or to a Load Transfer Platform (LTP) was subje
ted to an inertial loading appliedby a shallow foundation. The grid generated to model su
h 
onditions, 
orresponding to thetwo series of experiments, is shown in Figures 6.1 and 6.2. In order to 
ompare the obtainednumeri
al results with the results obtained within the s
ope of a thesis done by X. Zhang(Zhang, 2011), additional modi�
ations to the model geometry were done - the LTP wasredu
ed in its size to have the same length and width as the foundation and the 
reatedgravel 'blo
k' was surrounded by 
lay (Figure 6.3). Su
h a modi�
ation of the �exible part ofthe model allowed a better understanding of the role of di�erent elements within the �exible'load transfer layer'.Constitutive laws applied in the numeri
al modelling were 
hosen with respe
t to me
hani
alproperties of di�erent 
omponents of the physi
al models. A symmetri
al behaviour of bothphysi
al models is assumed, with a plane of symmetry 
utting the model in half. This verti
alplane of symmetry is parallel to the loading dire
tion.The models represent a soil reinfor
ed by rigid in
lusions asso
iated to one of the three typesof the �exible part (Figures 6.1, 6.2 and 6.3). The 
onne
tion between the �exible and therigid part of the models is simulated by a transition zone. This transition zone is linked tothe pile through a joint whi
h is modelled, unless spe
i�ed di�erently, as a joint allowing freerotations but �xing the translational movement of pile head to be the same as the translationalmovement of the surrounding grid, i.e. the pile head and the transition zone undergo the sametranslational movement. Se
tion 6.5.2 
ompares the pile performan
e when a di�erent kindof joint disabling the rotations is used.Bottom of the piles is �xed in both displa
ement and rotation. Even though Fla
3D providesdi�erent types of seismi
 boundaries, the presented numeri
al models didn't deliberately useany of these in order to realisti
ally model the physi
al experiments. The reason for this is thatthe physi
al model was bordered by the sides of VisuCuve tank. Therefore 
onsidering anyrefra
tion and re�e
tion amortization would be in 
on�i
t with the reality. A lo
al dampingwas used as an approximate way to in
lude hystereti
 damping. It operates by adding orsubtra
ting mass from a grid point during a 
y
le os
illation. Calibration of 
onstitutive lawsfor geomaterials 
onsidered in the numeri
al study was based on laboratory experiments andthe results obtained from the physi
al modelling.
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Figure 6.2: Numeri
al model of soil reinfor
ed by piles asso
iated to a Load Transfer Platform(LTP)

Figure 6.3: Numeri
al model of soil reinfor
ed by piles asso
iated to a Load Transfer Platformwhi
h is redu
ed in its sizeFollowing table shows the 
orresponding parameters used between the physi
al and the nu-meri
al model:
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al ModellingTable 6.1: Physi
al model VERSUS Numeri
al Model - part 1Physi
al Model Numeri
al ModelClay 
u=17kPa, w=0.3 Material de�ned by modi�ed Cam-Clay 
onstitutive model withparameters:
• Bulk modulus (small strain, undrained) = 60MPa
• Shear modulus (small strain, undrained) = 17MPa
• Wet unit weight = 17kN/m3

• λ = 0.115
• κ = 0.029
• Pre
onsolidation pressure = 50kPa
• Referen
e pressure = 1kPa
• Spe
i�
 volume at referen
e pressure = 1.82Tubes representing rigidin
lusions:aluminium external di-ameter = 0,016m; diam-eter = 0,008m Pile stru
tural elements properties:
• Density = 2.7g.cm−3

• Youngs modulus = 69GPa
• Poisson's ratio = 0.35
• Cross-se
tional area = 1.51e − 4m2

• Polar moment of inertia = 6.032e − 9m4

• Se
ond moment with respe
t to pile y-axis = 3.016e − 9m4

• Se
ond moment with respe
t to pile z-axis = 3.016e − 9m4

• Perimeter = 0.05mPileSEL properties:
• Shear 
oupling spring sti�ness per unit length = 1e10N/m
• Shear 
oupling spring 
ohesion(for
e / unit length) = 4.25e3N/m
• Shear 
oupling spring fri
tion angle = 7.97o

• Normal 
oupling spring sti�ness per unit length = 1e10N/m
• Normal 
oupling spring 
ohesion (for
e / unit length) =
4.25e3N/m
• Normal 
oupling spring fri
tion angle (degrees) = 7.97o

• Normal 
oupling spring gap-use �ag = onCompa
ted gravel withgrain size 2mm-4mm Material de�ned by Mohr Coulomb 
onstitutive model with pa-rameters:
• Bulk Modulus = 66MPa
• Shear Modulus = 100MPa
• Unit weight = 25kN/m3

• Fri
tion Angle = 48o

• Cohesion = 0kPa

Table 6.2: Physi
al model VERSUS Numeri
al Model - part 2Physi
al Model Numeri
al ModelTransition zone - alu-minium 
one �lled withgravel Stru
tural element representing a metal 
ylinder having 90 mm indiameter and 50 mm in height. Interfa
e metal-
lay is 
hara
ter-ized in a same way as for the aluminium-
lay interfa
e.Foundation -aluminium Material de�ned by elasti
 
onstitutive model with parameters:
• Bulk Modulus = 69GPa
• Shear modulus = 27GPa



6.3. Numeri
al models 1636.3.1 Grid generation and interfa
esPolyhedral elements are �tted together to represent the geometry of the problem. Geometryof the numeri
al models was done in order to respe
t geometry and dimensions of the physi
almodels. A grid de�ning model geometry in physi
al domain was 
reated. A 
are was takento make it in one hand su�
iently �ne in order to a

urately represent the wave transmissionthrough the material body, but on the other hand to have a 
al
ulation with a bearable
al
ulation time1. Grid of the LTCs as well as of the transition zones was de�ned usingradial 
ylinders with a height varying from 5
m to 10
m (Figure 6.4). These 
olumns weresurrounded by a �ne grid to whi
h a 
lay 
onstitutive law was assigned. Foundation applyingloading to the the reinfor
ed soil was embedded. It was desired to represent the foundationsurfa
e as a plane on whi
h sliding or separation 
an o

ur. This was done by 
reating aninterfa
e between the foundation and the surrounding soil. The fundamental 
onta
t relationbetween the soil and the footing was de�ned by linear Coulomb shear-strength 
riterion (φ,
) and normal (kn) and shear sti�ness (ks). The values used to 
hara
terize the interfa
es arelisted in Table 6.3. In order to allow only either inta
t or broken bond between the foundationand the soil, it is ne
essary to de�ne high rigidity ks and kn, although the values should notbe higher than ten times the sti�ness of the most rigid surfa
e (FLAC3D, 2006).

Figure 6.4: CMM grid
1One 
al
ulation of 30 loading 
y
les performed in dynami
 
onditions took around three weeks
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al ModellingTable 6.3: Interfa
e 
hara
teristi
sGravel-Foundation Interfa
eFri
tion angle φ 45oCohesion 
 0kPaShear sti�ness ks 1e12N/mNormal sti�ness kn 1e12N/mClay-Foundation Interfa
eFri
tion angle φ 0oCohesion 
 17kPaShear sti�ness ks 1e12N/mNormal sti�ness kn 1e12N/m6.3.2 Stru
tural elementsStru
tural elements in FLAC3D des
ribe stru
tural support used for stabilization of ro
k orsoil mass, su
h as beams, 
ables, piles, shells, geogrids and liners. For the presented analysis,pile elements were used to model aluminium tubes used in the physi
al experiments as arepresentation of the rigid part of the soil reinfor
ement. Ea
h pile element, de�ned by itsgeometry, intera
ts with the grid via shear and normal 
oupling springs. These springs arede�ned in terms of sti�ness k, 
ohesive strength 
 and fri
tion angle φ. Me
hani
al behaviourof the pile in the shear and normal dire
tion is de�ned by these parameters, as well as thee�e
tive 
on�ning stress. Spring properties used in the numeri
al analysis to de�ne the soil-in
lusion interfa
e are the same as the 
hara
teristi
s used for the aluminium-
lay interfa
edes
ribed in Table 6.3. For lateral pile loading, a gap development may be observed betweenthe pile and the surrounding material. This gap 
an be numeri
ally modelled in FLAC3Dand the option was used in the presented analysis.6.3.3 Constitutive modelsModi�ed Cam-
lay model 2 was used to represent 
lay, whi
h was surrounding the stone
olumns and rigid in
lusions. Behaviour of gravel within the gravel 
olumns or mattress wasdes
ribed by a Mohr-Coulomb model. Even though none of these models is able to properlyreprodu
e 
y
li
 behaviour of soils, their performan
e is 
onsidered as su�
ient to study thelateral performan
e of a rigid in
lusion in 
lay, addressed in terms of bending moments andde�e
tion 
reated along the pile.Input parameters for both 
onstitutive models were, in the �rst step, obtained from labora-tory experiments (3.3.4). Calibration of the models was then based on experimental resultsobtained from physi
al experiments in the VisuCuve. An example of su
h 
alibration is graph-i
ally shown in Figures 6.5 and 6.6. Input parameters used in the �nal model are listed intable 6.4 and 6.5.2Modi�ed Cam 
lay model was introdu
ed by Ros
oe and Burland (1968) as a modi�
ation of an originalCam-
lay model des
ribed by S
ho�eld and Wroth (1968). These Cam 
lay models take the 
lassi
al stateboundary surfa
e as a yield surfa
e and as a plasti
 potential surfa
e. Hardening is related to the plasti
volumetri
 strains. The modi�ed Cam 
lay model di�ers from the original Cam 
lay model by a form of anequation used to des
ribe the yield 
urves - modi�ed Cam 
lay des
ribes the yield 
urves as ellipses, where asthe original Cam 
lay des
ribes them as logarithmi
 spirals (Atkinson, 1993).
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Figure 6.6: Bearing 
apa
ity of a footing on 
lay reinfor
ed by LTC, experimental versusnumeri
al results
Table 6.4: Input parameters -Cam-
lay modelBulk modulus (small strain, undrained) 60MPaShear modulus (small strain, undrained) 17MPa

λ 0.115

κ 0.029Pre
onsolidation pressure 50kPaReferen
e pessure 1kPaSpe
i�
 volume at referen
e pressure 1.82



166 Numeri
al ModellingTable 6.5: Input parameters -Mohr-
oulomb modelBulk Modulus 66MPaShear Modulus 100MPaUnit weight 25kN/m3Fri
tion Angle 48oCohesion 0kPa6.3.4 DampingNone of the 
onstitutive laws that were used in the numeri
al modelling 
ontains an adequaterepresentation of the hysteresis that o

urs in a real material and therefore an additionaldamping was applied. Dealing with a simple dynami
 
ase, when a sinusoidal velo
ity isapplied to a footing, lo
al damping, whi
h is implemented in FLAC3D was 
hosen to beused. This option of damping, when treated with 
aution, provides good results be
auseit is frequen
y independent and needs no estimate of the natural frequen
y of the systembeing modelled. Lo
al damping operates by adding or subtra
ting mass from a gridpoint orstru
tural node at 
ertain times during an os
illation (FLAC3D, 2006). In
rements of kineti
energy, indu
ed by adding mass to a gridpoint or node, are a
tivated twi
e per os
illation
y
le at velo
ity extremes. Lo
al damping value is in FLAC3D de�ned by a lo
al damping
oe�
ient αl, whi
h is dire
tly related to fra
tion of 
riti
al damping D :
αl = πD (6.1)In the presented dynami
 analysis, 5% damping was used for 
lay and gravel material and 2%damping was used for the stru
tural elements.6.3.5 Joint a
ting between the �exible and the rigid part of the modelsA joint between the transition zone and pile had to be de�ned. Referring to the physi
almodel, metal funnel was �xed by a set of s
rews to the pile. The s
rews allowed a slightfunnel displa
ement and therefore the joint between pile and funnel 
ould be de�ned as semi-rigid. The pile element was numeri
ally simulated by a 'beam stru
ture element' 
omposed of11 nodes. These nodes are 
onne
ted with the surrounding grid by 'links', whi
h implementintera
tions that o

ur between the beam element and the grid. By default, these nodes areatta
hed to the grid su
h that translational degrees-of-freedom are rigidly 
onne
ted to thegrid and the rotational degrees-of-freedom are free (FLAC3D, 2006). Wanting to modify theatta
hment 
onditions between the pile head and the transition zone, links between the nodeat the pile head and the surrounding grid have to be rede�ned. The numeri
al study of thesoil reinfor
ed by rigid in
lusions ea
h atta
hed to a transition zone and a LTC was performed
onsidering two di�erent types of atta
hment 
onditions:1. Translational movement of node being at pile head is the same as the translationalmovement of the grid. Rotations of the node are free, without any 
onne
tion to thesurrounding grid. As a 
onsequen
e, the pile head is subje
ted to same displa
ement asthe transition zone but is not in�uen
ed by any rotation of the transition zone.



6.4. Numeri
al pro
edure - loading 1672. Translational movement and rotation of node being at pile head is the same as thetranslational movement and rotation of the grid. As a 
onsequen
e, the pile head issubje
ted to same rotation and displa
ement as the transition zone.Results of numeri
al 
al
ulations performed under these two 
on�gurations are presented inthe following.6.4 Numeri
al pro
edure - loadingThe aim was to numeri
ally reprodu
e the same loading pro
edure as was applied in theexperimental study. This was done by dividing the numeri
al 
al
ulation in stages. Afterrea
hing an initial 
onsolidation of the 
lay mass, the soil reinfor
ement and the footing wereadded into the soil. Verti
al stress of 87 kPa (equivalent to load of 4 kN) was then applied tothe footing and an equilibrium was rea
hed. Keeping the verti
al stress 
onstant, a dynami
input was applied. Wanting to simulate the same horizontal dynami
 loading as applied inthe experimental study, a velo
ity history des
ribed by a FISH 3 fun
tion was applied. Figure6.7 shows the horizontal 
y
li
 displa
ement of the footing.
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Figure 6.7: Displa
ement applied to the footing6.5 Numeri
al resultsResults of numeri
al 
al
ulations simulating response of the reinfor
ed soil to inertial load-ing are presented in the following. Three di�erent modi�
ations of soil reinfor
ement weremodelled:1. Piles asso
iated to Load Transfer Columns (LTCs) surrounded by 
lay (Figure 6.1)2. Piles asso
iated to a Load Transfer Platform (LTP) (Figure 6.2)3language used in FLAC3D
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al Modelling3. Piles asso
iated to a LTP whi
h is redu
ed in its size to have the same length and widthas the foundation and the 
reated gravel 'blo
k' is surrounded by 
lay (Figure 6.3). Thistype of a transition zone is referred in the �gures as 'LTP - blo
k' .The foundation behaviour as well as the pile response were studied under verti
al stati
 loadingand 
ombined dynami
 loading.6.5.1 Verti
al loading
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(b)Figure 6.8: Numeri
ally obtained lateral pile response to verti
al loading of the reinfor
ed soil.Soil reinfor
ement 
omposed of piles asso
iated to di�erent types of upper �exible parts: LTCssurrounded by 
lay, LTP or a redu
ed LTP - blo
k. De�e
tion along the pile (a); Bendingmoment along the pile (b)Figures 6.8(a) and (b) show a maximum bending moment (b) and a maximum de�e
tion (a)experien
ed by the pile when the verti
al loading is applied to the reinfor
ed soil. The rigidpile was asso
iated to the three di�erent types of the upper �exible part. It 
an be observedthat a 5
m high LTC surrounded by 
lay transfers approximately the same amount of for
esto the pile as a 5
m high LTP. As the height of the LTCs and LTP in
reases, the di�eren
ein the load transfer between the two �exible parts be
omes visible - LTCs with 10
m high
olumns transfer larger amount of for
es to the pile than LTP with the same height. Theprevious suggests that there is a dependen
e between the pile behaviour and the LTC heightwhen the higher 
olumn seems to transfer larger moments to the pile than a shorter 
olumn.This, even though 
ontradi
tory on the �rst site, is 
onsidered to be due to better ability ofthe 5 
m stone 
olumns to transfer the verti
al for
es applied by the foundation dire
tly tothe pile head without indu
ing a moment and shear for
es whi
h are 
reated by the 10
m
olumn due to the 
olumn rotation. Short 
olumns are therefore 
onsidered to a
t as morerigid elements whi
h do not undergo as mu
h rotation under the verti
al loading as the higher
olumns.Opposite to the 
ase when the pile is asso
iated to the LTC, the pile lateral performan
e don'tseem to be dependent on the height of the upper �exible part when it is 
omposed entirely ofgravel (LTP), although this is valid only in the range of the heights tested.
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al results 169Comparing the load transfer within the LTCs surrounded by 
lay or within the redu
ed LTPin a form of a blo
k lying below the foundation, it 
an be seen that the pile response to theapplied loading is in the same order for both types of the �exible part.

(a)

(b)Figure 6.9: Soil migration towards the non-reinfor
ed soilThe general trends observed numeri
ally are in agreement with the experimental observations.It is 
on
luded that when the pile is asso
iated to a thinner, 5
m �exible layer and the
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al Modellingfoundation is loaded with a verti
al load, the pile response is in the same order when asso
iatedto either LTCs or LTP. Therefore the type of the �exible layer does not have an importantin�uen
e on the lateral pile performan
e. On the 
ontrary, as the height of the �exible partin
reases, the LTC with its transition zone seem to undergo a rotation, whi
h indu
es adeformation of the pile below. This deformation is higher than a deformation on the pileasso
iated to the LTP. It is suggested that the rotation of the LTC is 
aused by the migrationof the soil underneath the foundation towards the unreinfor
ed soil. This phenomenon is
on�rmed by the numeri
al modelling whi
h shows that the migration of soil towards theunreinfor
ed soil is more important when the �exible layer is 
omposed of gravel 
olumns(LTCs) surrounded by 
lay than when it is 
omposed entirely of gravel mattress (LTP). Figure6.9 shows two graphi
al outputs of FLAC3D, where displa
ement ve
tors were plotted. Figure6.9(a) shows a 
ase when the foundation is lying on LTCs surrounded by 
lay and Figure6.9(b) shows a 
ase when the foundation lies on LTP. The bigger red arrows were added tothe graphi
s in order to highlight the dire
tion of the displa
ement ve
tors whi
h is not as
lear from the original FLAC3D outputs. The size of the ve
tors should not be taken intoa

ount sin
e the s
ale is not the same for (a) and (b) plots. The Figure 6.9 shows that themixture of 
olumns and 
lay (plot(a)) has a bigger tenden
y to migrate into the sides, out ofthe area beneath the foundation than the gravel (plot(b)). Knowing this and the fa
t thatthe foundation settlement is the highest for the foundation on the soil reinfor
ed by pilesasso
iated to LTCs (Figure 6.10), it is logi
 that the pile underneath the LTC undergoeshigher moments and de�e
tions.
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Figure 6.10: Settlement of the foundation lying on soil reinfor
ed by piles asso
iated todi�erent types of �exible part6.5.2 Combined dynami
 loadingAfter imposing the verti
al stati
 load to the foundation, a horizontal dynami
 loading wasapplied. In order to fa
ilitate the 
omparison between the numeri
al results and the experi-mental results, the pile deformation at the beginning of the 
y
li
 loading stage was 
onsideredto be zero and therefore the same presentation (i.e. the data presentation 'Corre
tion-Vload'- see se
tion 5.3) was used for the numeri
al and the experimental results. The pile responseto the horizontal dynami
 loading whi
h was 
omposed of 30 
y
les, was studied for the �rst
y
le and then for the total 30 
y
les.



6.5. Numeri
al results 171The results are presented in form of envelopes of maximum de�e
tion y and maximum bend-ing moment M. These envelopes are graphs whi
h show the variation in the maximum valuesfor the M or y along the pile due to the appli
ation of the loading 
onditions. The envelopesare obtained by superimposing the individual diagrams for the M or y fun
tion. The resultingenvelope of maximum bending moment or maximum de�e
tion shows the upper bound forthe M or y fun
tion, respe
tively.
Pile response during the �rst loading 
y
le
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(b)Figure 6.11: Numeri
ally obtained lateral pile response to 1 
y
le of horizontal dynami
loading of the reinfor
ed soil. Soil reinfor
ement 
omposed of piles asso
iated to di�erenttypes of upper �exible parts: LTCs surrounded by 
lay, LTP or a redu
ed LTP - blo
k.Maximum de�e
tion experien
ed along the pile (a); Maximum bending moment experien
edalong the pile (b)On the 
ontrary to the verti
al loading, the pile response to the applied 
ombined loading ishigher for a smaller height of the �exible part. That means, that more of the for
es 
reatedby the inertial loading of the foundation are transferred to the pile when the �exible layeris 5 
m high than when it is 10 
m high. It is suggested that this is due to the behaviourof the �exible parts of smaller heights whi
h a
t as more rigid elements transferring most ofthe loading to the piles below. Sin
e the loading is not only in the verti
al but also in thehorizontal dire
tion, moments and shear for
es are 
reated within the pile. These are higherthan in the 
ase when the pile is asso
iated to higher �exible parts be
ause it is assumed thatthe higher �exible parts have an ability of absorbing more of the inertial for
es.Figure 6.11 also shows that the type of the �exible part does not play an important role inthe transfer me
hanism of the inertial loading to the pile when the �exible part is su�
ientlysmall. This 
on
lusion is based on the fa
t that the pile response for a pile supporting a 5 
mhigh LTC, a 5 
m high LTP or a 5
m high redu
ed LTP ('blo
k') is in the same order. Thesame phenomenon was observed for the pile response to the verti
al loading of the reinfor
edsoil.On the 
ontrary, when the height of the LTC is 10 
m, the pile is subje
ted to higher moment
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al Modellingand de�e
tion than when asso
iated to a 10 
m high LTP. It is assumed that this is 
ausedby the rotation of the LTC 
reated due to the soil migration towards the area where the soilwas not reinfor
ed. This soil migration is shown to be more important in the zone 
omposedof stone 
olumns surrounded by gravel than in the zone whi
h is 
omposed entirely of gravel(see Figure 6.9).The redu
ed LTP, 
reating a blo
k of gravel below the foundation, seems to transfer high levelof soli
itation to the pile and there seems to be no important in�uen
e of its height on thelateral pile performan
e.Pile response during the 30 loading 
y
les
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(b)Figure 6.12: Numeri
ally obtained lateral pile response to 30 
y
les of horizontal dynami
loading of the reinfor
ed soil. Soil reinfor
ement 
omposed of piles asso
iated to LTCs sur-rounded by 
lay. Maximum de�e
tion experien
ed along the pile (a); Maximum bendingmoment experien
ed along the pile (b)Carrying out 30 
y
les of the horizontal 
y
li
 loading did not 
hange the general trends ob-served for the pile response to one loading 
y
le. Therefore the same 
on
lusions 
an be made
on
erning the pile behaviour in relation to di�erent types of the �exible part (LTC, LTP anda redu
ed LTP-'a blo
k') for the �rst loading 
y
le and all the 30 loading 
y
les. To illustratethis, Figure 6.12 shows the response of a pile asso
iated to a Load Transfer Column (LTC) ofvarying height (5
m, 8
m, 10
m) to the applied 
y
li
 loading. The results are presented inform of envelopes of maximum bending moment M and maximum de�e
tion y for the totalloading sequen
e of 30 
y
les. It 
an be seen that indeed, the trend that a �exible part of asmaller height transfers larger inertial loading applied at the foundation level to the pile is
on�rmed.In order to present the evolution of the pile deformation during the 
y
li
 loading, an ex-ample when the pile is asso
iated to a LTC is presented. It was observed that when thefoundation moves in a dire
tion 'out of the pile group' (i.e. in dire
tion A - see Figure 5.26),the pile de�e
tion in
reases with every loading 
y
le. This de�e
tion a

umulation with the
y
li
 loading is visible from Figure 6.13. Figure 6.13(a) shows a pile head de�e
tion whi
hwas used to de�ne the times of its lo
al maximum and minimum for the �rst and the last
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y
le. These were denoted ymax1.cycle, ymin1.cycle, ymax30.cycle and ymin30.cycle. Thepile de�e
tion was then plotted in Figure 6.13(b) for ymax1.cycle, ymin1.cycle, ymax30.cycle and
ymin30.cycle. It 
an be seen that when the foundation moves in dire
tion 'towards the pilegroup' (i.e. in dire
tion B), the pile de�e
tion de
reases in value with the 
y
li
 loading. Thisshows that the pile is gradually more and more in
lined towards the unreinfor
ed soil. Thisphenomenon was also observed experimentally.
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y
MIN 1.cycle

y
MAX 30.cycle

y
MIN 30.cycle(b)Figure 6.13: (a) De�e
tion at the pile head whi
h was used to de�ne the times of itslo
al maximum and minimum for the �rst and the last loading 
y
le. These were de-noted ymax1.cycle, ymin1.cycle, ymax30.cycle and ymin30.cycle. (b) The pile de�e
tion plotted for

ymax1.cycle, ymin1.cycle

Comments on the sti�ness of the joint between the transition zone and the pileheadIn order to understand the role of the joint rigidity between the transition zone and the pile,numeri
al simulations of piles asso
iated to LTCs where the transition zones were 
onne
ted tothe piles in two di�erent manners were 
arried out. The joints were de�ned either permittinga free rotation of the pile head (Case 1) or disabling this rotation, setting it rigid with respe
tto the transition zone (Case 2). For both 
ases, the translational movement of the pile headwas set to be the same as as the translational movement of grid forming the transition zone(see se
tion 6.3.5).While imposing 
y
li
 loading to the foundation, piles undergo elasti
 deformation. Referringto the experimental study, one pile was equipped with strain gauges and therefore its behaviour
ould be monitored. Numeri
al study of lateral pile behaviour was performed, respe
ting thepile position within the pile group and respe
ting the loading dire
tion.
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Figure 6.14: Pile head de�e
tion maximum is rea
hed for the �rst loading 
y
le at time t1.cycleand for the last loading 
y
le at time t30.cycle

Pile head de�e
tion was used to de�ne times when the pile de�e
tion rea
hes its lo
al maxi-mum. During the �rst loading 
y
le, the lo
al de�e
tion at the pile head was rea
hed at time
t1.cycle (see Figure 6.14) and during the last (i.e. thirtieth) loading 
y
le, the lo
al de�e
tionat the pile head was rea
hed at time t30.cycle (see Figure 6.14). Figures 6.15 and 6.16 showthe response of a pile asso
iated to LTCs of varying height to the inertial loading appliedby the foundation. The moment and de�e
tion along the pile is plotted for times t1.cycle and
t30.cycle. Figure 6.15 shows results obtained for the Case 1 and Figure 6.16 refers to the Case 2.It 
an be seen from the presented numeri
al results that the atta
hment 
onditions betweenthe pile head and the transition zone are very important in terms of lateral pile behaviour.For the Case 2, when the translational movement and rotation of node at pile head is thesame as the translational movement and rotation of the transition zone, the pile undergoesnegative moments at its upper part. This seems to suggest that as the foundation imposesinertial loading to the reinfor
ed soil, the LTC and the transition zone undergo a rotation,whi
h is then proje
ted on the pile due to the rigid 
onne
tion between the pile head and thetransition zone.Comparing numeri
ally and experimentally obtained pile behaviour, it is assumed that betterresults would be obtained with a possible appli
ation of a semi-rigid joint between the pileand the transition zone. This aspe
t, i.e. parametri
 study of the joint rigidity, stays to beresolved by future 
al
ulations.
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(b)Figure 6.15: Response of a pile asso
iated to LTC of varying height to the inertial loadingapplied by the foundation. The joint between the transition zone and the pile is de�neda

ording to the Case 1 . The moment and de�e
tion along the pile is plotted for times
t1.cycle and t30.cycle whi
h are de�ned in Figure 6.14
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(b)Figure 6.16: Response of a pile asso
iated to LTC of varying height to the inertial loadingapplied by the foundation. The joint between the transition zone and the pile is de�neda

ording to the Case 2 . The moment and de�e
tion along the pile is plotted for times
t1.cycle and t30.cycle whi
h are de�ned in Figure 6.146.5.3 Experimental versus numeri
al resultsIt is noted that the numeri
al results are in general agreement with the experimental results.The numeri
ally obtained deformation of the pile is in the same order as the experimental piledeformation. Figure 6.17 shows a 
omparison between the numeri
ally and experimentallyobtained de�e
tion of a rigid in
lusion, whi
h is asso
iated to either a 10 high LTC or a 10
mhigh LTP. Figures 6.17a and 6.17b refer to the response of the rigid in
lusion under verti
alloading of the foundation and inertial loading of the foundation, respe
tively.
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LTC 10cm − experimental results
LTP 10cm − experimental results(b)Figure 6.17: An example showing that the numeri
ally and experimentally obtained de�e
tionof a rigid in
lusion, whi
h is asso
iated to either a 10 high LTC or a 10
m high LTP, is in thesame order

In agreement with the experimental results, it seems that the pile response is independentof the type of the �exible part when its height is su�
iently small. On the 
ontrary, as theheight of the �exible part in
reases, the di�eren
es between the load transfer me
hanismsfor di�erent types of the �exible parts be
ome more apparent. The Load Transfer Columns(LTCs) seem to undergo a rotation, whi
h indu
es bending moments on the pile below. This
olumn rotation is 
aused by migration of the soil below the foundation to areas with lowerpressure and where there is no reinfor
ement present. It is 
onsidered as important to pointout that this 
ould explain higher moments along the pile asso
iated to LTC than along apile asso
iated to a LTP.Numeri
al model of soil reinfor
ed by piles asso
iated to a redu
ed LTP in a form of a blo
kwas not 
ompleted with a physi
al model. It is suggested, based on the numeri
al results,that this type of a �exible upper part of the soil reinfor
ement transfers the highest level ofsoli
itation to the pile.The presented numeri
al results show that the atta
hment 
onditions between the pile headand the transition zone are very important in terms of lateral pile behaviour. Comparingnumeri
ally and experimentally obtained pile behaviour, it is assumed that better resultswould be obtained with a possible appli
ation of a semi-rigid joint between the pile and thetransition zone. This stays to be 
on�rmed by the future numeri
al modelling.Foundation settlement obtained by numeri
al and experimental methods is 
ompared in Table6.6 for verti
al stati
 loading and in Figure 6.18 for the 
ombined (verti
al stati
 and horizon-tal dynami
) loading. It is noted, that the numeri
al and experimental results are in the sameorder and show an in
rease of level of settlement with the in
reasing stone 
olumn height.The 
y
li
 settlement stabilization is not rea
hed by the end of the 
y
li
 loading. Settlementbased on numeri
al results seems to exhibit larger dependen
e on the stone 
olumn height.
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lusion 177Table 6.6: Verti
al loading of the foundation - experimental versus numeri
al settlementHeight of the LTC Numeri
al results Experimental results5
m 3mm 3.5mm8
m - 4mm10
m 8.2mm 5mm
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LTC 8cm, experimental results
LTC 10cm, experimental results
LTC 5cm, numerical results
LTC 8cm, numerical results
LTC 10cm, numerical resultsFigure 6.18: Comparison between experimental and numeri
al foundation settlement6.6 Con
lusionThe presented numeri
al modelling was 
arried out in order to verify and 
omplete the ex-perimental results, addressing mainly the lateral performan
e of the rigid in
lusion and its
omparison between di�erent reinfor
ement types studied.The numeri
al results 
on�rmed that under verti
al stati
 loading, the lateral performan
e ofthe rigid in
lusion is in the same order for all three types of the �exible part (i.e. LTC, LTP ora redu
ed LTP-'blo
k'). Su
h an observation was explained by a better ability of the �exibleparts with smaller heights to transfer the verti
al for
es applied by the foundation dire
tly tothe head of the rigid in
lusion without indu
ing a moment or shear for
es, as happens in the
ase of higher �exible parts. On the 
ontrary, as the height of the upper �exible part of thephysi
al models in
reases, the di�eren
es in the load transfer me
hanism be
ome more visi-ble. It was observed, that in the 
ase of rigid in
lusions asso
iated to the LTCs, an importantme
hanism taking pla
e is the 
olumn rotation. This rotation is 
aused by the migration ofthe soil underneath the foundation towards the unreinfor
ed soil. It was proved that the soil
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al Modellingmigration is more present in the 
ase of LTCs than in 
ase of LTP. As a 
onsequen
e, therigid in
lusion supporting the LTP is found to undergo less deformation under the appliedverti
al loading than when supporting the LTC.Analysing the response of the rigid in
lusion to the applied inertial loading, it was foundthat when the height of the �exible part is su�
iently small, the type of the �exible part doesnot play an important role in the me
hanism of load transfer from the foundation towardsthe rigid in
lusion. The same phenomenon was observed for the pile response to the verti
alloading of the reinfor
ed soil. As the height of the �exible part in
reases, on
e again, the soilmigration towards the unreinfor
ed soil plays its important role and 
auses the rigid in
lu-sion supporting the LTC to undergo higher deformation than the rigid in
lusion supporting aLTP. On the 
ontrary to the verti
al loading, the rigid in
lusion undergoes higher deformationunder the applied inertial loading for smaller height of the �exible part. It is suggested thatthis is due to the behaviour of the �exible parts of smaller heights whi
h a
t as more rigidelements transferring most of the inertial loading to the rigid in
lusion below.It is noted, that the rigidity of the joint between the rigid in
lusion and the transition zoneplays an important role in the transfer of moments and shear for
es from the foundation tothe head of the rigid in
lusion. It is therefore ne
essary to de�ne the nature of this joint forthe in-situ 
onditions, presenting details on its sti�ness in rotation and shear.A parametri
 study on the joint rigidity stays one of the perspe
tives of the presented numer-i
al study.Comparing the performed experimental study with the study of X. Zhang (Zhang, 2011),the same dependen
e of the deformation of the rigid in
lusion on the LTC height was ob-served - the deformation of the rigid in
lusions under the dynami
 loading in
reases with thede
reasing stone 
olumn height. This trend was observed in the presented experimental andnumeri
al study where the LTC height was varied form 5
m to 10
m and for the work of X.Zhang (Zhang, 2011) where the stone 
olumn height was varied from 3
m to 15
m.In both numeri
al studies, the redu
ed LTP - 'blo
k' seems to indu
e more solli
itation of therigid in
lusion than the LTC.The energy dissipation was not addressed in the presented numeri
al study due to the 
on-stitutive laws applied. The numeri
al response of the pile-soil system to the applied loadingstayed entirely elasti
 and therefore with no energy dissipation taking pla
e. The zones whi
hplasti�ed during the numeri
al analysis were within the �exible part of the model, where aMohr-Coulomb model was used in order to approximate the behaviour of the gravel. Thismodel is not 
apable to realisti
ally simulate the hysteresis behaviour and therefore neitherthe energy dissipation taking pla
e within the �exible part of the model.The experimental and numeri
al results were found to be in the same order, although onlyresponse of the rigid in
lusion to the applied loading and foundation settlement were studiedin detail. The numeri
al study served mostly as a tool to verify the experimentally obtainedlateral performan
e of the rigid in
lusion with respe
t to the type of loading applied as wellas to the type and height of the �exible part used. Spe
ulations made while analysing theexperimental data were examined also numeri
ally.



CHAPTER 7
Con
lusions and Perspe
tives

The presented work addresses the subje
t of soil reinfor
ement and its response to the inertialloading. The proje
t was 
arried out under a BDI1 
ontra
t with a �nan
ing divided betweenCNRS 2 and Keller, Fondations spé
iales. The aim of this primarily experimental study was todeepen the knowledge on seismi
 behaviour of soil reinfor
ement, whi
h is 
omposed of rigidin
lusions asso
iated to di�erent types of �exible parts. Rigid in
lusions asso
iated to LoadTransfer Columns (LTCs) were designed to simulate a soil reinfor
ement te
hnology known asMixed Module Columns (CMM). Asso
iating the rigid in
lusions to a Load Transfer Platform(LTP) overtook the main prin
iples of a te
hnology known as Rigid In
lusions (RI).The literature review of the thesis shows that even though numerous resear
h proje
ts 
on-
erning the soil reinfor
ement by rigid in
lusions 
onne
ted to a �exible part are 
arried out,there seems to be a la
k of studies addressing this problemati
 in seismi
 
onditions. More-over, a little number of the experimental studies of CMM and RI soil reinfor
ement underseismi
 loading are 
arried out in 3D, whi
h is assumed to be due to the 
omplexity of the3D physi
al models and due to a di�
ult monitoring of the system response to the dynami
loading.The presented study therefore attempts to approa
h the subje
t of CMM and RI soil rein-for
ement in seismi
 
onditions, although limiting to the redu
ed physi
al modelling withoutrespe
ting the similarity 
onditions. Therefore only information on a qualitative basis areprovided by the experiments performed. A numeri
al model is 
onsequently 
alibrated basedon these results, making a future possible extension of the model into the real s
ale. Theresults obtained numeri
ally served, for the time being, as a tool to verify the behaviour ofthe rigid in
lusions whi
h was observed experimentally. The role of the joint sti�ness betweenthe transition zone and the pile was also addressed numeri
ally, whi
h proved its importan
ein the load transfer from the �exible part to the rigid one. Therefore it is proposed that the1Bourses de do
teur ingénieur2Le Centre national de la re
her
he s
ienti�que
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lusions and Perspe
tivesnature of this joint should be de�ned for the in-situ 
onditions in order to have a properknowledge of its rotational and translational sti�ness.The response of the reinfor
ed soil to the inertial loading is monitored at the foundationlevel and at the level of the rigid in
lusions. The �exible parts of the models stay withoutbeing instrumented with sensors and therefore their behaviour has to be dedu
ed from mea-surements obtained at the foundation level and at the rigid in
lusions.A method of energy evaluation is proposed, whi
h separately analyses the energy balan
e atthe foundation level, within the �exible part of the models as well as within the rigid in
lusionssurrounded by soil. This analysis is done entirely with measurements obtained by monitoringthe response of the foundation and of the rigid in
lusion during the inertial loading. Resultsseem to suggest that 90% of the global energy is dissipated within the �exible parts of themodels. The �exible layer dividing the foundation from the rigid in
lusions showed that itis therefore able to dissipate most of the energy applied at its surfa
e. The 
ase of the LoadTransfer Column (LTCs) surrounded by 
lay was found to be able to dissipate more energythan the Load Transfer Platform (LTP) and the amount of dissipated energy seems to beindependent of the LTC height. On the 
ontrary, for the 
ase of LTP, the global energy dissi-pation seems to be in
reasing with the in
reasing height of the LTP, suggesting that a thi
kermattress is able to dissipate more energy than a thinner mattress.The area of the P-y loops, plotted for the upper part of the rigid in
lusions, is larger for theLTP when 
ompared to the LTC system. Sin
e the area of a P-y loop is proportional to theamount of energy dissipated at the point where it is plotted, and the area is larger for theLTP system (keeping in mind that the energy input is the same) we must 
on
lude that moreenergy is transferred into the rigid in
lusion in the LTP system when 
ompared to the LTCsystem.From energy balan
e, if more energy is transferred into the rigid in
lusion, then less energy isabsorbed by the �exible part of the model, above. Therefore, we 
an 
on
lude that the LTPdissipates less energy than the LTC surrounded by 
lay. This 
on�rms the results presentedabove.Along with the 
y
li
 loading, the sti�ness of the �exible layer in
reases. As the system be-
omes more rigid, its ability to absorb energy de
reases and therefore the observed energydissipation be
omes less important with the number of 
y
les.In order to provide information for the 
urrent design pra
ti
e, a parametri
 study was per-formed, relating the height of the �exible part to the lateral behaviour of the rigid in
lusion.Analysing the response of the reinfor
ed soil to the applied loading, it was found that whenthe height of the �exible part is su�
iently small, its type (i.e. LTC surrounded by 
lay orLTP) does not play an important role in the me
hanism of load transfer from the foundationtowards the rigid in
lusion. This phenomenon was found to be 
ommon for the verti
al stati
as well as the inertial loading. As the height of the �exible part in
reases, a me
hanism ofsoil migration towards the unreinfor
ed soil begins to play an important role and 
auses therigid in
lusion supporting the LTC to undergo higher deformation than the rigid in
lusionsupporting a LTP. This spe
ulation, whi
h was based on the experimental observations, wassubsequently proved by the numeri
al simulations.On the 
ontrary to the verti
al loading, the rigid in
lusions undergo higher deformation under
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tives 181the applied inertial loading for smaller heights of the �exible part. It is suggested that this isdue to the fa
t that the �exible parts of smaller heights a
t as more rigid elements and hen
etransfer most of the inertial loading to the rigid in
lusion bellow.In the 
urrent pra
ti
e, feasibility and e
onomi
 aspe
ts are a 
ause to the fa
t that rigidin
lusions are often asso
iated to either 0.5m high LTP (for the RI te
hnology) or 1m to 1.5mhigh LTCs (for the CMM te
hnology). The results presented show that under the horizontal
y
li
 loading, the de
reasing height of the �exible part indu
es higher soli
itation of the rigidin
lusions. As a 
onsequen
e, it 
an be said that for the inertial type of loading, the CMMspresent an improvement of the RI te
hnology used in the 
urrent pra
ti
e.Interpreting the lateral behaviour of the rigid in
lusions in 
lay was found to be a di�-
ult task. This was due to the fa
t that the rigid in
lusions were nor free-head, nor �xedhead and the load transferred from the foundation to the rigid in
lusions was de
omposedinto horizontal for
e appli
ation and bending moments. As a 
onsequen
e, we were dealingwith a pile having a semi-rigid link to the load appli
ation devi
e and by 
oupled me
hanism,both bending moment and shear for
es were applied to the head of the rigid in
lusions. Evenmore, these shear for
es and bending moments were 
reated not only by the inertial loadingof the foundation, but also by the non-homogeneous stress distribution within the reinfor
edsoil, whi
h 
aused a migration of soil towards areas with lower pressure (i.e. areas whi
h werenot dire
tly below the foundation and where the soil was not reinfor
ed). This soil migrationpossibly gave rise to rotation of the stone 
olumns (LTCs), whi
h applied additional bendingmoments to the heads of the rigid in
lusions.The lateral performan
e of the rigid in
lusions within the soil reinfor
ement system showedthat the in
lusion preforms only a limited reversible behaviour, meaning that its de�e
tionstays almost entirely within a positive range of values. There was observed an a

umulationof this lateral de�e
tion when the foundation was loaded in dire
tion 'out of the pile group'.The de�e
tion a

umulation seems to have a tenden
y to stabilize at the end of the 
y
li
loading. The phenomenon of the non-reversible behaviour and the de�e
tion a

umulation isexplained by the 'shadow e�e
t' of the pile group.It is 
onsidered as important to point out that the presented study is primarily an exper-imental study. Numeri
al modelling was originally 
arried out only to verify the experimentalresults on the lateral behaviour of the rigid parts of the models. The numeri
al simulationssubsequently also served as a tool to verify the spe
ulations made on the me
hanisms o

ur-ring within the soil reinfor
ement.The presented study provided not only results that helped to 
larify the 
urrent state ofknowledge on the problemati
 addressed, but also revealed number of unsolved questions andtasks to be done. These, whi
h are listed below, stay as one of the perspe
tives for the futureworks.
• The aim of the presented experimental study was to analyse the behaviour of the rein-for
ed soil under di�erent types of loading 
onditions. The �exible part of the physi
almodels was varied in its type and height. Result on lateral response of the rigid in-
lusions were presented, showing bending moments M, shear for
es T and de�e
tions y
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reated along these in
lusions.The 
urrent experimental set-up was not instrumented to obtain values of normal for
etransferred to the rigid part of the models. Even though attempts were made to ob-tain su
h information (see se
tion 5.7), the data obtained were 
onsidered as hardlyinterpretable, with low representativity. Knowing the normal for
e distribution withinthe reinfor
ed soil, it would allow to estimate the amount of normal for
e transferredfrom the foundation to the rigid part of the models. For the 
urrent pra
ti
e, the ratiobetween the normal for
e and the shear for
e applied to the head of the rigid in
lusionis important sin
e it helps to determine the need of a steel reinfor
ement of the 
on
retepiles.Making a spe
ulation that the LTCs a
ting as rigid elements in 
lay would transfermore normal for
es to the rigid in
lusions than the LTP, this would be a very importantaspe
t for the 
urrent design pra
ti
e. It would mean that in the 
ase of LTCs, themoments 
reated at the heads of the rigid in
lusions would be '
ompensated' by thehigh normal for
es a
ting on the in
lusions and the soil reinfor
ement 
ould be designedin su
h a way, that the 
ompressive stresses (
reated by the stru
ture weight) wouldex
eed the shear stresses (
reated by horizontal foundation loading) applied to the rigidin
lusions.It is therefore 
onsidered as important to perform further studies on the normal for
edistribution within the reinfor
ed soil.
• As visible from results presented, the geometry of the redu
ed model of rigid in
lusionsasso
iated to the LTCs 
ould have 
aused physi
al me
hanisms, whi
h are not o

urringin the in-situ 
onditions. It is thought that further studies should be made on the dy-nami
 behaviour of shallow footing on a group of CMMs, where the number of CMMsex
eeds the number used in the presented study. This 
ould help avoiding su
h phe-nomena as stone 
olumn rotation under the applied loading as well as the soil migrationtowards the unreinfor
ed soil.
• Instrumenting more rigid in
lusions within the physi
al models would not only in
reasethe reliability of the results but would also enable the study of a 'shadow e�e
t'.
• Further experiments should be done, testing stone 
olumn heights whi
h di�er morethan they di�ered for the experiments performed. This should be done to see, more
learly, the di�eren
es in lateral pile behaviour when supporting the LTCs or LTPwith di�erent heights. Although the presented study suggests su
h observations, thisknowledge should be extended.
• The redu
ed physi
al models presented in this work are submitted to a normal gravity'g∗ = 1' and the 
onditions for a rigorous similitude with respe
t to the stress level'σ∗ = 1' are not ful�lled. Even though the s
aling laws are not stri
tly respe
ted,the main obje
tive of the physi
al modelling was to perform a qualitative study ofthe soil reinfor
ement, studying its behaviour under inertial loading and pointing outimportant me
hanisms, whi
h should be taken into a

ount by the 
urrent pra
ti
e. Theexperimental results subsequently served to 
alibrate numeri
al models whi
h helped toverify the experimentally observed behaviour of the rigid part of the models. Thesenumeri
al models 
ould serve as a basis to further numeri
al simulations, whi
h 
ouldbe extended into the real s
ale. It is noted that in order to realisti
ally reprodu
e thesystem response to the inertial loading with all the aspe
ts of the 
y
li
 soil behaviourand the energy dissipation, an appropriate 
onstitutive laws should be implemented intothe proposed numeri
al models.
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• Following the presented work, a quantitative study should be performed, respe
ting thesimilarity 
onditions. This 
ould be done either by 
arrying out redu
ed-s
ale experi-ments in the 
entrifuge or by performing experiments in the real s
ale. The presentedexperimental study 
ould then serve as a preliminary study, pointing out not only im-portant aspe
ts of the me
hanisms taking pla
e within the system, but also highlightingthe 
ru
ial points of the physi
al modelling of su
h a problemati
. An experimentalstudy respe
ting the similarity 
onditions would help to spe
ify and valorise the trendsobserved in the presented study.





Annex A

Figure 7.1: Plan of the instrumented pile



Figure 7.2: Plan of the instrumented pile

Figure 7.3: Plan of piles not instrumented with strain gauges



Figure 7.4: Plates supporting the ball bearing

Figure 7.5: Plan of plate 1 supporting the ball bearing



Figure 7.6: Plan of plate 2 supporting the ball bearing

Figure 7.7: Metal rod passing through the ball bearing



Figure 7.8: Anti-rotational ball bearing

Figure 7.9: Funnel representing a transition zone



Figure 7.10: Vibration measures - angle irons (in red) reinfor
ing the system supportinghorizontal a
tuator

(a) (b)Figure 7.11: Ele
ti
al izolation used

Figure 7.12: Ele
ti
al izolation used



Figure 7.13: Me
hani
al support 
omponent

Figure 7.14: A

elerometer �xed to the pile head and prote
ted by an aluminium plate



Figure 7.15: Strain gauges set-up; part 1



Figure 7.16: Strain gauges set-up; part 2



Figure 7.17: Strain gauges set-up; part 3



Annex B
7.1 Verti
al Load

−1 0 1 2 3

0

0.1

0.2

0.3

0.4

0.5

Moment [N.m]

D
ep

th
 [m

]

Load 1000 N

 

 

LTC

LTP

−1 0 1 2 3

0

0.1

0.2

0.3

0.4

0.5

Moment [N.m]

D
ep

th
 [m

]

Load 2000 N

 

 

LTC

LTP

−1 0 1 2 3

0

0.1

0.2

0.3

0.4

0.5

Moment [N.m]

D
ep

th
 [m

]

Load 3000 N

 

 

LTC

LTP

−1 0 1 2 3

0

0.1

0.2

0.3

0.4

0.5

Moment [N.m]

D
ep

th
 [m

]

Load 4000 N

 

 

LTC

LTP

−1 0 1 2 3

0

0.1

0.2

0.3

0.4

0.5

Moment [N.m]

D
ep

th
 [m

]

Load 5000 N

 

 

LTC

LTP

Figure 7.18: 5
m gravel 
olumn/mattress - Moment along the pile under 5 Verti
al loadingstages
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Figure 7.19: 8
m gravel 
olumn/mattress - Moment along the pile under 5 Verti
al loadingstages
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Figure 7.20: 10
m gravel 
olumn/mattress - Moment along the pile under 5 Verti
alloading stages
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Figure 7.21: 5
m gravel 
olumn/mattress - Shear For
e along the pile under 5 Verti
alloading stages
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Figure 7.22: 8
m gravel 
olumn/mattress - Shear For
e along the pile under 5 Verti
alloading stages
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Figure 7.23: 10
m gravel 
olumn/mattress - Shear For
e along the pile under 5 Verti
alloading stages
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Figure 7.24: 5
m gravel 
olumn/mattress - De�e
tion along the pile under 5 Verti
alloading stages
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Figure 7.25: 8
m gravel 
olumn/mattress - De�e
tion along the pile under 5 Verti
alloading stages
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7.2 Combined Loading - LTC
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Figure 7.27: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTC of10 
m (exp LTC13)
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7.3 Combined Loading - LTP
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(b)Figure 7.30: Bending moment, de�e
tion and shear for
e along a pile asso
iated to a LTP of5 
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(b)Figure 7.31: Bending moment, de�e
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(b)Figure 7.32: Bending moment, de�e
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7.4 Energy Dissipation7.4.1 Experiments on 
onsolidated soil mass
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7.4.2 Experiments on un
onsolidated soil mass
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7.5 Energy Dissipation
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Résumé en français
7.6 Obje
tifs du projet

L'analyse du risque sismique des stru
tures devient de plus en plus importante du fait del'augmentation démographique, prin
ipalement dans les zones à fort aléa sismique. La ré-du
tion de 
e risque est un obje
tif important. Par ailleurs, l'industrie de la 
onstru
tionest aussi 
onfrontée à de nombreux problèmes liés à la lo
alisation de 
ertains ouvrages et àla raréfa
tion des terrains présentant de bonnes 
ara
téristiques. C'est pourquoi, pour desraisons é
onomiques et environnementales, nous sommes de plus en plus amenés à 
onstruiredans des zones de terrains fortement 
ompressibles, qui sont par nature plus vulnérables auxrisques sismiques.Les te
hniques d'amélioration des sols 
ompressibles sont a
tuellement en plein développe-ment. De nombreuses te
hniques sont proposées, en parti
ulier le renfor
ement par in
lusionsrigides asso
iant deux éléments de rigidité di�érentes : des pieux, mi
ro pieux en partie basse,asso
iés en partie haute en intera
tion ave
 la stru
ture, à une zone de transfert de 
hargerépartie (matelas - �gure 7.78) ou lo
alisée (
olonnes - �gure 7.79) autour des in
lusions. Unezone de transition relie les deux parties. De nombreuses études ont été entreprises en statiquea�n de montrer les apports de 
es te
hniques sur les 
apa
ités portantes des sols améliorés.Les potentialités d'amélioration du 
omportement dissipatif sous solli
itation transversalesemblent très prometteuses, mais les intera
tions sol renfor
é-stru
ture sous 
hargement dy-namiques et sismiques, tout parti
ulièrement latéraux sont en
ore mal 
onnues 
ompte tenude la 
omplexité des intera
tions entre les di�érents éléments en présen
e.La 
ombinaison de l'aléa sismique ave
 la mé
onnaissan
e des 
ara
téristiques des sols renfor-
és 
onduit don
 à des dimensionnements non optimisés et à un 
omportement des bâtimentsmal maitrisé. Une meilleure 
onnaissan
e de 
e 
omplexe sol-stru
ture semble don
 indispens-able. A défaut de pouvoir agir sur l'aléa, la rédu
tion du risque sismique sur les stru
turespasse par une meilleure analyse de l'interfa
e entre le sol et la stru
ture mais surtout surl'analyse du 
omportement sismique de 
es sols améliorés.



Figure 7.78: Te
hnique d'amélioration des sols 
ompressibles ave
 des in
lusions rigides enpartie basse et des 
olonnes en gravier en partie haute. Cette te
hnique, qui s'appelle Colonneà module mixte � CMM a été introduite par KELLER Fondations Spé
iales

Figure 7.79: Te
hnique d'amélioration des sols 
ompressibles ave
 des in
lusions rigides enpartie basse et un matelas en gravier en partie haute - IR (In
lusions Rigides)



7.7 ContexteCe projet s'insère dans le 
adre d'une étude des risques sismiques d'une 
onstru
tion fondéesur un sol 
ompressible amélioré par la te
hnique des in
lusions rigides qui sont asso
iées àune zone de transfert de 
harge qui est �exible. On souhaite à travers 
e projet 
ontribuerà montrer l'intérêt de 
es nouvelles te
hniques de renfor
ement sur la stabilité des stru
turesfa
e aux risques sismiques et notamment fa
e aux solli
itations horizontales. En e�et, dans le
as de solli
itation sismique, 
'est la réponse aux ondes de 
isaillement S et don
 aux solli
-itations horizontales qui est importante. Cette étude à également pour but de 
omparer leste
hniques à zone de transfert de 
harge réparties (IR) ave
 
elles lo
alisées (CMM).L'élément 
lé du dispositif est une 
olonne de sol ou un matelas granulaire, positionné audessus du réseau de pieux et sous le bâtiment, ayant un r�le dissipatif et limitatif quant auxe�orts horizontaux (fortement préjudi
iables) transmis à la stru
ture, puis par retour et e�etinertiel, aux pieux. En e�et, dans le 
as d'un renfor
ement de sol par in
lusions rigides seules,on a souvent l'obligation d'armer les in
lusions par des 
ages d'armatures ou de les asso
ierave
 un matelas, ave
 toutes les sujétions d'exé
ution que 
ela suppose, a�n que le sol renfor
épuisse a

epter des solli
itations horizontales liées essentiellement au vent et au séisme. Undes obje
tifs de 
e projet est de montrer que tous 
es in
onvénients peuvent être évités grâ
eà la réalisation de la partie supérieure en gravier refoulé de la CMM. Cette dernière, plusdéformable en intera
tion ave
 le sol en pla
e se 
omporte 
omme une zone rotulée dissipativequi transmet moins d'énergie dans la superstru
ture par e�et dire
t et moins d'énergie à lapartie inférieure rigide des CMM par e�et inertiel.De nombreuses études expérimentales ont été réalisées sur les fondations super�
ielles re-posant sur sol mou renfor
é par les 
olonnes ballastées, par les in
lusions rigides soumises àdes 
hargements verti
aux et sur les pieux soumis à des 
hargements verti
aux et horizontaux(Rosquoët, 2004), (Chenaf, 2007), (Remaud, 1999). Par 
ontre, peu de travaux de re
her
hesont répertoriés sur le 
omportement des sols renfor
és par in
lusions qu'elles soient souples,rigides ou les CMM sous solli
itation transverse horizontale 
orrespondant à une réponse enzone sismique (Hatem, 2009).Dans le 
adre d'une 
ollaboration ave
 l'entreprise Keller Fran
e, le Laboratoire 3SR s'estproposé d'e�e
tuer une étude à la fois expérimentale et numérique sur 
ette thématique.C'est 
e programme de re
her
he qui fait l'objet de ma Thèse et qui a reçu le soutien duCNRS.7.8 Modélisation physiqueDans le 
adre de 
e travail, la 
ondition de similitude rigoureuse n'est pas respe
tée pourle niveau de 
ontrainte pour les modèles réduits soumis à une gravité normale (g∗ = 1).Néanmoins, 
ette modélisation physique a pour obje
tif d'analyser d'intera
tion du 
omplexesol-renfor
ement-semelle sous solli
itation horizontale dynamique. Elle doit également per-mettre de 
aler un modèle numérique qui pourra ensuite être utilisé sur des ouvrages réels.Notre étude expérimentale a été réalisée au laboratoire 3SR dans le dispositif Visu
uve. Un



modèle réduit (é
helle : 1/10) de massif de sol renfor
é par in
lusions rigides asso
ié à une zonede transfert de 
harge a été réalisé et soumis à des solli
itations dynamiques horizontales. Les
hargements 
y
liques quasi-statiques et dynamiques sont appliqués sur le modèle de fondationpour examiner l'e�et inertiel. Nous avons 
onçu un modèle formé de quatre in
lusions enaluminium implantées dans un massif d'argile, surmonté d'une partie souple.L'avantage de 
es essais est leur relative simpli
ité de mise en ÷uvre. Ils permettent d'avoir desinformations importantes 
on
ernant les transferts de 
harges, les intera
tions 
inématiqueset inertielles.7.8.1 Présentation des modèles physiquesUn modèle réduit d'une semelle 
arrée de 24
m de 
�té et de 2
m d'épaisseur a été réalisé.Elle repose sur un massif d'argile renfor
é par 4 in
lusions rigides qui sont asso
iées à unepartie supérieure qui est souple. Deux types de partie supérieure ont été modélisés:1. un matelas en gravier - LTP (Load Transfer Platform), Figure 7.812. des 
olonnes en gravier entourées par l'argile - LTCs (Load Transfer Columns), 7.80Pour 
onnaitre l'in�uen
e de l'épaisseur de la plateforme de transfert sur les solli
itationsdans les in
lusions rigides, les épaisseurs de 5, 8 et 10 
m vont être étudiées. La semelle esten
astrée dans le sol sur toute sa hauteur.

Figure 7.80: Les in
lusions rigides (en partie inférieure) sont asso
iées aux 
olonnes en gravierentourées par l'argile - LTCs (Load Transfer Columns)



Figure 7.81: Les in
lusions rigides (en partie inférieure) sont asso
iées au matelas en gravier- LTP (Load Transfer Platform)

(a) (b)Figure 7.82: Pour l'étude des solli
itations latérales de l'in
lusion rigide, une in
lusion estinstrumentée ave
 20 extensomètres répartis sur toute la hauteur de manière à représenter lespro�ls des solli
itations de manière détaillée. Chaque pieu a été en
astré dans un entonnoiren aluminium rempli par du gravier a�n de simuler les zones de transitionLes quatre pieux, qui représentent la partie inférieure, sont en aluminium d'un diamètreextérieur 16mm et d'un diamètre intérieur 8mm. Une des in
lusions rigides est instrumentée



de 20 jauges (�gure 7.82) permettant de 
onnaître sa déformée à 
haque instant et de remonterainsi aux e�orts transmis au pieu. Les longueurs des in
lusions sont de 5-10
m pour la partiesupérieure et 50
m pour la partie inférieure. La partie inférieure a été rigidement en
astréedans le fond de la VisuCuve. L'entre-axe des deux LTCs est de 12
m. Les têtes de la partierigide ont été en
astrées dans quatre entonnoirs en aluminium (�gure 7.82) remplis par dugravier a�n de simuler les zones de transition entre partie rigide et partie souple.7.8.2 Méthodologie expérimentaleLe dispositif expérimental est 
onstitué d'une grande 
uve (VisuCuve - �gure 7.83) rigide etimperméable de 2m de long, 1m de large et 1m de profondeur. La partie supérieure de la 
uve
omporte deux rails de guidage sur lesquels peut se dépla
er horizontalement un 
hariot pilotépar un vérin éle
tro-mé
anique EXLAR FT35-2410-FIA-EX4-L2 ave
 un moteur brushless etun variateur numérique qui peut avoir une vitesse maximale de 700mm/s. Un se
ond vérinverti
al est �xé sur le 
hariot, l'ensemble permettant ainsi l'appli
ation de 
harges 
oupléesverti
ales/horizontales à une stru
ture fondée sur un massif de sol. Ce dispositif permet aussil'appli
ation de 
harges horizontales rapides 
y
liques.

Figure 7.83: Dispositif expérimental - 'VisuCuve'La 
uve est remplie d'argile saturée. Le massif argileux a été mis en pla
e par des blo
sd'argile empilés (voir �gure 7.84) en veillant à 
réer d'une part un massif le plus homogènepossible et d'autre part un bon 
onta
t entre la partie rigide et le sol. L'argile utilisée se
ara
térise par une 
ohésion de 18 kPa et une teneur en eau de 20 %. Pour le 
as des LTCs,4 
olonnes de gravier ont été installées au-dessus de la zone de transition au sein de l'argile(voir �gure 7.85) et 
ompa
tés par un piston pour obtenir une densité estimée à 16 kN/m3en moyenne.



(a) (b)

(
) (d)Figure 7.84: L'installation d'argile ave
 l'obje
tif de 
réer un massif le plus homogène possible

(a) (b)Figure 7.85: Pro
édure d'installation des LTC entourées d'argile



La 
harge verti
ale est appliquée sur le modèle de semelle par un vérin verti
al éle
tromag-nétique Exlar IX40. Les for
es horizontale et verti
ale sont mesurées par deux 
apteurs defor
e montés sur le 
hariot de 
hargement. Les dépla
ements horizontaux sont mesurés par unLVDT �xé sur le 
hariot. Le dépla
ement verti
al est mesuré par un LVDT �xé sur le modèlede la fondation. Après avoir appliqué la semelle sur le sol renfor
é, une 
harge verti
ale de5 000 N est appliquée progressivement en 5 paliers réguliers. Cette 
harge est maintenueensuite 
onstante pour assurer une 
omplète 
onsolidation du sol. La 
harge verti
ale de 5000 N 
orrespond au tiers de la 
harge de rupture du sol renfor
é. Après la phase de 
on-solidation du sol sous la 
harge verti
ale, un 
hargement horizontal de 30 
y
les est appliquésous dépla
ements 
ontr�lé de +/- 2 mm à une fréquen
e de 2,7 Hz.7.8.3 Traitement des donnéesLe traitement 
orre
t des données expérimentales est essentiel pour la 
ompréhension duphénomène. L'instrumentation de l'in
lusion mesure des déformations de �exion à partir de20 jauges. Les moments de �exion le long du pieu ont été obtenus à partir de la loi de Hookeet de l'équation de Euler-Bernoulli. La prin
ipale di�
ulté pour une telle analyse est uneinterpolation temporelle 
orre
te du moment sur la hauteur de l'in
lusion. Ce
i est e�e
tuéave
 une fon
tion polynomiale de 6 degrés. En appliquant des 
onditions aux limites à la basede l'in
lusion (dépla
ement et rotation nuls), la pression latérale et le dépla
ement horizontalsont obtenus par :
P = −

d2M

dz2
(7.1)

y =
1

EI

∫

(

∫

M.dz).dz (7.2)Ces valeurs physiques et leurs dérivées sont utilisées dans 
ette présente étude pour analyserle 
omportement latéral de l'in
lusion.7.8.4 Résultats experimentaux7.8.4.1 Chargement verti
al statiqueUne 
harge verti
ale a été appliquée progressivement en 5 paliers réguliers sur le modèle desemelle. Un tassement induit par 
e 
hargement est montré dans la �gure 7.86. Plusieurshauteurs de la partie souple en gravier ont été étudiées pour 
onnaitre leur in
iden
e sur le
omportement de la fondation.La �gure 7.86 montre que sous un 
hargement verti
al, la fondation subit un tassement plusimportant quand elle est posée sur sol renfor
é par les in
lusions rigides asso
iées aux LTCsque quand elle est posée sur sol renfor
é par les in
lusions rigides asso
iées au LTP. Cephénomène pourrait être dû au fait qu'il y a de l'argile présente entre les LTCs - Cette argilesubit une 
onsolidation pendant le 
hargement qui entraine par 
onséquent un tassement plusimportant de la fondation.
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LTP − 10cmFigure 7.86: Tassement de la semelle sur sol renfor
é par les in
lusions rigides asso
iées auLTP ou LTC. La hauteur de la partie souple a été variée pour 
onnaitre son in
iden
e sur letassement
7.8.4.2 Chargement verti
al et horizontal statiqueL'obje
tif est de trouver la 
ombinaison des 
harges limites verti
ale V et horizontale H quiprovoque la rupture de la fondation isolée. Une 
ourbe enveloppe de rupture est dé
rite parla formule analytique de Butter�eld and Gottardi ((Butter�eld and Gottardi, 1994)) :

H

th
=

V

Vmax

.(Vmax − V ) (7.3)
Où Vmax est la 
harge limite verti
ale et th le 
oe�
ient de frottement sol/semelle. Cette
ourbe enveloppe de rupture peut être trouvée expérimentalement par une augmentation dela 
harge verti
ale jusqu'à sa 
apa
ité ultime, puis en appliquant une for
e horizontale touten bloquant la fondation verti
alement. Cette pro
édure est 
ommunément appelé le � swipetest �. La mesure des for
es verti
ales et horizontales appliquées sur la fondation donne pourla semelle l'enveloppe de rupture du sol. Le � swipe test � a été e�e
tué d'une part pour le solnon renfor
é et d'autre part pour le sol renfor
é par les in
lusions rigides asso
iées aux LTCs.Un 
omparatif de 
es 2 
ourbes est donné sur la �gure 7.87. On 
onstate que l'enveloppe derupture du sol renfor
é est bien plus large que 
elle du sol non renfor
é. La forme de 
es deuxenveloppes est homothétique ave
 un rapport approximatif de 4 entre les 2 
ourbes.



0 2000 4000 6000 8000 10000 12000 14000 16000

−5000

−4500

−4000

−3500

−3000

−2500

−2000

−1500

−1000

−500

0

500

Vertical Force [N]

S
he

ar
 F

or
ce

 [N
]

 

 

Reinforced Clay
Clay

Figure 7.87: Un 
omparatif entre un � swipe test � e�e
tué pour un sol non renfor
é et unsol renfor
é par les in
lusions rigides asso
iées aux LTCs
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cyclic loading
swipe testFigure 7.88: Les solli
itations 
y
liques exer
ées se situent à l'intérieur de l'enveloppe derupture



Les swipe test a permis de véri�er que le niveau du 
hargement 
y
lique (présenté à la suite)reste su�samment éloigné de la 
ourbe de rupture. La �gure 7.88 montre en e�et que lessolli
itations 
y
liques exer
ées se situent à l'intérieur de la 
ourbe et restent éloignées d'unerupture par glissement de la semelle.
7.8.4.3 Chargement verti
al statique et horizontal 
y
liqueLe 
omportement d'un sol renfor
é par les in
lusions rigides asso
iées au LTP ou LTCs sousune solli
itation horizontale 
y
lique va 
ette fois-
i être étudié. La 
harge verti
ale est main-tenue 
onstante. Trente 
y
les de 
hargement horizontal ave
 une amplitude de +/-2mm etune fréquen
e de 2.7Hz sont imposés sur la fondation. Ce 
hargement, qui est montré dans la�gure 7.89b, est 
ontr�lé en dépla
ement. La dire
tion du premier 
hargement de l'in
lusionrigide est marquée 
omme 'A' (�gure 7.89) - Cette dire
tion 
orrespond au 
as où la dé-formation de l'in
lusion instrumentée se fait vers l'extérieur du groupe formé par les quatrein
lusions.Plusieurs hauteurs de la partie souple en gravier vont être étudiées pour 
onnaitre leur in
i-den
e sur le 
omportement de la fondation et de la partie rigide sousja
ente.
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Tassement de la fondation sous 
hargement 
y
lique
Après stabilisation des tassements sous 
hargement verti
al, les valeurs de tassement ont étéremises à zéro et un 
hargement 
y
lique de la fondation a débuté pour 30 
y
les durant 11s. Les résultats du tassement de la semelle posée sur un sol renfor
é par les in
lusions rigidesasso
iées au LTP et LTCs �gurent respe
tivement sur les �gures 7.90 et 7.91. On observe quedes tassements de la fondation augmentent ave
 la hauteur de la partie souple. On 
onstateque l'ordre de grandeur est le même pour les deux types de renfor
ement (in
lusions rigidesasso
iées aux LTCs ou LTP) 
e qui est 
onsideré 
omme étant lié au fait que le 
hargementdynamique est si 
ourt que l'argile entre les LTCs n'a pas le temps de se 
onsolider, 
ommedans le 
as du 
hargement statique.
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Figure 7.90: Tassements sous 
hargement verti
al et horizontal 
y
lique - semelle sur solrenfor
é par les in
lusions rigides asso
iées aux LTCs
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Figure 7.91: Tassements sous 
hargement verti
al et horizontal 
y
lique - semelle sur solrenfor
é par les in
lusions rigides asso
iées au LTPSolli
itation horizontale de la partie rigideLorsque la fondation subit un dépla
ement 
y
lique horizontal (+/-2 mm dans notre 
as), il seproduit également un dépla
ement au niveau de la partie rigide des modèles. Cette déforma-tion est enregistrée et traitée a�n d'obtenir les pro�ls du dépla
ement horizontal, du momentde �exion, d'e�ort tran
hant et de la réa
tion latérale de sol sur la hauteur de l'in
lusionrigide.La hauteur de la partie souple (hauteurs variables de 5, 8 et 10 
m) est variée a�n de d'étudierson in�uen
e sur les solli
itations horizontales de la partie rigide.Les 
ourbes du moment de �exion et d'e�ort tran
hant ont été tra
ées pour les temps t1à t10 
orrespondant à di�érents instants pendant les trente 
y
les du 
hargement. Les tempst1, t3, t5, t7 et t9 indiquent les maxima de la dé�exion mesurée en tête de l'in
lusion pourle premier, 
inquième, dixième, quinzième et trentième 
y
le et les temps t2, t4, t6, t8 ett10 indiquent les minima de la dé�exion mesurée en tête de l'in
lusion pour les mêmes 
y
les(�gure 15 à 17). Sa
hant qu'une seule in
lusion a été instrumentée, il est possible de 
onnaitreles solli
itations des in
lusions à l'avant du groupe (sens du dépla
ement dans la dire
tion 'A'- �gure 7.89) pour t1, t3, t5, t7 et t9 et les solli
itations des in
lusions à l'arrière du groupepour t2, t4, t6, t8 et t10 (sens du dépla
ement dans la dire
tion 'B' - �gure 7.89). Les résultatssont représentés sur les �gures 7.92 à 7.94 pour une in
lusion qui est surmontée par une LTCet �gures 7.95 à 7.97 pour une in
lusion qui est surmontée par une LTP.Les résultats obtenus indiquent que:
• Le dépla
ement horizontal est réversible au début du 
hargement puis à mesure que lenombre de 
y
les augmente, l'in
lusion ne revient plus au-delà de sa position initiale etmontre une a

umulation des dépla
ements dans le sens positif ave
 le 
hargement dy-



namique. Ce dépla
ement latéral a

umulé, tout en restant toujours faible par rapportau dépla
ement de la semelle, se développe vers l'extérieur de la fondation (
'est-à-diredans la dire
tion 'A') et a une tendan
e à se stabiliser vers la �n du 
hargement 
y
lique.

• Il est intéressant de noter que l'in
lusion rigide surmontée par una LTC ou une LTP sedéforme jusqu'à une profondeur de respe
tivement 25
m et 35
m 
e qui 
orrespond àune fois et une fois et demi la largeur de la fondation.

• La position du moment maximal des
end le long de l'in
lusion rigide au 
ours du 
harge-ment. Cette tendan
e a été déjà observée pour les pieux sous un 
hargement latéral
y
lique dans l'argile (Khemakhem, 2012) et signi�e une dégradation des propriétés mé-
aniques du sol qui entoure le pieu.

• On 
onstate que sous le 
hargement horizontal 
y
lique appliqué au niveau de la fon-dation, l'in
lusion rigide qui est asso
iée à la partie souple (LTC ou LTP) de 5
m dehauteur subit des solli
itations plus importantes que l'in
lusion rigide asso
iée à la par-tie souple de 10
m de hauteur. Ce phénomène peut être expliqué par le fait qu'unepartie souple du modèle agit 
omme une liaison entre la fondation et le pieu plus rigidedans le 
as de 5
m de hauteur que dans le 
as de 10
m de hauteur. Par 
onséquent, enaugmentant la hauteur de LTP ou LTC, le niveau de la solli
itation du pieu diminue.
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Figure 7.92: Moment �é
hissant, dé�exion et e�ort tran
hant le long d'in
lusion rigide asso
iéeà LTC ave
 5 
m de hauteur (exp LTC9); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion 'B' =t2, t4, t6, t8, t10
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Figure 7.93: Moment �é
hissant, dé�exion et l'e�ort tran
hant le long d'in
lusion rigide as-so
iée à LTC ave
 8 
m de hauteur (exp LTC11); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion'B' = t2, t4, t6, t8, t10
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Figure 7.94: Moment �é
hissant, dé�exion et l'e�ort tran
hant le long d'in
lusion rigide as-so
iée à LTC ave
 10 
m de hauteur (exp LTC10); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion'B' = t2, t4, t6, t8, t10
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(b)Figure 7.95: Moment �é
hissant, dé�exion et l'e�ort tran
hant le long d'in
lusion rigide as-so
iée à LTP ave
 5 
m de hauteur (exp LTP4); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion'B' = t2, t4, t6, t8, t10
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(b)Figure 7.96: Moment �é
hissant, dé�exion et l'e�ort tran
hant le long d'in
lusion rigide as-so
iée à LTP ave
 8 
m de hauteur (exp LTP5); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion'B' = t2, t4, t6, t8, t10
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(b)Figure 7.97: Moment �é
hissant, dé�exion et l'e�ort tran
hant le long d'in
lusion rigide as-so
iée à LTP ave
 10 
m de hauteur (exp LTP6); Dire
tion 'A' = t1,t3, t5, t7, t9; Dire
tion'B' = t2, t4, t6, t8, t10



• Le niveau de la solli
itation du pieu est du même ordre pour les LTC et LTP de 5
mde hauteur. Par 
ontre, si la hauteur de la partie souple devient plus importante, on
onstate que le pieu est plus solli
ité lorsqu'il est surmonté par un LTC. Une hypothèseest que 
e 
omportement est lié à la di�éren
e dans la géométrie des deux types (LTC etLTP) de partie souple. La géométrie du modèle ave
 les LTCs est telle que quand la fon-dation applique une 
harge au sol renfor
é, les 
olonnes subissent une rotation qui génèredes moments en tête des pieux. Cette rotation est 
réée par une tendan
e du sol à migrervers les zones soumises à des 
ontraintes moins élevées, situées en dehors du sol renfor
é.
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Figure 7.98: Les 
ourbes P-y obtenues aux di�érentes profondeurs pendant le 
hargement
y
lique du sol renfor
é par des in
lusions rigides asso
iées aux LTCs de 8 
m de hauteur (expLTC11)L'in�uen
e du type et de la hauteur de la partie souple du modèle sur les solli
itations mesuréesdans la partie rigide peut être évaluée par la représentation du dépla
ement horizontal y de lapartie rigide en fon
tion de la pression latérale du sol P. Un exemple des bou
les P-y obtenuesaux di�érentes profondeurs pendant le 
hargement 
y
lique est montré dans la �gure 7.98.Cet exemple 
orrespond à l'essai pour lequel le sol a été renfor
é par les in
lusions rigidesasso
iées aux LTCs de 8
m de hauteur.



On 
onstate que la pression latérale du sol P est plus mobilisée quand le pieu est 
hargédans la dire
tion 'A', 
'est-à-dire vers l'extérieur de la fondation. Cette observation est ena

ord ave
 les résultats montrant que la dé�exion du pieu n'est pas réversible sous le 
harge-ment dynamique et qu'elle évolue vers l'extérieur de la fondation (en gardant à l'esprit que lapression latérale du sol P augmente ave
 la dé�exion du pieu y jusqu'à l'état ultime)La raideur des bou
les P-y exprime la rigidité du système sol-pieu. On observe que la raideur,et don
 la rigidité, diminue ave
 le nombre des 
y
les. Cette dégradation de la rigidité dusystème sol-pieu ave
 le 
hargement 
y
lique est due à la formation d'un vide à l'arrière dupieu et a la dégradation des propriétés mé
aniques d'argile.Les �gures 7.99 et 7.100 montrent l'ensemble des 
ourbes P-y tra
ées pour le premier 
y
lede 
hargement. Toutes les bou
les P-y sont obtenues à la même profondeur et peuvent don
être 
omparées entre elles. L'in�uen
e du type de partie souple sur la solli
itation du pieuest examinée. La �gure 7.99 montre les résultats des expérien
es pour lesquelles le pieu a étéasso
ié à la LTC. On 
onstate que 
es bou
les ont une surfa
e qui est plus petite que 
elle desbou
les mesurées lorsque le pieu a été asso
ié à la LTP (�gure 7.100). Du fait que la surfa
e dela bou
le P-y est proportionnelle à la solli
itation imposée à la tête du pieu, on peut 
on
lureque les pieux qui sont asso
iés à la LPT sont plus solli
ités que les pieux asso
iés aux LTCs.

Figure 7.99: Bou
les P-y tra
ées pour le premier 
y
le de 
hargement qui a été imposé au solrenfor
é par les pieux asso
iés aux LTCs.



Figure 7.100: Bou
les P-y tra
ées pour le premier 
y
le de 
hargement qui a été imposé ausol renfor
é par les pieux asso
iés au LTP.Une étude paramétrique 
on
ernant la hauteur de la partie souple des modèles a étéprésentée.Le dimensionnement du renfor
ement par des in
lusions rigides asso
iées aux
olonnes ou matelas (LTCs ou LTP) de transfert de 
harge vis-à-vis de la portan
e de lafondation devra dé�nir la hauteur de la partie souple qui permettra d'assurer la portan
e dela fondation et la véri�
ation intrinsèque de la partie rigide.Dissipation d'énergieLa dissipation d'énergie a été analysée au niveau global (système sol renfor
é-fondation) et auniveau lo
al (partie souple du modèle et partie rigide du modèle). En traçant (au niveau lo
alet global) les bou
les d'hystérésis qui relient l'e�ort horizontal et le dépla
ement horizontal,l'énergie dissipée et la rigidité du système peuvent être obtenues (Figure 7.101).A partir des analyses e�e
tuées, on 
onstate que:
• La plupart de l'énergie est dissipée dans la partie souple du modèle. En e�et, les résultatsmontrent que 90% de l'énergie totale induite par le 
hargement de la fondation au solest dissipée par les LTCs ou LTP.
• Il semble que la 
olonne entourée d'argile (la LTC) a plus de 
apa
ité de dissipationd'énergie que le matelas (LTP).
• Faire varier la hauteur de la partie souple n'a pas un e�et important sur le niveaud'énergie dissipée.
• La rigidité globale (
'est-à-dire la rigidité obtenue au niveau de la fondation) augmenteave
 le nombre des 
y
les imposés. La rigidi�
ation du système est due au fait que



la densité du gravier augmente pendant la solli
itation dynamique horizontale de lafondation. Comme la partie souple du système devient plus rigide ave
 les 
y
les, toutle système montre une rigidité qui augmente.
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ient d'amortissement et larigidité du système (�gure (b))7.9 Modélisation numériqueUne modélisation numérique ave
 le but de 
ompléter et 
on�rmer les résultats expérimentaux
on
ernant le 
omportement du pieu et de la fondation a été e�e
tuée. Le 
ode FLAC3D (FastLagrangian Analysis of Continua in 3 Dimensions), développé par la so
iété Itas
a ConsultingGroup In
 a été utilisé. Ce 
ode de 
al
ul permet d'analyser le 
omportement mé
anique desmilieux 
ontinus tels que des géomatériaux dé
rits par une loi élastoplastique. La méthodedes di�éren
es �nies expli
ites pour réaliser une analyse lagrangienne est utilisée, permettantla modélisation en dynamique.
7.9.1 Les modèles numériquesLes simulations numériques ont été réalisées à l'aide de FLAC3D a�n de modéliser les expéri-en
es e�e
tuées. L'intérêt a été de 
onfronter le 
omportement de la partie rigide des modèlesobtenus numériquement ave
 les résultats expérimentaux.Les modèles physiques à l'é
helle 1/10, présentés auparavant, ont été reproduits numérique-ment (�gures 24 et 25) ave
 les mêmes dimensions. Le 
omportement du sol est dé
rit pardes lois de 
omportement ave
 des paramètres qui ont été 
alibrés à partir d'essais e�e
tuésen laboratoire (
ompression simple, triaxiaux, 
isaillement, propagations d'ondes,. . . ) surles matériaux utilisés dans l'étude expérimentale. Les 
hargements ont été appliqués en re-spe
tant la même forme que les 
hargements expérimentaux - le niveau du 
hargement, les



amplitudes et les fréquen
es ont été gardés identiques.La longueur des 
olonnes ballastées a été variée a�n d'examiner son in�uen
e sur les réponsesdes in
lusions rigides en partie inférieure. La partie rigide a été modélisée en 3D par leséléments �pieux� qui peuvent simuler l'interfa
e entre l'élément de stru
ture et le sol. Le
omportement des sols (gravier et argile) a été dé
rit par une loi élastoplastique du typeCam-
lay (pour l'argile) et Mohr-Coulomb ave
 la règle d'é
oulement non-asso
iée (pour legravier). Une loi élastique linéaire a été utilisée pour les éléments de stru
ture: la semelle, lapartie rigide et les zones de transition. Le 
onta
t entre la semelle et le sol a été modélisé àpartir des éléments �interfa
e� du type Mohr-Coulomb.

Figure 7.102: Modèle numérique du sol renfor
é par les in
lusions rigides asso
iées au LTC



Figure 7.103: Modèle numérique du sol renfor
é par les in
lusions rigides asso
iées au LTP7.9.2 Les résultats numériques7.9.2.1 Chargement verti
al statique
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(b)Figure 7.104: Comportement latéral des pieux asso
iées aux LTP ou LTCs sous un 
hargementverti
al statique imposé par la fondation. Dé�exion latérale le long du pieu (a); Moment�é
hissant le long du pieu (b)Les �gures 7.104(a) et (b) montrent une dé�exion maximale (a) et un moment maximal (b)exer
é sur le pieu sous un 
hargement verti
al statique imposé par la fondation. La partiesouple du modèle a été variée a�n d'étudier son e�et sur la solli
itation du pieu.



On 
onstate que le 
omportement latéral de la partie rigide est du même ordre si elle estasso
iée au LTP ou à la LTC de hauteur 5
m. Par 
ontre, en augmentant la hauteur de lapartie souple, les solli
itations transmises au pieu di�èrent selon qu'il est surmonté par uneLTC ou une LTP - Une LTC entourée par l'argile semble transmettre plus de déformation àla partie rigide du modèle.Les mêmes tendan
es ont été observées aussi au niveau expérimental. Une hypothèse a étéfaite que 
e 
omportement est lié à la di�éren
e dans la géométrie des deux types (LTCet LTP) de partie souple - La géométrie du modèle ave
 les LTCs est telle que quand lafondation applique une 
harge au sol renfor
é, les 
olonnes subissent une rotation qui génèredes moments en tête des pieux. Cette rotation est 
réée par une tendan
e du sol à migrervers les zones soumises à des 
ontraintes moins élevées, situées en dehors du sol renfor
é.En souhaitant 
on�rmer 
ette hypothèse numériquement, des ve
teurs dépla
ement ont ététra
és pour les simulations numériques dans les �gures 7.105. On peut 
onstater que les �gures
on�rment les tendan
es à la migration du sol supposées dans la partie expérimentale.



(a)

(b)Figure 7.105: Une tendan
e du sol à migrer vers les zones soumises à des 
ontraintes moinsélevées, situées en dehors du sol renfor
é.



7.9.2.2 Chargement verti
al statique et horizontal dynamiqueAprès avoir appliqué une 
harge verti
ale qui a été maintenue 
onstante, un 
hargement
y
lique de la fondation a débuté pour 30 
y
les durant 11 s. Les résultats du momentmaximal et de la dé�exion maximale du pieu mesurés pendant le premier 
y
le de 
hargementsont tra
és dans les �gures 7.106(a) et (b). Ils montrent que sous le 
hargement horizontal
y
lique appliqué au niveau de la fondation, l'in
lusion rigide qui est asso
iée à la partie souple(LTC ou LTP) de 5
m de hauteur subit des solli
itations plus importantes que l'in
lusion rigideasso
iée à la partie souple de 10
m de hauteur. Le niveau de la solli
itation du pieu est dumême ordre pour les LTC et LTP de 5
m de hauteur. Par 
ontre, si la hauteur de la partiesouple devient plus importante, on 
onstate que le pieu est plus solli
ité lorsqu'il est surmontépar une LTC. Ces résultats sont en a

ord ave
 les résultats expérimentaux, 
e qui 
on�rmeles hypothèses faites auparavant.
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(b)Figure 7.106: Comportement latéral des pieux asso
iés aux LTP ou LTCs sous un 
hargementhorizontal 
y
lique imposé par la fondation. Dé�exion latérale le long du pieu (a); Moment�é
hissant le long du pieu (b)
7.9.2.3 Comparaison des résultats numériques ave
 les résultats expérimentauxOn 
onstate que les résultats numériques sont généralement en a

ord ave
 les résultats ex-périmentaux. La déformation de la partie rigide des modèles numériques est du même ordreque 
elle mesurée expérimentalement (�gure 7.107). Les tassements de la fondation sur le solrenfor
é obtenus numériquement et expérimentalement suivent les mêmes tendan
es (�gure7.108).
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elle mesurée expérimentalement - une expérien
e quandla partie rigide a été asso
iée à une LTC ou LTP de 10
m.
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es.



7.10 Con
lusions et perspe
tivesLe travail présenté aborde la problématique du 
hargement inertiel d'une fondation sur solrenfor
é. Le projet a été développé en 
ollaboration étroite ave
 l'entreprise KELLER, Fonda-tions spé
iales qui a 
o�nan
é ave
 le CNRS (Le Centre National de la Re
her
he S
ienti�que),la bourse BDI de la thèse.Le but de 
ette étude, qui est essentiellement expérimentale, est d'approfondir la 
onnaissan
edu 
omportement sismique des sols 
ompressibles améliorés par la te
hnique des in
lusionsrigides asso
iées à une zone de transfert de 
harge qui est �exible.Une modélisation physique et numérique des in
lusions rigides asso
iées aux 
olonnes detransfert de 
harge (LTCs) a été e�e
tuée a�n de simuler une te
hnique de renfor
ement desol nommé Colonnes à module mixte (CMM). En parallèle, en asso
iant les in
lusions rigidesà un matelas de transfert (LTP), une te
hnique d'in
lusions Rigides (IR) a été simulée.Une étude paramétrique 
on
ernant la hauteur de la partie souple des modèles a été présen-tée.Le dimensionnement du renfor
ement par des in
lusions rigides asso
iées aux 
olonnes oumatelas (LTCs ou LTP) de transfert de 
harge vis-à-vis de la portan
e de la fondation devradé�nir la hauteur de la partie souple qui permettra d'assurer la portan
e de la fondation etla véri�
ation intrinsèque de la partie rigide.Les résultats présentés montrent le 
omportement d'une semelle sur un sol renfor
é sousune solli
itation sismique. Lorsque la fondation subit un dépla
ement 
y
lique horizontal,il se produit une déformation au niveau des parties souple et rigide des modèles. Cettedéformation est analysée a�n de tirer des 
on
lusions sur le 
omportement du système solrenfor
é-stru
ture.L'in�uen
e du type et de la hauteur de la partie souple du modèle sur les solli
itations mesuréesdans la partie rigide a été analysée. Le niveau de la solli
itation du pieu est du même ordrepour les LTC et LTP de 5
m de hauteur. Par 
ontre, si la hauteur de la partie souple devientplus importante, on 
onstate que le pieu est plus solli
ité lorsqu'il est surmonté par un LTC.Une hypothèse est que 
e 
omportement est lié à la di�éren
e dans la géométrie des deuxtypes (LTC et LTP) de partie souple. La géométrie du modèle ave
 les LTCs est telle quequand la fondation applique une 
harge au sol renfor
é, les 
olonnes subissent une rotationqui génère des moments en tête des pieux. Cette rotation est 
réée par une tendan
e du solà migrer vers les zones soumises à des 
ontraintes moins élevées, situées en dehors du solrenfor
é.On 
onstate que sous le 
hargement horizontal 
y
lique appliqué au niveau de la fondation,l'in
lusion rigide qui est asso
iée à la partie souple (LTC ou LTP) de 5
m de hauteur subitdes solli
itations plus importantes que l'in
lusion rigide asso
iée à la partie souple de 10
mde hauteur. Ce phénomène peut être expliqué par le fait qu'une partie souple du modèle agit
omme une liaison entre la fondation et le pieu plus rigide dans le 
as de 5
m de hauteur quedans le 
as de 10
m de hauteur. Par 
onséquent, en augmentant la hauteur de LTP ou LTC,le niveau de la solli
itation du pieu diminue.



En analysant le 
omportement sismique du système sol renfor
é-fondation, on 
onstate quela plupart de l'énergie est dissipée dans la partie souple des modèles. En e�et, les résultatsmontrent que 90% de l'énergie totale induite par le 
hargement de la fondation au sol estdissipée par les LTCs ou LTP.Dans le 
adre de 
e travail, la 
ondition de similitude rigoureuse n'est pas respe
tée. Néan-moins, 
ette modélisation physique a pour obje
tif d'analyser l'intera
tion du 
omplexe sol-renfor
ement-semelle sous solli
itation horizontale dynamique. Les résultats obtenus ont unevaleur qualitative, qui permet de 
on
lure sur les mé
anismes physiques qui apparaissent. Lamodélisation numérique menée en 
omplément montre néanmoins que les tendan
es observéesexpérimentalement sont bien reproduites et permet d'envisager une extrapolation au niveaudes ouvrages réels. Malgré 
ela, il est 
onsidéré 
omme important qu'une étude en respe
tantles 
onditions de similitude (à l'é
helle réelle ou sur modèle réduit en 
entrifugeuse) soit ef-fe
tuée a�n d'obtenir des résultats qui soient aussi quantitatifs et qui puissent 
on�rmer les
on
lusions de 
e travail.


