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Résumé

Le creusement par tunnelier à pression de terre (EPBM) est une technique d'excavation parfaitement adaptée aux contraintes techniques de la ligne 16-1 du projet de Grand Paris Express. Son principe repose sur la capacité du terrain excavé à transmettre les pressions nécessaires pour équilibrer le sol du front de taille. On injecte des additifs sur différentes parties de la machine en particulier sur la roue de coupe, afin de résoudre les problèmes liés à l'alternance des argiles et des sols de fortes perméabilités et, plus généralement, de maitriser les variations hydromécaniques et rhéologiques des sols dues à l'hétérogénéité du terrain. Parmi ces additifs, on cite la mousse à base des tensioactifs. Le rôle de la mousse est d'agir sur la microstructure du sol et de conférer au sol une texture pâteuse. Cette technique permet de stabiliser le front de taille, de prolonger la durée de vie des outils mécaniques et de consommer moins d'énergie.

La littérature présente les essais développés pour déduire les paramètres optimaux de la mousse. Cependant, dans les travaux antérieurs l'accès était très limité voire impossible pour obtenir de sols réels en quantité pour réaliser les plans d'expérience tout comme l'accès aux données d'excavation sur le terrain. Le travail de recherche réalisé en collaboration entre Eiffage Génie Civil et l'INSA de Lyon développe une méthodologie multi-échelle (microscopique, mésoscopique, macroscopique) permettant de déduire le type ainsi que la quantité d'agent moussant à injecter dans le terrain, en fonction de sa géologie.

La campagne expérimentale se base sur les études aux échelles microscopiques et mésoscopiques. Elle est menée sur chacun des trois types de sols réels et de mousses utilisés dans les sites de creusement de la ligne 16-1 et sur les mélanges effectués au laboratoire entre chaque sol et mousse. Elle présente la caractérisation du sol et de la mousse, la déduction du mélange optimal solmousse puis la corrélation entre les caractéristiques du sol, de la mousse et de leur mélange optimal. Les résultats obtenus sont comparés aux données réelles d'excavation.

L'analyse des paramètres in-situ (échelle macroscopique) est basée sur l'exploitation statistique de la base des données d'excavation des 6 EPBMs du chantier de la ligne 16-1. Elle a comme objectif de corréler les propriétés d'agents moussants aux paramètres mécaniques du tunnelier, en fonction du terrain rencontré. La méthodologie retenue utilise l'Analyse en Composantes Principales (ACP). Ce travail est complété par une étude des performances économiques du creusement par l'EPBM. Les résultats statistiques obtenus in-situ confortent les conclusions déduites lors de la phase d'essais au laboratoire. Par conséquent, une corrélation entre le sol, la mousse et le sol conditionné par la mousse est déduite à différents niveaux : micro, méso et macro (échelle réelle). Cela permet de produire un retour d'expérience aux praticiens pour les excavations à venir, de choisir en phase d'étude la mousse optimale en fonction de la géologie de terrain, d'améliorer la performance du tunnelier et de réduire les coûts d'excavation.
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The underground life keeps developing and evolving throughout the years. It became a part of our everyday life. Let us take for example the Parisian metro that started in 1900, it is not only a source of transportation but also a source of history knowledge of the city, reflected by the name and the design of the stations. Each station and metro line tells a story that started from the design step, continued in the service stage and always growing by the population themselves. Behind it all, lies even a more powerful story related to the excavation techniques.

This manuscript relates the story of the excavation of the line 16-1 of the Parisian metro performed by Eiffage Génie Civil. The origin of this story is linked to the urban population increase that shows the need to construct subways in an accelerated way while preserving the safety of the excavation. The excavation line mainly includes three types of soil:

• Calcaire Saint-Ouen (SO)

• Sable de Beauchamp (SB)

• Marnes et Caillasses (MC)

The tunneling machines encounter the Sable de Beauchamp at homogeneous front or mixed with Calcaire Saint-Ouen and Marnes et Caillasses. The type of soils encountered in the project leads the engineers to choose the earth pressure balance machine EPBM. The EPBM principle of excavation is based on the excavated soil that fills the excavation chamber and assures the face stability of the cutterhead (Figure 1.1).

In order to do that, the soil requires specific characteristics. In some cases, the soil needs treatments to achieve the EPBM soil requirements.

In the tunneling field, this soil treatment is known as soil conditioning.

The soil conditioning agents are composed of water, surfactants and polymers. The excavation by EPBM mostly uses foams that include air, water, surfactants with or without polymers. If the soil-foam types are not matching and the quantity ratio is not optimal, several excavation problems might occur such as:

• water spewing resulting to the non-control of the face stability,

• soil clogging resulting plugging of the cutters, and therefore excessive energy consumption and delays in excavation, • hard soil resulting a damage of the cutterhead tools.

To avoid these problems related to the safety and economical aspects of the excavation, the axis of development in this research includes the materials more specifically the foam. This manuscript's objective is to build a practical multi-scale (microscopic, mesoscopic, macroscopic) methodology that deduces the optimal type and quantity of foam for several natural soil geologies.

The laboratory work reflects the microscopic and mesoscopic scales. The in-situ excavation data analysis of line 16-1 reflects the macroscopic (real) scale.

In order to build the multi scale methodology several challenges were encountered during the last 3 years, more specifically:

• distance between the work site and the laboratory, which needed to organize in advance the transportation and to limit the in-situ tests. • dealing with real soil; the real soil is heterogeneous. To overcome with this problem, several tests were performed on the soil. • scale difference between the site and the laboratory. This is faced by analyzing the excavation data then comparing the results to the laboratory experiments. • sanitary restrictions due to COVID. Consequently, the excavation stopped for more than a month, the transportations were limited and the laboratory closed for two months, then reopened with experiments limitations that lasted for extra 4 months.

The methodology to achieve the objectives, despite the challenges, is detailed in each chapter as follow:

The chapter 2 analyses the previous technical and experimental development in the excavation field as 'state-of-the-art'. The technical part starting from the conventional method until the mechanical excavation focuses on the technique of excavation by the Earth Pressure Balance Machine 'EPBM'.

The experimental development of chapter 2 examines the experimental investigations performed on soil, foam and soil-foam mixtures in order to choose the optimal soilconditioning agent. It shows limitation on using natural soil and the experimental results projection on real excavation.

The chapter 3 introduces the material and methods. It starts with presenting the line 16-1 such as the characteristics of the EPBM, the soil encountered by each one of them and the conditioning agent used. It also highlights on the procedure of saving the data and recall previous work on excavation data analysis.

The remainder of Chapter 3 defines the methodology of this research work (Figure 1.2), it evaluates the adapted methodology (microscopic and mesoscopic scales) and details the experimental campaign of the laboratory tests. The methodology is based on characterizing the soil and foam, deducing the optimal soil-foam then correlating between the characteristics of soil, foam and their optimal mixture.

The experimental campaign is performed on three types of soils and foams extracted from the line 16-1 and the laboratory mixture between each soil with foam. It details the following:

• microscopic study by the use of a microscope and infrared spectroscopy to deduce the characteristics of soil and foam, • mesoscopic flow behavior by the use of a standard slump cone and a reduced scale model of this cone in addition to a rheometer. The chapter 4 examines the results of the experimental campaign, such as:

• characteristics of soils and foams and the need of soil conditioning,

• relationship between the standard cone and the mini cone,

• recommendation of a type of foaming agent of each soil geology,

• association between the characteristics of soil and foam.

The chapter 5 reflects the macroscale methodology. The EPBM functioning involves the simultaneous operation of several mechanical parameters (this is the reason why it is difficult to distinguish the effect of foam on the mechanical parameters).

scale This project deals with six EPBM, which increases the difficulty of the data analysis. It is not possible to perform an (X,Y) graphical analysis. The macroscale is to perform a data statistical analysis with Principal Component Analysis method that allows to:

• extract the important parameters of the foam effect on the mechanical parameters, • visualize the links between the variables (EPBM parameters),

• deduce the optimal foam for each soil,

• conclude the optimal EPBM functioning. This work is completed by an economical study on the EPBM that includes three costs; quantity of foam, wear of the cutting tools and advancing of the machine.

The last chapter 6 summarizes the main conclusions and trends obtained in laboratory work and provides suggestions and perspectives for future work. La campagne expérimentale est menée sur trois types de sols et mousses extraits des sites de creusement de la ligne 16-1 et sur le mélange mené au laboratoire entre chaque sol et la mousse. Cette campagne se base sur :

• une étude microscopique par l'utilisation d'un microscope et de la spectroscopie pour déduire les caractéristiques du sol et de la mousse,

• le comportement d'écoulement mésoscopique déduit par l'essai d'affaissement mené par un cône d'affaissement standard ou un modèle réduit du cône et par l'essai rhéologique à l'aide du rhéomètre.

Le chapitre 4 examine les résultats de la campagne expérimentale, à savoir :

• les caractéristiques des sols et des mousses,

• la relation entre le cône standard et le cône à modèle réduit,

• la recommandation d'un type d'agent moussant pour chaque géologie de sol,

• la corrélation entre les caractéristiques du sol et de la mousse.

Le chapitre 5 décrit la méthodologie à échelle macroscopique. Il consiste à effectuer une analyse statistique des données d'excavation des tunneliers à l'aide de la méthode d'analyse en composantes principales qui permet :

• d'extraire les paramètres liés à l'effet de la mousse sur les paramètres mécaniques,

• de visualiser les liens entre les variables (paramètres EPBM),

• de déduire la mousse optimale pour chaque sol,

• de conclure le fonctionnement optimal de l'EPBM.

Chapter 2: State-of-the-art 'Necessity is the mother of innovation' -Plato, The Republic.

Due to the population increase and their needs to settle in the suburbs, the human has been obliged to find new methods to ensure safe and fast connection between suburbs and the cities. History witnesses his success in developing the means of transportation; from the use of animals to the use of cars, subways and planes. This progress is followed by developing new methods of construction for the transportation network. In the case of subways, the construction is more and more challenging because it is realized underground and needs to ensure a non-collapse of the surface.

The first part of this chapter aims to expose the evolution of construction methods.

The second part focuses on the technique of excavation by the earth pressure balance machine EPBM. This is performed by citing its design, principles and excavation field. The last two parts emphasize the materials needs to assure an optimal excavation, their development and the latest news in this field.

CHAPTER 2: STATE-OF-THE-ART……………………………………………………………. 

History

The tunnel word did not exist before the 19 th century. Before that, underground roads were known as mines or galleries depending on their destination. They had different purposes: shelter in wars, military purposes to seize cities, drainage of lakes.

Figure 2.1: Construction of the Thames Tunnel using Brunel's Shield [START_REF] Cushing | History of subaqueous tunneling in New York City[END_REF] In 1825, French engineer Marc Isambart Brunel participated in the digging of a tunnel under the Thames in London (Figure 2.1). At this stage, the rectangular metal shield system was applied. It consists of a shell that moves forward as the excavation advances. It is a passage of 366 meter long dug in 16 years. This shield is nothing like today's tunnel boring machines; it is not even mechanized (Société du Grand Paris, 2018).

Following this enormous event in the excavation history, the word tunnel firstly appeared [START_REF] Waldmann | L'histoire Des Tunnels[END_REF]. At this time, the procedure of excavating was performed in non-mechanical way; the excavation steps were accomplished in an independent and discontinuous way. It includes blasting with explosives and/or point-attack machine [START_REF] Cetu | Matériaux géologiques naturels excavés en travaux souterrains[END_REF].

In order to reduce the cost, nuisance and impact on the urban environment and to increase safety, the mechanized method was introduced. The mechanized method uses machines called "Tunnel Boring Machine TBM", in which the operation cycle is carried out almost continuously [START_REF] Aftes | Choix des techniques d'excavation mécanisée, Recommandations[END_REF]. In 1952, James Robbins developed the first modern Tunnel Boring Machine for the Oahe Dam Project in South Dakota, USA (Robbins, n.d.). Yet, it is until 1964 that the Robbins developed the first compressed air tunneling machine to successfully excavate a 2.9 km long tunnel below the water table in Paris, France.

This event is illustrated by the famous TBM of La Défense, on the Parisian RER (Figure 2.2) [START_REF] Aftes | Choix des techniques d'excavation mécanisée, Recommandations[END_REF]Robbins, n.d.;Société du Grand Paris, 2018).

The design served as the genesis for the EPB and slurry excavation techniques known today. The use of both techniques depends on the geometry needed and the soil encountered. The following paragraph explores the different techniques of excavation and their field of use.

Types of tunnel boring machines and functions

A mechanized TBM can excavate with or without pressure support of the surrounding environment. The geological and hydro-mechanical conditions of the encountered soil decides the type of support (none, frontal and/or lateral) needed to assure face stability. The type of the face support indicates the type of the TBM [START_REF] Bernat | Face failure in homogeneous and stratified soft ground: Theoretical and experimental approaches on 1g EPBS reduced scale model[END_REF][START_REF] Duhme | Urban Tunneling in Settlement Risk Areas[END_REF][START_REF] Daub | Recommendations for the Selection of Tunnel Boring Machines[END_REF]. [START_REF] Aftes | Choix des techniques d'excavation mécanisée, Recommandations[END_REF] summarized the different types of TBMs and detailed them as follow (Figure 2.3):

• The first type includes for example the boom-type tunneling machines. This type does not need confinement, it is used when excavating through rocks. This no need for confinement depends on the adjacent soil that is rigid and stable by its own.

• The second case is the open face shield. It represents the need of only lateral support. These cases occur when the machine excavates into soil with stable face conditions especially when no water is present.

• The last technique (closed shield) is highly used in urban areas. It aims to guarantee lateral and frontal support of the surrounding environment. The type of support can be assured by compressed air pressure, by fluid pressure such as bentonite slurry or by the pressure of the excavated material within the excavation chamber.

The main functions of the Tunnel Boring Machine with support, regardless of its type, are:

• Removal of the soil in place,

• Confinement of the excavated medium,

• Evacuation of the excavated material (known as muck, spoil).

The tunnellers assure the proper functioning of these steps. The functions can include more steps such as bentonite separation, injection of additives, etc. These stages depend on the excavation process. The tunnelling experts choose the EPB technique to excavate an important part of the Parisian metro 'line 16-1'. For this reason, this technique will be the center of our interest. The excavation techniques keep evolving with time. The main fields of evolution for these tunnel boring machines are according to AFTES (2021) the following:

• increased confinement pressures, particularly for slurry TBMs;

• improved management of confinement accuracy, by injecting pressurized bentonite to compensate for variations in chamber pressure for the different types of TBMs; • adaptability of the TBM to different soil sizes and permeability:

in the case of slurry TBMs, this is done by: -anti-clogging measures and enhance of the behavior in cohesive soils;

-management of the stability of the working face by the ability to generate a cake; -in the case of EPBM, this is assured by the modification of the mechanical properties of the excavated soil by using additives directly in the chamber. In complement of Figure 2.3 two design variants exist for multimode machines [START_REF] Aftes | Etat de l'art concernant les évolutions des tunneliers et de leurs capacités de 2000 à 2019 -GT4R6F2[END_REF]:

• modular design machine with change or conversion of individual modules or subassemblies for a change of operating mode either in a shaft or in a tunnel; • integrated design machine with complete parallel installation for installation for a change of mode in a tunnel in a relatively short time.

Earth Pressure Balance Machine

In 1974, the Japanese industry developed the technique of excavation to include the EPB technique. Several researchers such as [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF]; [START_REF] Anagnostou | Face stability in slurry and EPB shield tunneling[END_REF], [START_REF] Bebot-Courtois | Reconnaissance des sols à l'avancement lors d'excavation par tunnelier : utilisation d'une méthode fondée sur les résistivités électriques[END_REF]; [START_REF] Aftes | Choix des techniques d'excavation mécanisée, Recommandations[END_REF]; [START_REF] Milligan | Lubrication and soil conditioning in tunnelling, pipe jacking and microtunnelling[END_REF]; [START_REF] Maidl | New measurement and control technology in Tunnelling[END_REF] and [START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF], in addition to the medias, described the design, principles and objectives of excavation by the EPBM. This section deals with their findings.

Design and principles

The first role of the EPBM is to extract the soil in place with a high-secured way. This is translated by assuring the face stability of the machine. Here comes the first objective of the EPBM, is to control the face stability while excavation. The principle of pressure control of an EPBM, as the name suggests, is to support the face of the tunnel by the use of the excavated ground. The evacuation of the excavated ground and the placement of the lining define an additional stage of the EPBM. The continuous actions of the several EPBM's mechanical parts allow achieving these steps. Figure 2.4 displays the mechanical parts of the EPBM. This subsection explains the participation of each of the mechanical parts in achieving the objectives of the excavation.

The EBPM consists of the shield, the backup system and the lining. The total length can measure over 100 m. In the shield stands the main excavation process. The earth pressure balance shield EPBS is firstly formed from the cutting wheel (Figure 2.5), a circular cutting head responsible in excavating the ground at the face of the tunnel.

The cutting wheel (10 m diameter) drills the ground and crushes the rocks. Its equipment is adapted to the nature of the subsoil encountered. The excavation chamber (Figure 2.6) is positioned behind the cutting wheel. This chamber has a 1-2 m thickness that collects the excavated ground. The chamber is equipped with mixing arms that assure the mixture of the excavated soil with conditioning agents. The bulkhead separates between the excavation chamber and the remaining of the machine. It is responsible to distribute the forces to the excavated material situated in the excavation chamber. [START_REF] Haus | Aulnay-sous-Bois : le creusement de la ligne 16 du métro commence. leparisien.fr[END_REF] The screw conveyor (Figure 2.8) extracts the excavated material from the excavation chamber. Based on the excavation speed and the face pressure, the pilot regulates the rotation speed of the screw conveyor. In others term, the screw conveyor assures the face stability of the EPBM by extracting the excavated soil from the excavation chamber.

The pressure reduction between the excavation chamber and the tunnel is achieved by friction in the screw conveyor. The thrust cylinders (Figure 2.9) also play an important role in assuring the face stability of the medium. They push forward the EPBS by applying the needed force, leaving a gap behind. The backup systems consist of one or several wagons; their number depends on the diameter of the EBPM. The wagons enclose several important parts that aliment electrically, mechanically or materially the EPBM. The backup system also holds the cockpit (Figure 2.11) that controls the overall excavation operations. From this cabin, the pilot regulates the rotation of the cutterhead, screw conveyor, the advance speed, the pressures of the thrust cylinders, etc. The pilot also monitors several parameters such as the torque and energy of the cutterhead. Another example, the backup systems held up the conveyor belt (Figure 2.12) that transport the excavated material (also known by the excavation muck) to the landfill site. The excavated materials are then evacuated in specific location in function of their chemical composition. [START_REF] Boulangé | CARASOL® ou CAractérisation RApide des SOLs issus des tunneliers à pression de terre lors de la construction de la ligne 16-1[END_REF] developed a methodology that significantly reduces the number of storage bins, since the result takes place within a few hours.

In addition, the backup systems enclose the tanks of the materials (conditioning agents, grease) that supply all the system, and the equipment needed for their proper functioning such as the foam generator. At the beginning of this chapter, the principle of excavation by EPBM was briefly introduced. Following the definitions of the EPBM equipment, the EPBM principle of excavation is detailed in this section based on [START_REF] Guglielmetti | Mechanized Tunnelling in Urban Areas: Design Methodology and Construction Control[END_REF][START_REF] Wittke | Stability Analysis and Design for Mechanized Tunneling[END_REF].

The excavation method called EPB shield is based on the principle that face support is provided by the appropriately conditioned excavated muck itself. The principle consists in creating an accumulation of material in the excavation chamber by controlling the extraction and measuring the resulting earth pressure, thus ensuring that it is kept at the level required by the stability calculations.

The purpose is to create a kind of dough, which is as homogeneous as possible, to be able to manage the operating pressure inside the excavation chamber and to better use the screw conveyor during extraction.

To manage the excavation, the initial phase consists of the experimental zone. This step involves:

• establishing a correct method of soil conditioning type of interaction and in-situ ground response to the EPBS excavation, • emphasizing on the cutters' arrangement (adequacy of the cutters to the type of ground, net excavation times, penetration rate, torque necessary to excavate, thrust used for advancing), and • adjusting the control systems of the principal excavation parameters in order to fulfill the best performance (pressure sensors in the excavation chamber, conveyor belt scales, volume measuring devices, etc).

The second phase consists of the excavation control in the regular excavation phase. This step is in relation to the face stability. It consists of analyzing and controlling of the main parameters connected with the excavation progress such as:

• face support pressure (Figure 2.14),

• weight (and volume) of the extracted material,

• apparent density of the material in the excavation chamber, and • the volume and pressure of the backfill grout behind the lining.

These parameters are related to the parameters defined first in the basic design and successively updated/adjusted during the Plan Advance Tunnel (PAT) preparation.
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.14: Principle of earth pressure face support [START_REF] Wittke | Stability Analysis and Design for Mechanized Tunneling[END_REF] For the scope of the research, only the face stability is detailed. The pressure sensors that control the stabilizing pressure are installed in the bulkhead. The support pressure is controlled by:

• the speed of the screw conveyor,

• the advance rate of the TBM,

• the pressure-volume controlled injection of suitable conditioning agents.

Figure 2.15: EPB control scheme [START_REF] Yang | Earth pressure balance control for EPB shield[END_REF] The relationship between the advance rate, the speed of the screw conveyor and the pressure is resumed in Figure 2.15. If the pressure reduces below the target value, the pilot reduces the screw conveyor rotation speed (i.e. reduces the outgoing volume) or increases the advancing speed, accumulating the material into the chamber, and, therefore, the increase of the pressure until the safe value is reestablished [START_REF] Yang | Earth pressure balance control for EPB shield[END_REF] and vice versa.

Field of use and its extension

This type of tunnel boring machine is initially preferred to excavate in a privileged field of use which is loose and water-bearing soils with a percentage of clay varying between 10 and 30 % [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF][START_REF] Maidl | New measurement and control technology in Tunnelling[END_REF]. The advantage of this type of soil is its plasticity, which indicates that it follows several characteristics:

• easily excavated by the cutting wheel,

• being able to transmit the required forces to counterbalance the earth and water pressure in the face of the machine,

• easy to be extracted from the screw conveyor and transported on the conveyor belt.

Otherwise, several parameters can be encountered by the soil that might alter negatively the excavation process.

To overcome these uncertainties, the soil need to be treated. The treatment of the soil with the additive, especially the foam, plays an important role in changing the characteristics of the soil encountered. It alters the hydro-mechanical and rheological properties of the soil. The graph below (Figure 2.18) summarizes the targets of foam on the characteristics of soil.

For clayey soil, the foam targets the consistency parameter to reduce the stickiness, therefore to increase the torque. For sandy-clayey soil, the aim of foam is to improve the workability of the medium. In the last, if the EPBS crosses a high gravel medium, EFNARC (2005) recommends the use of foam alone to provide the soil with the required workability and to reduce its permeability.

Figure 2.16: Spewing at the screw conveyor outlet - [START_REF] Li | Soil Conditioning Tests on Sandy Soil for Earth Pressure Balance Shield Tunneling and Field Applications[END_REF] In the case of coarse-grained soil with insufficient fines, sands and gravel tend to drain free water and segregate (Figure 2.16).

In other terms, the soil does not behave like a viscous fluid, which inhibits the pressure dissipation on the screw conveyor [START_REF] Borio | Study of the permeability of foam conditioned soils with laboratory tests[END_REF][START_REF] Huang | Effect of Grain Gradation on the Permeability Characteristics of Coarse-grained Soil Conditioned with Foam for EPB Shield Tunneling[END_REF].

Figure 2.17: Clay clogging on the cutterhead [START_REF] Langmaack | Soil conditioning for EPB machines: Balance of functional and ecological properties. Underground Space Use, Analysis of the Past and Lessons for the Future[END_REF] In the case of cohesive soil, the soil tends to clog and adhere on the cutterhead (Figure 2.17), excavation chamber, screw conveyor and conveyor belt (Feng and [START_REF] Langmaack | Soil conditioning for EPB machines: Balance of functional and ecological properties. Underground Space Use, Analysis of the Past and Lessons for the Future[END_REF][START_REF] Hollmann | Assessment method for clay clogging and disintegration of fines in mechanised tunnelling[END_REF][START_REF] Li | Soil Conditioning Tests on Sandy Soil for Earth Pressure Balance Shield Tunneling and Field Applications[END_REF]. If these problems are not solved rapidly, it will induce a significant reduction in the advance rate of the EPB machine. With the use of additives, the application range of EPBM has been extended several times. For example, EFNARC (2005) summarized in 2005 the application range of EPBM (Figure 2.18).The application range of the EPBM in gravel has been extended as shown in Figure 2.19 (Shi et al., 2021[START_REF] Lovat | Mechanized Tunnelling in Soft Soil. General Aspects & History of Machine's Development[END_REF]. 

Conditioning agents

The term 'soil conditioning' refers to the injection of suitable conditioning agents (additives) in various proportions ahead of the tunnel face and into the bulk chamber and along the screw conveyor. They aim to alter the properties of the soil, during excavation, so they can meet the requirements of the EPB machine. This part includes the types of additives, definition, generation and tests needed to evaluate their characteristics.

Types of conditioning agents

Water is the first type of additives known in the tunneling field. The other types of additives as foam, polymer and bentonite took place as a result of the development in the excavation field. Foam is the conditioning agent mostly used in the EPB excavation technique. It can be used alone or mixed with polymer. The chemical composition of both and their internal effect on the soil particles are the subject of this part.

Foam definition

Foam is a dispersion of gas in a liquid. It contains particular molecules, the surfactants, which stabilize the whole by placing themselves at the liquid/gas interfaces [START_REF] Cantat | Les mousses Structures et dynamiques[END_REF]. [START_REF] Perdigou | Structure et écoulement dans les mousses liquides[END_REF] and [START_REF] Rio | Stabilité des mousses : quelques expériences montrant l'influence de la rhéologie de surface[END_REF] exposed a multi-scale definition of foam. Figure 2.17 3), it is continuous, unlike the gas phase in the foam bubbles [START_REF] Perdigou | Structure et écoulement dans les mousses liquides[END_REF][START_REF] Perdigou | Structure et écoulement dans les mousses liquides[END_REF][START_REF] Rio | Stabilité des mousses : quelques expériences montrant l'influence de la rhéologie de surface[END_REF]. Surfactants (Figure 2.21), also known as conditioning agents or surface agents are the molecules modifying the interface properties. They are a combination of hydrophobic chain (having no affinity for water) and a hydrophilic head (having affinity for water).

It is thanks to the presence of these two antagonistic parts that these molecules adsorb to interfaces and modify their properties [START_REF] Guillermic | Propriétés physico-chimiques des mousses : Études approfondies sur des mousses modèles et études exploratoires sur de nouvelles mousses[END_REF][START_REF] Rondel | Synthèses et propriétés de mélanges de nouvelles molécules polyfonctionnelles lipopeptidiques tensioactives[END_REF].

Different chain structures and different head characters (anionic, non-ionic, cationic, amphoter) are possible for a surfactant. These compounds can be of different types, depending on the polarity of the hydrophilic head: anionic (negative charge), cationic (positive charge), non-ionic (no charge), amphoteric (positive or negative charge depending on the pH of the solution) [START_REF] Cantat | Les mousses Structures et dynamiques[END_REF].

Surfactants can be of natural or synthetic origin. Synthetic surfactants are from the petrochemical industry. In 2002, they represented 69% of the total production of surfactants. The natural surfactants issued from the vegetal or animals origins represent 25% and 6% respectively [START_REF] Ludot | Développement de méthodologies de synthèse de tensioactifs glycosidiques à partir de biomasse lignocellulosique[END_REF]. hydrophobic chain hydrophilic head [START_REF] Lavaud | Traitement d'effluents aqueux par complexation en milieu micellaire et précipitation par voie sol-gel[END_REF] Regardless of the type of surfactant, the molecules tend to adsorb on the interface.

Once saturated, they assemble in micelles in order to minimize the contact of hydrophobic chain with water.

The concentration for which the interface is saturated and the micelles begin to form is called Critical Micelle Concentration or CMC (Figure 2.22).

Polymers

According to [START_REF] Milligan | Lubrication and soil conditioning in tunnelling, pipe jacking and microtunnelling[END_REF], polymers are essentially large, long-chain molecules formed by the linking together of large numbers of small chemical 'building blocks' or monomers. The polymer can have different origins [START_REF] Rio | Stabilité des mousses : quelques expériences montrant l'influence de la rhéologie de surface[END_REF]):

• natural polymer with animal or vegetable origin, such as gelatin,

• semi-synthetic polymers derived from cellulose, such as ethyl cellulose, hydroxypropyl methyl cellulose, • synthetic polymers, such as copolymers of acrylic and methacrylic esters functionalized.

In some cases, such as highly permeable or heavy clay, foam based on surfactants is not able to independently achieve the EPB optimal soil consistency. For these cases, polymers are mixed with the foam. Depending on the field of excavation, foam can be used with other additives such as water biding polymers and anti-clay agents. [START_REF] Langmaack | Difficult ground conditions? Use the right chemicals! chances-limits-requirements[END_REF] classified the types of polymers depending on the type of soil to excavate.

fibrillars globular (a)

In the case of clay soils, anti-clay polymers (Figure 2.24 a) are necessary to adsorb on the clay particle surface. They have to carry a high density able to separate the soil particles and to build a steric barrier, in order to avoid reagglomeration effects.

(b)

Figure 2.24: Soil-additive schema (a) foam and anti-clay agents (b) long chain polymers [START_REF] Langmaack | Difficult ground conditions? Use the right chemicals! chances-limits-requirements[END_REF] In the case of porous soil, there is a risk of segregation; two types of polymer can be used.

-Water binding polymers to dry out (liquid) soils ; -Soil structuring polymers to change the soil rheology of loose and coarse soil. They come in a long chain form (Figure 2.24 b).

Bentonite

The origin of bentonite is attributed to the alteration of volcanic ash, or glass, but common use of the term is often extended to include material of primarily a montmorillonite Mt composition which may have formed in another manner. (Clen and Doehler, 1961).

Mt, a swelling clay mineral of the smectite group, is the primary component of bentonite [START_REF] Nones | Effects of bentonite on different cell types: A brief review[END_REF]. The characteristics of bentonites are dependent on the amount of smectite and on the exchangeable cations present in the interlayer space (Hanuláková et al., 2013).

The greatest use of bentonite in industry results from its swelling action in water.

Combinations of water and bentonite can perform a multitude of jobs in industry because physical properties of the mixtures change as the water to-clay ratio changes [START_REF] Nones | Effects of bentonite on different cell types: A brief review[END_REF].

In the mechanized tunnelling sector, the bentonite slurry finds its maximum application in the Slurry Shield field. However, the use of slurry is possible or required also for EPBS, when its addition into the excavation chamber enhances the plasticity of the excavated material and reduces its permeability [START_REF] Guglielmetti | Mechanized Tunnelling in Urban Areas: Design Methodology and Construction Control[END_REF].

Foam generation and stability

The generation of foam is the ability of the conditioning agent to transform into foam (bubbly medium) through a specific technique. The stability of foam is its ability to maintain its functions through time. The techniques of foam generation and the mechanisms affecting the stability of the foam are defined within this section.

Foam generation

As mentioned previously, foam is formed from foaming agent, water and air molecules. The ratio between the foaming agent, water and the quantity of air injected represent the foam parameters surfactant concentration 𝑐𝑐 𝑓𝑓 and foam expansion ratio 𝐹𝐹𝐹𝐹𝐹𝐹 (EFNARC 2005). Before going deeply into the knowledge on the characteristics of the foam, it is necessary to generate this latter. In the literature, two techniques of generation are investigated: foam generator (real and reduced scale), mechanical agitator. Note that it exists other foam generation techniques, such as bubbling method and double syringe method, but we limit the knowledge to those related to the framework of this research. Other researchers generated foam using a high-speed mechanical stirrer (Figure 2.27), as defined in [START_REF] Efnarc | Specifications and guidelines for the use of specialist products for mechanized tunnelling (TBM) in soft ground and hard rock[END_REF]. The disadvantage of this method is that the foam breaks down and degrades more quickly. However, this foam generation method can be used to compare the foams with each other and their effects on the soil.

The foam generation technique by a foam generator is detailed by [START_REF] Thewes | Soil conditioning with foam during in EPB tunnelling[END_REF]. The foam consists of water, foaming agent and air. In the first step, the water and the foaming agent are sent each at a specific flow. The flow is regulated in function of the desired 𝑐𝑐 𝑓𝑓 . These two foaming solution components are fed together with a stream of compressed air through a foam generator, which contains turbulators. The whirling and turbulent flow through the turbulators causes the foaming solution to foam. The foam is introduced into the existing support medium in the excavation chamber through openings in the bulkhead and cutterhead. It is also possible to feed foam into the screw conveyor [START_REF] Thewes | Soil conditioning with foam during in EPB tunnelling[END_REF]. [START_REF] Thewes | Soil conditioning with foam during in EPB tunnelling[END_REF] explicit the equations in the case of in-situ excavation as follow:

The (2.4)

As for the generating foam with mechanical stirrer, the methodology is the following. Initially, water and foaming agent are placed in a beaker. After that, the foaming solution is placed in contact with the mechanical stirrer under atmospheric pressure. From the air integrated from the mechanical stirrer rotation into the foaming solution, the foam is generated.

Foam stability

The generation and the life span of the foam is the result of several mechanisms that tend either to produce and stabilize this foam or to destroy it [START_REF] Cantat | Les mousses Structures et dynamiques[END_REF]. The mechanisms responsible of its degradation are: gravity, bubble coalescence and/or coarsening [START_REF] Denkov | Physicochemical control of foam properties[END_REF][START_REF] Guillermic | Propriétés physico-chimiques des mousses : Études approfondies sur des mousses modèles et études exploratoires sur de nouvelles mousses[END_REF][START_REF] Wu | An experimental examination of foam stability under pressure for EPB TBM tunneling[END_REF]. Figure 2.28 details in one of these three mechanisms.

The first mechanism responsible of the foam destruction is liquid drainage due to the gravity effect. This mechanism occur mainly along the plateau channels and nodes inside the foam structure [START_REF] Denkov | Physicochemical control of foam properties[END_REF].

The second mechanism is the Ostwald ripening, also defined as bubble coarsening. It is the variation of the bubble diameters due to molecular gas transfer across the foam films. This process of gas transfer occurs from the smaller bubbles to the bigger one. In that case, the mean bubble size increases [START_REF] Denkov | Physicochemical control of foam properties[END_REF].

Figure 2.28: Foam degradation mechanisms [START_REF] Denkov | Physicochemical control of foam properties[END_REF] The third mechanism 'coalescence' is defined as the breakage of the thin liquid film that separates two adjacent bubbles [START_REF] Denkov | Physicochemical control of foam properties[END_REF][START_REF] Wu | An experimental examination of foam stability under pressure for EPB TBM tunneling[END_REF]).

Physical characteristics of foams

In order to characterize the foam mechanisms; generation and stability, one need to perform tests. This part resumes the tests mostly used on foam in the tunneling field.

Stability measurement

This paragraph quantifies the physical degradation of foam due to gravity by the use of two tests: measurement of foam's half-life and evolution of foam density over time.

Half-life test

In the tunneling industry, the foam is added to modify the soil characteristics; therefore, it should maintain a certain stability overtime. It should not be poorly produced or else its bubbles break rapidly and will no longer fulfill their functions. This stability is characterized by the half-life value, also known by the drainage time [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF][START_REF] Milligan | Lubrication and soil conditioning in tunnelling, pipe jacking and microtunnelling[END_REF]. This parameter is measured by half-life test. This test was already known by Ministry of Defence 1995 in the world of fire extinguishing [START_REF] Peña Duarte | Foam as a soil conditioner in tunnelling: physical and mechanical properties of conditioned sands[END_REF].

Several researchers have adapted the method described by [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF] to measure the half-life of foam, such as [START_REF] Psomas | Properties of foam/sand mixtures for tunneling applications[END_REF]. In 2005, EFNARC (2005) suggested a simple and universally accepted experimental methodology to measure the half-life. The technique for measuring foam half-life is based on tracking the time it takes for a foam to drain 50% of its solution. This method was subsequently adapted by many researchers, such as [START_REF] Thewes | Soil conditioning with foam during in EPB tunnelling[END_REF] and [START_REF] Sebastiani | Classification of foam and foaming products for EPB mechanized tunnelling based on half-life time[END_REF].

The foam half-life allows classifying the conditioning agent into several categories. [START_REF] Efnarc | Specifications and guidelines for the use of specialist products for mechanized tunnelling (TBM) in soft ground and hard rock[END_REF] recommended the use of foam in function of their stability. In the case of sandy clay-silt and sand, they recommended the use of a foam with medium stability. In the case of clayey sandy gravels, they advised the use of a foam with high stability. The half-life depends on several factors surfactant concentration [START_REF] Thewes | Soil conditioning with foam during in EPB tunnelling[END_REF]Wang et al., 2017 b;[START_REF] Sebastiani | Classification of foam and foaming products for EPB mechanized tunnelling based on half-life time[END_REF], foam expansion ratio [START_REF] Sebastiani | Classification of foam and foaming products for EPB mechanized tunnelling based on half-life time[END_REF], the presence of polymers [START_REF] Zhao | Effects of anti-clay Agents on bubble size distribution and stability of aqueous foam under pressure for Earth Pressure Balance Shield Tunneling[END_REF][START_REF] Li | Soil Conditioning Tests on Sandy Soil for Earth Pressure Balance Shield Tunneling and Field Applications[END_REF], on the temperature (Wang et al., 2017 a). The following paragraphs detail each part. These results are in correlation with the one of [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF] : the foam stability increases with 𝑐𝑐 𝑓𝑓 and 𝐹𝐹𝐹𝐹𝐹𝐹. However, they slightly differ than the one deduced by Wang et al. (2017 b) who examined the effect of Foaming Agent (surfactant) Concentration (FAC) on foam stability by measuring the half-life of several of foaming agents at different concentrations using the FoamScan instrument. They noticed a maximum foam stability for the different foaming agents at a specific concentration (Optimal Stability Concentration (OSC)) and a stable condition at the end of No Spherical Micelle Concentration (NSMC)). They correlated the results to the micelle properties as follow (Figure 2.30). (Wang et al., 2017 b) When FAC<OSC, the micelles are spherical with low thermodynamic stability; they degraded easily into surfactant solutions. When OSC<FAC<NSMC, some micelles modify their form from spherical to rod-like and lamellar ; more thermodynamically stable and not able to enter solution with the surfactant molecules. The proportion of rod-like micelles increases with increasing FAC. When NSMC<FAC, the totality of micelles modify their form to rodlike or lamellar; the entirety of the micelles are thermodynamically stable which prevents them from entering solution with the foaming agent. [START_REF] Li | Soil Conditioning Tests on Sandy Soil for Earth Pressure Balance Shield Tunneling and Field Applications[END_REF] and [START_REF] Zhao | Effects of anti-clay Agents on bubble size distribution and stability of aqueous foam under pressure for Earth Pressure Balance Shield Tunneling[END_REF] used the half-life test to study the effect of polymer on the foam stability. [START_REF] Li | Soil Conditioning Tests on Sandy Soil for Earth Pressure Balance Shield Tunneling and Field Applications[END_REF] examined the effect of water binding polymer on the foam. They deduced that for a certain limit of volume ratio of the polymer and foaming agent (higher than 0.3), the polymer increases the viscosity Foam stability of the foaming agent solution, which reduces the foam liquid drainage and increases the foam stability. [START_REF] Zhao | Effects of anti-clay Agents on bubble size distribution and stability of aqueous foam under pressure for Earth Pressure Balance Shield Tunneling[END_REF] examined the effect of anti-clay agents on the foam stability at different pressure levels by the mean of a foam test system. The results showed a dependency between the effect of anti-clay agents on foam stability and the medium pressure. The effect of anti-clay agents on the foam stability is negligible at 0 Pa. Yet, at higher pressures such as 1 x 10 5 Pa or 2 x 10 5 Pa, the anti-clay agents weaken the stability.

Evolution of density overtime

Another method of investigation of the foam's stability is examined by [START_REF] Djeran-Maigre | Variation over time of excavated soil properties treated with surfactants[END_REF]; [START_REF] Wu | An experimental examination of foam stability under pressure for EPB TBM tunneling[END_REF]El Souwaissi et al. (2020). The method is based on the tracking of the foam volume loss over time. [START_REF] Djeran-Maigre | Variation over time of excavated soil properties treated with surfactants[END_REF] used this method to measure the foam half-life. They followed the foam volume evolution by placing the generated foam in a closed tube. The foam evolution followed Weibull equation with a half-life value of more than 1 day. Although this method also measures the foam stability, it does not give the same half-life value as the half-life test. The first one measures the liquid drainage, while this method evaluates the foam volume. Their results suggest that foam liquid loss is not an effective indicator for characterizing foam stability, while foam volume loss is a more appropriate measure of foam stability.

Bubble size

The internal connections between foam bubbles as size, rearrangement and thickness of the liquid film are parameters that can explain the physical characteristics of foam. The liquid fraction for example of the foam gives us a preliminary indication of the types of structures (bubble shapes) expected. This liquid fraction is the ratio between the volume of liquid and the total volume of foam, in other terms it is the inverse of the FER. According to [START_REF] Cantat | Les mousses Structures et dynamiques[END_REF], if the liquid fraction is (values indicative only):

• smaller than 0.3 (FER < 3.3), the foam's bubble are spherical, the medium is considered as bubbly liquid ;

• between 0.05 and 0.3 (3.3 < FER < 20), the foam is considered as wet foam. At this configuration, the bubbles touch each other and take the shape of a sphere crushed at each bubble/bubble contact;

• larger than 0.05 (FER > 20), the foam is considered as dry foam. The bubbles are polyhedral.

In general, the foam bubble diameters have an approximate range of 10 µm to 1 mm. An increase of the rotational speed of a dynamic mixer results in a smaller mean diameter [START_REF] Den Englsen | Bubble size distribution of foam[END_REF].

The bubble size has been considered as an important foam characteristics by Peña Duarte ( 2007 They explained the higher stability of foam under higher pressure generation by the following: higher pressure environments yield smaller, more uniform foam bubbles. This uniformity and smaller bubble size lead to less diffusion and coalescence, as well as a longer, more tortuous drainage path.

Tao et al. ( 2019) paper recommended the foam microscopic observation as one of the test methods for evaluating foam properties. They generated two foams and placed them, separately, in a foam container through the foam inlet attached to the foam generator. Underneath the container, they placed a microscopic linked to a computer. They followed the distribution of foam bubble diameter for both foaming agents and observed slight differences in foam distribution and diameters.

As a result, they insisted on the [START_REF] Wu | An experimental examination of foam stability under pressure for EPB TBM tunneling[END_REF] finding as the relationship between the foam bubble size and it stability (Smaller foam size may result in more stable foam).

Rheological parameters

Rheology is a science of deformation and flow. The rheological tests reveal information about flow behavior of liquids and deformation behavior of solids [START_REF] Mezger | The Rheology Handbook[END_REF]. The rheological properties such as viscosity η, shear rate 𝛾𝛾̇ and yield stress 𝜏𝜏 𝑦𝑦 allow: (i) determining the yield stress 𝜏𝜏 𝑦𝑦 needed to initiate the flow and (ii)

understanding the evolution of the flow within the shear rate.

The flow behavior mechanism is the fitting of the experimental points into a model 𝜏𝜏 = 𝑐𝑐(𝛾𝛾). Next chapter details this part.

Therefore, the foam rheology majorly contributes in foam production, transportation and applications [START_REF] Denkov | Foam Rheology. Foam Engineering Fundamentals and Applications[END_REF]. For example, it helps to understand the transportation procedure of foam in the pipes of the foam pressure = 0 Pa, t=0min

generator and the mechanism of its mixture within the soil. [START_REF] Denkov | Foam Rheology. Foam Engineering Fundamentals and Applications[END_REF] detailed the yielding and plastic deformation of the foam (Figure 2.33).

At rest, the foam bubbles are at the equilibrium state.

They are adjacent to each other's and take a specific position in the surfactant-water-air matrix.

If the stress applied on the foam is smaller than the yield stress, the bubbles are deformed. The average orientation of the films is sheared in the direction of the applied shear.

If the applied stress is strong enough to separate adjacent bubbles, the foam structure yields, a steady shear flow sets in, and the bubbles slide along each other.

The bubbles rearrangements lead to local shear flow of the liquid inside the foam films and plateau borders, resulting in dissipation of energy and shear-ratedependent contribution to the macroscopic stress. If the applied stress is decreased back to zero, the flow stops and the bubbles relax towards a new equilibrium [START_REF] Denkov | Foam Rheology. Foam Engineering Fundamentals and Applications[END_REF]).

In the case of foam studied in EPBM, the rheological parameters of the foam, in particular its viscosity, shear stress and their evolution with the shear rate, are newly introduced.

Özarmut and Steeb (2015) measured the foam parameters by the use of a rotational rheometer (Anton Paar, MCR301). They placed sandpapers to reduce the wall slip effect. The tested materials exhibit shear thinning and thickening behavior depending on shear rate range.

Galli (2016) performed rheology tests on two types of foams: shaving foams and tunneling foam, by the use of Anton Paar RheolabQC with concentric cylinder system CC27. [START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF] measured the shear stress evolution of the shear rate increase from 0.01 to 1,000 1/s. Both foams showed an increase in shear stress with the shear rate increase (shear thinning behavior). The experimental results, for the tunneling foam, followed a Herschel-Bulkley model curve 𝜏𝜏 = 39.60 * 𝛾𝛾̇0 .32 .

Overview

The properties of the foam might significantly change in function of the parameters of its generation. The effect of the type of foam generator, type of the conditioning agent, increase of the pressure, increase of the surfactant concentration and the increase of the FER on the foam's stability and bubble are recalled in Table 2.1. 

Soil conditioning with foam

The treatment of the soil with the foam requires a strong knowledge of the characteristics of both the soil and the foam. This allows one to correlate the soil with suitable foam based on their characteristics. This choice will be verified by soil-foam tests. In this section, the soil-foam tests are presented.

First, one should define the soil-foam parameters. Water Injection Ratio and Foam Injection Ratio represent, respectively, the quantity of water and foam to inject into the soil (Figure 2.34). (2018) and [START_REF] Galli | Rheological Characterisation of Foam-Conditioned Sands in EPB Tunneling[END_REF] used the model soil to ensure the repeatability of the results. In this case, the limitation is not being able to project the results in a direct way to a heterogeneous in-situ soil. Other researchers have decided to be closer to the sites [START_REF] Ball | Research in soil conditioning for EPB tunnelling through difficult soils[END_REF][START_REF] Tao | Experimental methods to assess the effectiveness of soil conditioning with foam in fully weathered granite[END_REF].

The soil heterogeneity is a tricky part. Although it allows to better represent the excavation site, the results interpretation require more efforts and more parameters to exploit.

Before the soil conditioning takes place, some parameters of soils are measured to indicate whether the soil requires conditioning. These parameters are related to: water content, granulometry parameters, plasticity limit, liquidity limit, plasticity index, methylene blue value, etc. After characterizing the soil, the choice of the foam must be well defined in function of the soil type: clayey, sandy, clayeysandy, etc.

Atterberg limit -Clay [START_REF] Thewes | Clogging risks for TBM drives in clay[END_REF] 

Granulometry

The granulometry of the soil also gives a first general idea the type of foam needed so that its quantity. [START_REF] Kodama | Chemical foam injection shield method and example of execution[END_REF] suggested the below equation that allow to calculate the optimal foam injection ratio for the optimal soil conditioning based on the soil granulometry characteristics [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF].

𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑚𝑚 2 [(60 -4𝑋𝑋 0.8 ) + (80 -3.3𝑌𝑌 0.8 ) + (90 -2.7𝑍𝑍 0.8 )]
(2.8)

𝐹𝐹𝐹𝐹𝐹𝐹 : foam injection ratio, 𝑎𝑎 : parameter that depends on the uniformity coefficient 𝐶𝐶 𝑈𝑈 , 𝑋𝑋, 𝑌𝑌 and 𝑍𝑍: percentage of the sieves at 0.075, 0.42 and 2 mm. EFNARC (2005) recommended different, for each type of soil, a specific type of additive and its quantity to inject into the soil (Table 2.2). 

Tests on soil conditioned with foam

In order to mix the soil with the foam, one needs to define the quantity and the technique of mixture. After that, the mixture should be examined to verify its suitability to the EPBM. These parts are presented in this section.

Mixing tests

Figure 2.37: Foam injection points

On the EPB machine, foam is injected at different points: the cutting wheel, the excavation chamber and/or the screw conveyor (Figure 2.37).

On the cutting wheel and screw conveyor, the foam is directly mixed with the soil due to the pressure.

In the excavation chamber, the mixture between soil and foam is made by the use of a mixing paddle.

At the laboratory scale, this mixture can take place by different tools depending on the quantity needed and the test to perform. In order to evaluate the matching of the properties of the mixture with the EPB's soil requirements, several tests are performed. Among these tests, we cite the flow behavior tests, the hydro-mechanical tests and the microscopic observations. Each one of these mentioned experiments, is detailed in the following paragraphs.

Case of cohesionless soil • Slump tests (cohesionless soil)

The slump test by the use of the standard cone (Figure 2.35) is highly used by the tunneling industry due to its advantages as a quick and easy index test able to give general idea of the optimal soil consistency for EPBM excavation (Quebaud, Foam Pressure cell Screw conveyor [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF], Janscecz et al., 1999[START_REF] Vinai | Soil conditioning of sand for EPB applications: a laboratory research[END_REF][START_REF] Peila | Using the slump test to assess the behavior of conditioned soil for EPB tunneling[END_REF], Wei et al., 2020a, Kim et al. 2021, etc.) Figure 2.39: Cone of the slump test

The protocol followed to perform the slump test on conditioned soil is mainly that adapted for the concrete (C143/C143M). The cone has a total height of 300 mm with an upper and lower diameter equal to 100 and 200 mm respectively.

The standard consists into pouring three layers of sample while compacting each. The cone is then lifted and the slump is measured. In the case of conditioned soil samples, an important number of researchers avoid the compacting step in order not to disturb the foam bubbles.

The suitable range of slump for adequate workability of the support medium in an EPBM varied broadly between 100 and 250 mm. Researches tend to compact the samples in order to fill the voids in the slump cone. However, according to [START_REF] Peila | Using the slump test to assess the behavior of conditioned soil for EPB tunneling[END_REF], this high variability of optimal slump value depends on the type of soil and the foam injection ratio. It can also be noticed that researches who performed slump tests while soil compacting recommended a smaller slump value in comparison to those who did not compact the samples. Unfortunately, this point cannot be assured since a large number of researchers did not share their slump test protocol.

Recently, some scientists, such as [START_REF] Todaro | Soil conditioning tests of clay for EPB Tunnelling[END_REF] and Selmi (2020) started using a miniature cone to perform the slump test on conditioned soil with foam. Yet, the optimum interval is not given.

• Rheology (cohesionless soil)

The measurement of the flow behavior by the slump tests has some limitations. These are related to the non-ability of the method to provide quantitative characteristics of the conditioned soil. On the other hand, the rheology describes and measures the flow behavior of the sample. For example, it provides the viscosity and yield stress by measuring the sample's behavior under shear rate variation. Therefore, several researchers developed their tunneling experimental work based on the rheology.

In order to integrate the excavation parameter in the in-situ work, they suggested placing viscosity measurement tool in the excavation chamber. A similar work was already investigated by [START_REF] Dobashi | Development of technology to control and manage muck flow inside EPB shield chamber[END_REF].

The other category of rheological research aimed to better understand the flow behavior of the medium under several pressures and foam injection ratio [START_REF] Meng | Experimental investigation on viscoplastic parameters of conditioned sands in earth pressure balance shield tunneling[END_REF][START_REF] Hu | Evaluating rheology of conditioned soil using commercially available surfactants (foam) for simulation of material flow through EPB machine[END_REF]. It allows them to assure a better in-situ controlling of the suitable soil conditioning parameters. Galli and Thewes (2019) performed slump test and rheological measurements. They used the standard cone to perform the slump tests and the ball measuring system (BMS) rheometer (Figure 2.41) to perform the rheological measurements.

They assured an important passage from the slump to the rheology by deducing a relationship that link between them.

According to their work, the range from 10 to 20 cm of the optimal workability when using the slump test, corresponds to a yield stress BMS rheometer ranges from 130 to 250 Pa.

Hu and Rostami (2021) also focused on the links between the soil-foam rheology parameters. They developed a system based on the combination of experimental work and computer modeling to evaluate the rheology of conditioned sand. They proposed relationships between the soil rheology, the soil-foam parameters and the ambient pressure of the mixture. The results showed that their suggested system simulates the rheological parameters of the soil. The results quantified the increase in shear stress and viscosity of the conditioned soil with the decrease of 𝑐𝑐 𝑓𝑓 and 𝐹𝐹𝐹𝐹𝐹𝐹 and the increase of 𝐹𝐹𝐹𝐹𝐹𝐹 and ambient pressure (Figure 2.43).

Soil-foam mixtures were not the only relationship investigated in the literature. As mentioned previously, water plays an important role in soil conditioning. Its rheological properties once mixed with soil were investigated by Djeran-Maigre et al. ( 2018) and [START_REF] Hu | Evaluating rheology of conditioned soil using commercially available surfactants (foam) for simulation of material flow through EPB machine[END_REF]. They deduced that the impact of the water content on the soil is not monotonic; viscosity will increase with the initial increase in water content, then decrease as the water content (𝑤𝑤 𝑠𝑠 ) approaches the saturation point in granular soils or the liquid limit in clays. [START_REF] Oggeri | Tunnel spoil classification and applicability of lime addition in weak formations for muck reuse[END_REF], [START_REF] Pedraza | Temporal analysis of side effects produced by foam agents in the soil excavated with Earth Pressure Balance (EPB)[END_REF], [START_REF] Sebastiani | Study on short and long term effects of chemicals on finegrained soils for mechanized tunnelling[END_REF], [START_REF] Carigi | Evaluation of the geo-mechanical properties property recovery in time of conditioned soil for EPB-TBM tunneling[END_REF], [START_REF] Djeran-Maigre | Variation over time of excavated soil properties treated with surfactants[END_REF], and [START_REF] Hu | Evaluating rheology of conditioned soil using commercially available surfactants (foam) for simulation of material flow through EPB machine[END_REF] did not limit the study on the initial condition of the treatment but expanded it to study the properties of conditioned soil within time evolution. The last two mentioned researchers focused on the flow behavior characteristics. The relationships that link the soil-foam-rheology are summarized in Table 2.3. In the different models of flow behavior deduced by the mentioned researchers, the viscosity is proportional to the shear stress. Consequently, only the viscosity is represented in Table 2.3.

Numerical modelling Experimental work

Figure 2.43: System for evaluating the rheology of conditioned sand [START_REF] Hu | Evaluating rheology of conditioned soil using commercially available surfactants (foam) for simulation of material flow through EPB machine[END_REF] • Compressibility tests A more compressible soil improves the homogeneity of the soil in the excavation chamber, which allows to the conditioned soil in the excavation chamber to reduce the pressure fluctuations [START_REF] Milligan | Lubrication and soil conditioning in tunnelling, pipe jacking and microtunnelling[END_REF]. [START_REF] Psomas | Soil conditioning for EPBM tunnelling: compressibility behaviour of foam/sand mixtures[END_REF], Peña Duarte ( 2007), [START_REF] Mori | Characterizing the influence of stress on foam conditioned sand for EPB tunneling[END_REF] and [START_REF] Wang | Undrained compressibility characteristics and pore pressure calculation model of foamconditioned sand[END_REF] conducted compressibility tests to study the mechanical behavior of soil treated with foam. The different tests aimed to understand the compressibility of the conditioned soil under pressure in order to simulate the conditioned soil behavior in the excavation chamber. Some of researchers went further into details and aimed to explain the mechanism behind. [START_REF] Mori | Characterizing the influence of stress on foam conditioned sand for EPB tunneling[END_REF] investigated the behavior of foam-conditioned sand under applied total pressures. This test was conducted by the use of their developed pressurized testing chamber where they applied up to 5 x 10 5 Pa of vertical total stress to conditioned soil sample under radially confined conditions (zero lateral strain). They investigated the effect of total stress, effective stress, and soil void ratio on the behavior of foam-conditioned. They deduced a specific fraction of void ratio to maximum void ratio (equal to 1.2) that is required to prevent the development of significant effective stress and, therefore, high shear strength and low compressibility.

Psomas and Houlsby ( 2002) investigated the compressibility behavior of foam/sand mixtures using compression tests performed in a conventional Rowe cell. The results showed that high FIR exhibit large volume changes. In other words, the foam mixed with soil is able to retain gas bubbles at high stress levels (pressure above 200 kPa that might occur in EPB).

Peña Duarte (2007) aimed to understand the results deduced by [START_REF] Psomas | Soil conditioning for EPBM tunnelling: compressibility behaviour of foam/sand mixtures[END_REF]. Peña Duarte (2007) conducted tests on two types of sands by the use of an updated Rowe cell. Their research deduced that the increase in FIR does not mean the increase in the maximum gas expelled. The FIR and the initial relative density of the sample are linked the ability of the sample to retain gas and establish coexistence between the soil grain, water, and gas bubbles. [START_REF] Wang | Undrained compressibility characteristics and pore pressure calculation model of foamconditioned sand[END_REF] did not limit the study on the vertical pressure and the experimental results. They designed a large-scale, compression device equipped with pore pressure and lateral earth pressure sensors. They examined the undrained compressibility characteristics of a foam-conditioned sand and the evolution of pore pressure during compression.

Figure 2.44: 2-D simplified mode of foamconditioned sand under total vertical stress : the specimen with a higher FIR has a larger particle gap [START_REF] Wang | Undrained compressibility characteristics and pore pressure calculation model of foamconditioned sand[END_REF] The results showed that the foam significantly improved the compressibility (Figure 2.44), pore pressure and lateral pressure of the conditioned sand: these parameters increase with increasing FIR.

In addition, their work explains the mechanism of compressibility of foamconditioned sand and proposes an analytical model to predict its pore pressure under compression pressure.

• Permeability tests

The conditioned soil should have a small permeability to be able to assure face stability in the excavation chamber and throughout the screw conveyor. Otherwise, problems of the filtration might occur resulting the water spewing. A permeability that varies from 𝑘𝑘 = 10 -6 𝑡𝑡𝑡𝑡 10 -5 m/s is usually recommended to avoid water spewing [START_REF] Quebaud | Contribution à l'étude du percement de galeries par boucliers à pression de terre : amélioration du creusement par l'utilisation des produits moussants[END_REF][START_REF] Bezuijen | The influence of soil permeability on the properties of a foam mixture in a TBM[END_REF][START_REF] Borio | Study of the permeability of foam conditioned soils with laboratory tests[END_REF][START_REF] Milligan | Lubrication and soil conditioning in tunnelling, pipe jacking and microtunnelling[END_REF][START_REF] Maidl | New measurement and control technology in Tunnelling[END_REF].

The standard permeability test ASTM D2434-68 (2006) was the technique used to measure the permeability of the conditioned soil. The limitations of this test is that it requires a steady state regime of the water flow in the sample in order to measure the permeability. This will washes out the conditioning agents, such as the foam bubbles and therefore does not measure the true permeability of the conditioned soil [START_REF] Borio | Study of the permeability of foam conditioned soils with laboratory tests[END_REF]. [START_REF] Borio | Study of the permeability of foam conditioned soils with laboratory tests[END_REF] Subsequently, [START_REF] Borio | Study of the permeability of foam conditioned soils with laboratory tests[END_REF] developed a simplified permeability test (Figure 2.45) able to overcome the limitations faced by the standard permeability test. Their methodology allowed calculating the impermeability index. Their results showed an increase of the conditioned soil's impermeability with the increase of 𝐹𝐹𝐹𝐹𝐹𝐹. Therefore, they recommended the use of their rapid method as an index test. [START_REF] Huang | Effect of Grain Gradation on the Permeability Characteristics of Coarse-grained Soil Conditioned with Foam for EPB Shield Tunneling[END_REF] aimed to examine the effect of the grain size distribution on the permeability coefficient. They conducted a series of permeability tests on conditioned soil with foam under several grain size 𝑑𝑑 10 , curvature coefficient 𝐶𝐶 𝑐𝑐 and uniformity coefficient 𝐶𝐶 𝑢𝑢 . The tests were performed by the use of a self-designed permeameter following the norm ASTM D2434-68 (2006). They deduced that 𝑑𝑑 10 has a strong effect on the conditioned soil's permeability. The second type is a heterogeneous soil with silt and low percentage of clay. Their results showed that the effect of foam on the shear strength of the material depends on the confinement pressure. At low confinement pressure, the grains are not in contact in the soil-foam matrix. At this stage, the foam produces a floating barrier between the grains and decreases the shear strength. At higher pressures, the materials are stiffer and the shear strength increases.

• Triaxial test

Tests on clay

• Hobart mixer and mini flow table Zumsteg and Puzrin (2012) developed a device (Figure 2.48) that measures the tangential adhesion and sliding resistance between a steel plate and soft soil pastes at different applied pressures. Their results showed that the stickiness ratio correlates with the tangential adhesion and sliding resistance following a logarithmic trend for all tested mixtures. In addition, their research demonstrated a decreased sliding resistance followed by the chemical application. The relationship between the sliding resistance and the chemical application highly depends on the clay type mineral encountered. The mixture water content is of major importance for chemical efficiency, diminishing adhesion reduction at lower water contents.

• Pull out test

Clogging occurs when the resisting forces within the soil matrix are smaller than the bond stress between clay and steel surface. As for adherence, it occurs when there are adhesion forces acting, though a high bond stress does not always lead to extensive clogging [START_REF] Feinendegen | A new laboratory test to evaluate the problem of clogging in mechanical tunnel driving with EPB-shields[END_REF]. The equipment and the test procedure is the cone pull-out test (Figure 2.49). The sample material is compacted in a standard proctor device. The load is then taken off and the specimen is placed in a test stand where the cone is pulled out. The tensile forces and the displacements are recorded. The clogging potential, is derived from the tensile (=bond) stresses. The adherence is determined by weighing the mass of adhering soil on the cone. They observed a good correlation between the clogging and the adherence. Both parameters showed high values in a soft to stiff consistency and a decrease towards the wet and the dry side. Peila (2019) highlighted that some tests such as the slump test, screw conveyor test and the vane shear test can be applied on clay and cohesionless soil. However, the screw conveyor test has a privilege over the slump test. The slump test only gives general indication on the behavior of the mixture without any clogging indication. As for the screw conveyor device, it describes into details the behavior of the conditioned soil mixture, including the clogging phenomena that might occur in the excavation machine.

Case of cohesionless soil or clayey soil

• Large scale tests The screw conveyor device allowed a quantitative evaluation of the properties of the conditioned soils at different conditioning sets. More specifically, their results measured the capacity of the conditioned soils to control and apply a pressure both inside the pressure tank and along the screw conveyor. This allows choosing the optimal 𝐹𝐹𝐹𝐹𝐹𝐹 prior to excavation. Their results confirmed a decrease of the torque values when testing a suitable soil-foam mixture.

• Vane shear test 

• Microscopic observations

Although the microstructure of foam is highly investigated by researchers, the soilfoam microstructure is less explored. 2018) used an Axio Imager M2m (ZEISS) microscope with image processing to observe the sandy-clay-foam mixture. Their results showed bubbles in the soil-foam mixture even after 4 days. The average size of bubbles observed is 2 or 3 mm. In addition, their observations showed that the sandy clay structure is located around and between the bubbles representing the interface between the bubbles (Figure 2.52 a). 

Tests overview

The determination of the optimal soil-foam ratio does not only depend on one parameter. Several requirements should be fulfilled. The value of each parameter is summarized in Table 2.4. 

Flow behavior principles

The analysis of flow behavior remains the most common test in the literature. The flow behavior study includes the slump test and the rheology test. It is not possible to interpret and analyze the results without the deep understanding of the theory. Therefore, this section briefly highlights on the principle of flow behavior.

Rheology test

Rheology, a word accepted in 1929. The first part of this term 'rheo' indicates flowing. Therefore, rheology is 'the study of the deformation and flow of matter' [START_REF] Barnes | An Introduction to Rheology[END_REF]).

Several researchers conducted rheology tests, for example: The measuring geometry (Figure 2.54) depends on the material. Three main measuring systems exist; cone-and-plate CP, parallel plate PP; concentric cylinder CC. Table 2.5 summarizes their application domains. The material flows when the shear stress is larger than its yield stress. In research, several methods exist to determine the yield stress. The mostly seen in the literature is the adjustment of the experimental measurement to a model [START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF][START_REF] Mezger | Rhéologie Appliquée : Sur la route de la rhéologie avec Joe Flow[END_REF]. Some examples of the flow model of the material are:

•
-Bingham model τ = τB + ηB (2.11) with τB 'Bingham elastic limit' (yield stress) and ηB "Bingham viscosity"

-Herschel / Bulkley model τ = τHB + ηHB p (2.12) with τHB : HB elasticity limit, and ηHB : HB viscosity , p: exponent The determination of the behavior law by calculation methods using measurements of flow, speed, pressure, torque, etc., assumes that in practice the flow occurs according to the assumptions underlying the calculations. In other words, it is essential that the material under study behaves as a continuous and homogeneous medium, and that the flow volume corresponds to the one used for the calculations. However, it is frequent that these assumptions are not respected when performing rheometry experiments with suspensions. These materials have indeed physical characteristics and mechanical properties that induce a number of disturbing effects on the measurements [START_REF] Coussot | Rhéophysique des pâtes et des suspensions[END_REF]. The disturbing effects include the dimension of the rheometer, wall slip, fracturing, digging, the evaporation of the sample, sedimentation, and flow inhomogeneity. It will affect the distribution of the velocity gradient within the sample and therefore falsify the results.

Slump mechanism

Therefore, the mechanism can be analyzed by dividing it into two regions above and underneath point ℎ 0 respectively: (1) unyielded region where the vertical stress does not exceed the yield stress and (2) yielded region where the vertical stress exceed the yield stress of the material [START_REF] Clayton | Analysis of the slump test for on-site yield stress measurement of mineral suspensions[END_REF]. The slump to the yield stress at equilibrium state (Murata, 1984) :

𝑠𝑠 = 𝐻𝐻 -ℎ 0 - 3𝜏𝜏 𝑦𝑦 𝜌𝜌𝑓𝑓 ln ( 3𝐻𝐻 2 (𝐻𝐻+ℎ 0 ) 3 -𝐻𝐻 3 ) (2.13)
𝜌𝜌 is the density of the material, g is the acceleration due to gravity.

A large number of researchers applied this theory [START_REF] Clayton | Analysis of the slump test for on-site yield stress measurement of mineral suspensions[END_REF], [START_REF] Malusis | A miniature cone for measuring the slump of soil-bentonite cutoff wall backfill[END_REF], [START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF]). They considered it as good predictor of conical slump test results. This theory was valid for large type of samples especially those following the Bingham-plastic behavior (including concrete, silt, and mayonnaise). [START_REF] Clayton | Analysis of the slump test for on-site yield stress measurement of mineral suspensions[END_REF] The slump test is the measurement of the amount of final deformation of the material due to its own weight (Murata 1984).

Initially the sample placed in the cone, takes its dimensions; height H, lower radius RH and upper radius R0 (Figure 2.55). [START_REF] Clayton | Analysis of the slump test for on-site yield stress measurement of mineral suspensions[END_REF] While lifting the cone, a lateral shear stress 𝜏𝜏 is induced by the material selfweight. The deformation (slump) occurs when the lateral shear stress 𝜏𝜏 acting on the material is larger than the yield stress of the material. As the material flows, a first part is assumed undeformed h0 (perfect truncated cone), the second part is deformed h1. The cross sectional area of the deformed part increases, subsequently the shear stress decreases (Figure 2.56) [START_REF] Clayton | Analysis of the slump test for on-site yield stress measurement of mineral suspensions[END_REF]. The material stops to flow when equilibrium is reached, in other terms when 𝜏𝜏 = 𝜏𝜏 𝑦𝑦 . Maliusus et al. (2008) developed these equations to be valid for different cone radius and use them to find a correlation between a miniature and the standard cone.

Case studies

The data collected from monitoring the EPBMs serves as the database for future excavations. Therefore, one must analyze and interpret the excavation parameters. For these mentioned reasons, some researchers published articles based on the feedback of an excavation line. [START_REF] Bernat | Face failure in homogeneous and stratified soft ground: Theoretical and experimental approaches on 1g EPBS reduced scale model[END_REF], [START_REF] Vanoudheusden | Impact de la construction de tunnels urbains sur les mouvements de sol et le bâti existant : incidence du mode de pressurisation du front[END_REF], [START_REF] Dias | Movements caused by the excavation of tunnels using face pressurized shields-analysis of monitoring and numerical modeling results[END_REF], [START_REF] Cheng | Analysis of ground surface settlement induced by a large EPB shield tunnelling: a case study in Beijing, China[END_REF] used the excavation data to study the impact of excavation on the ground movements. Zhou and [START_REF] Wei | Earth pressure balance shield tunneling in sandy gravel deposits: a case study of application of soil conditioning[END_REF] based their in-situ analysis on following the average pressure at the front and the outlet of the screw conveyor for a certain number of rings where different foam types, FERs and FIRs were injected. By that, they detected the water spewing areas (by measuring the front and outlet pressure), correlated it to the foams characteristics and verified the matching with the preliminary laboratory results. Wei et al. (2020 b) worked on the Xijiao line where sandy gravel deposit with unfavorable particle size distribution, high permeability, and high abrasiveness was encountered. They performed laboratory tests to choose the optimal soil conditioning. Then, they verified their effectiveness by establishing relationship between the soil pressure in the chamber, the shield thrust, cutterhead torque and rotate speed of screw conveyor. They used the grey system theory, as a mean of analysis of EPBS parameters analysis. They classified the impact of the rotate speed of screw conveyor, shield thrust and cutterhead torque on soil pressure in chamber during the EPBS tunneling process. Yet they limited the number of rings in their study (only 8 rings). [START_REF] Ye | Soil Conditioning for EPB shield tunnelling in argillaceous siltstone with high content of clay minerals: case study[END_REF] developed a methodology to avoid soil clogging during the EPB tunneling in argillaceous siltstone with a total content of clay minerals of 40.5%. Their work is based on deducing the optimal FIR and water content by the use of the slump value and the liquidity index of the soil. They developed a chart for determining conditioning parameters for EPB tunneling in the argillaceous siltstone. Their recommendations in terms of volumes of water and foaming agent were implemented in the later section of Nanchang Metro Line 1. The EPBM excavation data shows satisfactory results presented by a reduction in the thrust and torque of the shield. [START_REF] Li | Soil Conditioning Tests on Sandy Soil for Earth Pressure Balance Shield Tunneling and Field Applications[END_REF] performed laboratory tests on sand based on slump test, torque test, permeability test on sand. After that, they verified their optimal conditioning results on the Nanchang Rail Transit Line 4. They deduced that, their recommended scheme could reduce the torque and thrust by approximately 20% compared to unconditioned soil, prevent spewing, and ensure the smooth completion of the shield tunnel. [START_REF] Bardière | Le suivi du creusement de plusieurs tunneliers en simultané[END_REF] assured the simultaneous monitoring of the excavation of several tunnel boring machines (article in progress).

Conclusions

The literature review lets us understand the reasons behind choosing the technique of excavation by EPB. It showed that the excavation by an earth pressure balance machine requires the knowledge of several domains: chemical, mechanical, geotechnical. It helps to find the way to develop these techniques.

Recently, researchers highlight more on the foam's characteristics. Yet, the correlation between the characteristics of foam, the type of soil and in-situ excavations is not well defined. From that stands the aim of the following chapters; multi-scale analysis of the effect of foam on soil.

The previous work allows us to choose the most relevant tests for this research. Tables 2.2, 2.3 and 2.4 summarize the foam and soil-foam behavior under parameters modification. Table 2.6 summarizes these findings.

Recent researchers show the need to deeply investigate foams. For this reason, in the case of this study, the different tests on foam exploited in the previous work will be performed. As for the tests on soil-foam mixtures, the previous work focused on the flow behavior but was limited on study the microscopic interaction of soil-foam. Therefore, in the case of soil-foam characteristics, the succeeded parts will highlight on these two mentioned parameters; flow behavior and the microstructure study. Chapter 4 and Chapter 5 describe the conditions taken into account and the results obtained. Based on the studies and core samplings, the geologists and engineers drew the geological section of the line 16 -1. These maps are the basis of this study. Figure 3.3 shows a part of the geological section of line 16 -1 in addition to the path of the EPBM. 

Soils encountered in the project

Based on the data of the project, the geological section (Figure 3.3) summarizes the line 16 -lot 1 as follows:

• The superficial formations are composed of Remblais and Alluvions (backfills and alluvium). These layers are followed by Marnes à Pholadomyes (Pholadomyes marl), which appears in a high position, in a discontinuous way and on a weak thickness. The Sable vert (Greensand) is present under the marls.

• Then, the Calcaire Saint-Ouen SO (Saint-Ouen Limestone) are observed, this formation is represented on the whole length of the longitudinal profile of line.

It is concerned in several sectors by the upper part of the tunnel. The thickness of the complete formation is generally 10-12 m. The EPBM excavates this soil when its mixed with Sable de Beauchamp.

• The Sable de Beauchamp SB (Beauchamp Sands) formation is the most concerned by the tunnels of lot 1. Its thickness is generally between 10 and 12 m and can locally reach or exceed 15 m.

• The Marnes et Caillasses MC (Marls and Pebbles) formation is crossed in a discontinuous way (and generally in mixed front) by the EPBM, but it concerns all the stations in their lower or basal part.

• The Calcaire Grossier CG (Coarse Limestone) constitutes the basic formation of the longitudinal profile and the "substratum of the project". The TBM1 only excavates through this soil in mixed front with Marnes et Caillasses in Saint-Denis area more specifically while excavation the well structure 6301P.

In succeeding parts of this manuscript, the soil samples are referred by their French names. In addition, TBMi refers the earth pressure balance machines used in this project with 'i' indicating the number of the tunneling machine mentioned in Table 3.2.

Each TBM crosses a different type of soil. Diagrams of Figure 3.4 shows, for each TBM, the geology of soil encountered among the length excavated by each TBM and not the totality of the line 16-1.

Among the six TBMs, one notices from Figure 3.4 the following:

• only the TBM1 and TBM5 excavate in MC,

• only TBM1 excavates in the mixed soil MC/CG,

• half of the excavation by the TBM4a and TBM5 is SB,

• the TBM3 and TBM6 encounter the homogeneous soil SB in only small quantity. In order to better compare the percentage of each soil, one should take into account the total excavation length of the six TBM. Table 3.2 summarizes the soil percentage by each TBM over the total excavation length. The TBM3 and TBM6 both encounters similar percentages of soils. They have the highest percentages on the line of SO/SB and SB/MC. The TBM5 encounters the highest percentage of SB, close to the half of SB faced in the entire line 16-1.

The characteristics of the soils are resumed in Table 3.3. The PAT (Plan Advance Tunnel) are the methodology followed to control the stability of the face and roof of the tunnel and to minimize the surface settlements [START_REF] Guglielmetti | Mechanized Tunnelling in Urban Areas: Design Methodology and Construction Control[END_REF].

The PAT methodology includes the following:

geological map, -data of the project such as the depth, ring number, -geological and hydrological data, -surrounding such as singular point, settlement, -pressure profiles, -retro analysis. 

Foaming agents

Due to the high demand on foam, several foaming agents (A to G) from several providers were chosen to sufficiently supply the six EPBMs. Each foaming agent has its own formula that will have its own characteristics and will affect in a specific way the microstructure of the soil. Due to the industrial confidentiality, no chemical composition was given for the provided materials. Based on the technical sheets, the conditioning agents used in the project include foaming agents with polymer having lubrication effect, foaming agent with anti-clay polymer, anticlay polymer, and water binding polymers. Figure 3.6 shows the repartition of the foaming agents in function of the excavation length of each EPBM. 

Excavation data

As mentioned previously, the steps of excavation by EPBM are removal of the soil in place -confinement of the excavated medium -evacuation of the excavated material. These steps occur simultaneously. It is the role of the pilots and the responsible of production to assure these high excavation requirements. Despite their important role in the project, the literature review did not emphasize the techniques of piloting. For this reason, the following paragraph highlights on the importance of controlling the EPBM by describing the way of monitoring the excavation data especially in the case of foam injection. Two types of data monitoring system CAP exist: CAP1 that covers several report sheet, such as Water Reports -Mortar report-RDC Reports-Front Reports-Gas Reports -GIS-Grease Reports -muck report -ring report. It hold up general information. Yet, CAP2 includes the details of the CAP1 data that are not figured in the reports. Among these reports, this research focuses on the ring report and foam report.

Ring report

The ring report (Figure 3.8) projects the following excavation data on the screens, such as the advance rate of the tunneling machine (mm/min), cutting wheel rotation (rpm), torque (kN.m) and energy of the cutting wheel (MJ/m 3 ), excavation chamber pressure (Pa), foam and water injection volumes (l/m 3 ) and screw conveyor rotation torque (kN.m), etc. The multiple visits to the cockpit helped to frame each parameter.

In order to excavate a ring length, the pilots control simultaneously several parameters. They move the machine forward by imposing pressure on the cylinders and a speed of the cutting wheel. The pilots guide the direction of the advance of the TBM by adjusting the thrust cylinders. The CAP1 system, with the help of sensors, calculates penetration, torque, energy and power of the cutting wheel.

In parallel, the pilot injects foam on the cutting wheel, excavation chamber and/or screw conveyor. The conditioned soil falls in the excavation chamber and participates in the stability of the tunneling face. The screw conveyor extracts the excavation muck. Sensors located in the excavation chamber measure the actual pressure. The pilot then compares this pressure with the set pressure obtained from preliminary stability calculations. If they do not match, the pilot readjusts the parameters. Mortar is also injected simultaneously all around the shield to provide an initial lining. At the end of each ring, the pilot positions the ring formed from 6-7 segments. After that, the cycle of the EPBM functioning restarts.

Foam report

As mentioned in Chapter 2, the EPBM, the foam generator (Figure 3.9) consists of :

• tenside (foaming agent with or without polymer) supply, • water supply to form the foaming solution, • compressed air supply to transform the foaming solution into foams. The foam report (Figure 3.10) illustrates the repartition of each foam line and the quantities of air, foam and foaming solution injected. It also holds general information such as the 𝑐𝑐 𝑓𝑓 , total quantity of foaming agent total volume of water injected for foam generation, total additional water. These data are available in CAP1. The more detailed information such as the quantities of foaming agent, air and water in each line, in addition to the 𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐹𝐹𝐹𝐹𝐹𝐹.

Only the foam lines linked to the cutting wheel and excavation chamber are highlighted in the instantaneous foam report observed from the cabin pilot. It shows that foam is not usually injected in the screw conveyor.

The values shown the foam report collected at the end of the excavation, are not competed. The completed and detailed data are collected from the CAP2. 

Experimental campaign

The first chapter dealt with general definitions of TBM, foams, conditioned soil with foams. It allowed us to choose the experimental campaign. The beginning of the second chapter highlighted on the importance to investigate the in-situ data as a complementary of the laboratory tests. This study follows an approach based on selected tests from the literature and an in-situ analysis. 

Materials

The materials include different types of soils and foaming agents. The majority of this study deals with natural soil. Yet, to establish a correlation between the mini cone and the standard cone, this research uses model soil that assures a better representativity of the samples. This section presents both types of soils used in the study in addition to the types of foaming agents.

Soil types

Natural soil

As shown in paragraph 3.1.2, the tunneling machines mainly face Sable de Beauchamp, either alone or mixed with 'Calcaire Saint-Ouen' or 'Marnes et caillasses'. Therefore, these three types of soils are sampled, with Sable de Beauchamp the mostly collected in quantity among them. These soils are extracted from two working sites Verdun structure, la Courneuve (34E01P) and Des étoiles structure Saint-Denis (3301P) at different depths given in Table 3.5. 

Sable de Beauchamp

Verdun structure 20 17

Marnes et Caillasses

Des étoiles structure 34 20

Since the EPBM do not only excavate in homogenous face but also in mixed one, mixtures of soils are also prepared. These mixtures consist of:

• 50% of weight Calcaire Saint-Ouen with 50% of weight of Sable de Beauchamp, referring to as SO/SB • 50% of weight of Sable de Beauchamp with 50% of weight of Marnes et Caillasses, referring to as SB/MC Therefore, this research deals with five types of soils; three having homogeneous type and two with mixtures.

Soil model

In addition of the natural soil, this research uses a soil model to deduce the scale effect between the standard cone and a mini cone. The first type of mixture is silica sand HN 31. The HN31 fraction of Hostun sand (formerly Hostun RF) is a reference in France for laboratory tests [START_REF] Flavigny | Note Technique Le Sable d'Hostun RF[END_REF][START_REF] Lancelot | Comportement du Sable Hostun sous faible contrainte[END_REF][START_REF] Baudouin | Caractérisation mécanique d'un mélange de sables d'Hostun[END_REF]. The second type is a commercial clay kaolinite, Polwhite. 

Foaming agents types

The line 16-1 bases the excavation on mainly three foaming agents from different suppliers. For this reason, this study will focus on these three additives. The technical sheet and laboratory tests of the foaming agents, allow us to divide them into two categories with or without anti-clay polymers:

• The first type of conditioning agent is referred to as to A, this type of additive has both surfactants and anti-clay polymers within his composition.

• The second type of conditioning agent is referred to as B, this agent is mainly formed from surfactants and polymer with lubrication effect.

• The third foaming agents is referred to as C. It has common aspects with the foaming agent A, as both contain surfactants and anti-clay polymers. Yet, one of the main differences between them is the surfactants percentage within their compositions; the foaming agent A has a higher quantity of surfactants compared to those presented in foaming agent C.

Conditioned soil preparation

The conditioned soil contains the grains of soil, water, foaming agent and air. Before conducting tests on the conditioned soil, one prepares the conditioned soil sample. The preparation consists on preparing the soil, generating the foam and mixing the soil with foam. This section describes generally each one of these aspects. The section 3.3 of this chapter details the protocol depending on the test.

Soil preparation: sieving and water injection

In the case of natural soil, the sample preparation step initially includes both soil sieving and water injection. In the case of soil model, this step only involves water injection.

• Natural soil

The soil sieving is recommended, yet obligatory step of sample preparation to meet up the requirements of the laboratory tests. One uses the sieving procedure, for identification test, rheological measurements and slump tests (Table 3.6). The sieving procedure can be performed either dry or wet depending on the maximum grain size diameter. The dry sieving, if possible, is preferred in order not to disturb the natural water content. Based on the tests feedbacks, the grain size diameter equal to 400 µm, requires the use of water to separate the grains one of the other.

The second step water injection. If the grains are dried, the water is added to the dry grains until it meets again the natural water content. At this stage, the added water is considered as natural water content value, so 𝑊𝑊𝐹𝐹𝐹𝐹 is equal to 0. If additional water is injected, the added water is considered as 𝑊𝑊𝐹𝐹𝐹𝐹.

• Soil model The maximum size diameter of the sand is 500 µm, therefore it does not require sieving for the slump tests performed in this study.

The preparation consists of mixing the grains of sand and kaolinite with water (Figure 3.16). The weight ratio between sand and kaolinite is 1/4 and the targeted water content is 17%, equal to the initial water content of the natural soil. In order to do that, a total quantity of 200 kg of soil is prepared with a 20 kg increments for each preparation. A concrete mixer blends the sandkaolinite-water mixture. The soil model is left for a minimum 24 hours in order to homogenize before performing the tests.

Foam Generation

The preliminary step of foam generation requires the setting of the 𝒄𝒄 𝒇𝒇 and the 𝑭𝑭𝑭𝑭𝑰𝑰 values. These parameters are initially chosen 𝒄𝒄 𝒇𝒇 =1.5% and 𝑭𝑭𝑭𝑭𝑰𝑰=10, based on the foam supplier recommendations and then adjusted in accordance to the laboratory tests results. The step following the selection of the conditioning parameters values is the calculation of the mass of foaming agent, the volume of water and the volume of air to be introduced in respect to the equations given in Chapter 2. Since the volume of foaming solution is mainly formed from water having a density of 997 kg/m 3 thus the surfactant solution has a measured density of 1020 kg/m 3 , the densities of the foaming agent and therefore the foaming solution are supposed to be equal to that of the water.

The following paragraph details the procedure followed to generate the foam:

(a) (b)
Initially the water is placed in a beaker, followed by the foaming agent, hence constituting the foaming solution. The high-speed stirrer of Rayneri brand is placed in contact with the foaming solution (Figure 3.17 a).

It is switched on at 100 V, until the foam volume reaches 50% of the total desired volume. At this stage, the high-speed stirrer voltage is increased to 150 V. Once the foam volume reaches the total desired volume, the foam generation ends (Figure 3.17 b).

Soil-foam mixture

The mean of foam-soil mixture highly depends on the test to be performed. In the entire tests, the quantities of soil needed are based on the assumption that the density of soil is 21 kN/m 3 , equal to the density used in the project.

(a)

The first type of soil-foam mixture includes manual mixing by a spatula (Figure 3.18 a).This type is used for small quantities of mixtures (less than 100 g).

In The aim of the test is to understand the connections between the soil grains and foam bubbles in the soil-foam matrix at initial stage and short term. For that, this research uses a microscope and infrared tests to capture the microstructure of the soils, foams and soil-foam mixtures. This study captures microscopic photos for:

Microscope

• foams generated at 𝑐𝑐 𝑓𝑓 =1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹=10 at 25x magnification,

• conditioned soils with foams at several foams parameters. In this case the magnification is equal to 100x, These magnifications are chosen since they allow a visibility of the foam bubbles in the foam alone or in the soil-foam mixture. After that, one measures the bubble size and at the end studies the distribution of the bubbles in function of their size.

Infrared spectroscopy

Infrared spectroscopy is a technique based on the vibrations of the atoms of a molecule. An infrared spectrum is commonly obtained by passing infrared radiation through a sample and determining what fraction of the incident radiation is absorbed at a particular energy. The energy at which any peak in an absorption spectrum appears, corresponds to the frequency of a vibration of a part of a sample molecule [START_REF] Stuart | Infrared Spectroscopy: Fundamentals and Applications[END_REF]. The test consists on placing the sample on the plate of the spectrometer formed from diamond. The sample in the case of this study consists of liquid foaming agent or dry grounded soil having a maximum grain size diameter equal to 63 µm. The instrument decodes the transmitted radiation from the sample and draw its IR spectrum.

This study applies this method for soils and foaming agents, it measures its infrared spectrum and based on that one can deduce the organics molecules. In our case, it helps to distinguish some molecular differences between the foaming agents and to deduce the soil composition.

Mesoscopic tests

The objective of the mesoscopic analysis is to present known and developed tests to study the effect of foams on soils. The developed tests such as the foam degradation by the mean of volume follow up or the flow behavior by the mini slump cone are practical tests that help the tunnellers to choose the optimal conditioning agent at the beginning of the excavation project.

Foam degradation

The research study of soil-foam combination is limited to the initial stage of foam generation and its mixture within the soil. The long term is only observed for foam, which allows evaluating the effectiveness of the foam in the experimental tests and under the stand still periods of the EPBM.

Foam degradation by volume observation

The first method to measure stability is to follow the volume of foam placed in a closed cylinder in function of time. 

Foam degradation by a filter funnel

The method followed to measure the foam half-life is that described in EFNARC (2005). A mass of 80 g of foam is placed in a Pyrex™120mm Diameter Glass Büchner Filter Funnel (Figure 3.23). The filter funnel is formed from an upper disc of 120 mm diameter and 1 l of capacity, a filter with pore size varying between 100 and 160 µm and a stem with 19 mm diameter and 120 mm height. Underneath the filter funnel, fixed on a tripod, a balance connected to a PC was placed. By this mean, the mass of the foaming solution resulted from foam drainage was collected and saved each 5 seconds.

One weights the mass of drain liquid from foam, represents the measurements on a graph in function with time and determine the half-life.

Flow behavior of foams and conditioned natural soils by rheometer

The rheological parameters of the foam, in particular its viscosity, shear stress and their evolution with the shear rate, are newly introduced in the case of foam studied in EPBS. The aim of the tests is to deduce the foam behavior under shear rate and to classify them based on their viscosity.

The rheological tests are performed on three samples: soil, foam and soilfoam. The soil, foam and soil conditioned with foam rheological tests were conducted by the use of an Anton Paar rheometer MCR52 (Figure 3.24) having a Peltier cooling system. This system allows maintaining the temperature while performing the test in order to eliminate any temperature effect. The rheometer is connected to a PC having RheoCompass software that allow to easily control the rheometer and to visualize the results.

• Tests on foam

The steps performed to conduct the tests on foams are summarized as follow: Each foam is generated with the following parameters 𝑐𝑐 𝑓𝑓 = 1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹 = 10. Then, 25 ml of the generated foam is placed in a CC27 by the mean of an open needle One applies a shear rate increasing from 1 to 500 s -1 for a total duration of 100 s. The chosen interval of shear rate falls in the one suggested by [START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF].

The rheometer calculates the shear stress and viscosity.

At the end, one studies the flow behavior by representing the variation of the shear stress and viscosity in function of the shear rate (Figure 3.26).

• Tests on conditioned soils

For the conditioned soils with foam (as for the soil) the rheological tests are performed by the use of Anton Paar MCR52 rheometer with a plate-plate system having a rough surface PPS25, which reduces the wall slip effect. The test should satisfy two main conditions :

• gap is recommended to be chosen equal to 1 mm [START_REF] Mezger | The Rheology Handbook[END_REF].

• gap between the plates larger than one fifth of the maximum grain diameter [START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF]; therefore, the soil must be sieved to 200 µm ([1/5*gap).

Initially, 10 g of sieved soil are prepared following the method of 2.3.3. Afterward, the soil is mixed with foam by the use of a small spatula (Figure 3.27). As for the conditioned soil, one applies on the conditioned soil sample a shear rate increasing from 1 to 500 s -1 for a total duration of 197 s.

The rheometer calculates the shear stress and viscosity. At the end, one studies the flow behavior by representing the variation of the shear stress and viscosity in function of the shear rate (Figure 3.28).

Flow behavior of materials by standard and mini cone

In addition to the slump test by the mean of the standard cone, this research suggests commercializing slump test by the use of mini cone as a substitute of the standard Abrams cone. It allows to economize more than 90% of the materials and to save time. This method is so effective in the case of natural soil where sampling high quantity of materials is limited.

(a)

The cone Abrams is a frustum cone having a top radius of 50 mm, a bottom one of 100 mm, and a height of 300 mm, resulting in a volume of 5500 cm 3 .

(b)

Whereas, the types of mini cone suggested by this work are a reduced model of the standard cone at a 1/3, 1/4 and 1/5 scales. The cones are designed from stainless steel material. Figure 3.29 and Table 3.9 shows the dimensions of the standard and mini cones. In order to perform the slump tests, the cone is filled by the prepared sample. The methodology of filling the cone depends on the sample as described in the following paragraphs. However, regardless the type of sample in the cone, the cone is lifted manually in the case of the standard cone and by using a manual maneuver in the case of mini cone (Figure 3.30). 

Flow behavior of soil model by slump measurements

The objective of this paragraph is to select experimentally the suitable mini cone among the three cones designed. For that, this research studied the slump relationship between the standard cone and each of the mini cone conducted on soil samples having different water content.

The protocol followed can be summarized as follow: First, the soil (Sable de Beauchamp) is sieved at 40 mm in case of the standard cone and to 10 mm in case of the mini cone. Then, the soil is mixed with water the following water contents according to the liquid limit of the soil: 0.95 WL , WL , 1.1WL , 1.2WL.

Note that the water is added to the same soil in order to reduce the effect of soil's heterogeneity. Second step includes placing the soil into the cone by 3 layers, compacting, by a rigid bar, 25 strokes each. The last step is cone uplift and measurements of the slump.

The results express the slump values performed on soils at different water contents by the use of the standard cones and the mini cone (Figure 3.31). The cone having the relationship between the standard cone and the mini cones with the highest R 2 is the one chosen. The slump value depends on the type of material and the protocol of preparation [START_REF] Malusis | A miniature cone for measuring the slump of soil-bentonite cutoff wall backfill[END_REF]. Therefore, adding foam to the soil might change the equation. It is not the only problem, the natural soil has a large number of heterogeneity that is not possible to limit while deducing a relationship. For these reasons, the correlation deduced from the natural soil should be verified by the use of model soil.

Choice of the mini cone

The test protocol consists on mixing the soil model prepared in 3.2.2 with foam generated by the use of a high-speed stirrer. The next step includes soil/foam mixture at various ratios: 30%, 40%, 50%, 60% and 70%. In the case of the standard cone, a concrete mixer blends the high quantity (10 kg) of soil/foam. In the case of the mini cone, the Kenwood robot mixes the soil and foam (500 g). In the last step, for each test, conditioned soil is poured into the respective cone then lifted and the slump is measured. For these type of tests, the samples are not compacted once placed into the cones, in order not to disturb the bubbles.

These tests are performed several times on different mixtures in order to verify the repeatability. The value of the slump by the standard cone in function of the slump by the mini cone allows deducing the correlation between the mini cone and the standard cones.

Therefore, the principle of the test is performing slump test by both ways standard cone and mini cone. After that, one measures the values of both slump, represents the results in a graph (Figure 3.32) and deduces the relationship between both cones. 

Flow behavior of conditioned sand of Sable de Beauchamp by standard and mini cones

The analysis of the flow behavior of Sable de Beauchamp by standard cone and mini cones aims to: 1. recommend a foaming agent giving the highest slump and texture for the minimum foaming agent quantity, 2. verify the equation (standard cone ; mini cone) deduced previously from the slump tests performed on soil model, 3. study the effect of water on conditioned soi with foam.

The achievement of these objectives is detailed in the following paragraphs.

Recommend a foaming agent

This is done by performing slump tests by the mean of standard on conditioned soil with various Foam Injection Ratio 𝐹𝐹𝐹𝐹𝐹𝐹 (%).

• The first step of the protocol consists on preparing the soil. The soil used is the Sable de Beauchamp with a water content maintained to its initial value 16 ± 1% that excludes the influence of water content on soil flow behavior.

• The second step consists on generating each of the three foaming agents (A, B, C) at specific 𝑐𝑐 𝑓𝑓 and 𝐹𝐹𝐹𝐹𝐹𝐹 by the use of a high-speed stirrer.

• The third step includes soil/foam mixtures at various ratios by the use of a concrete mixer for the standard cone and the Kenwood mixer for the mini cone.

• In the last step, conditioned soil is poured into the standard cone, lifted and the slump values are measured (Figure 3.33). For these types of tests, the samples are not compacted once placed into the cone in order not to disturb the bubbles. The slump measured from the standard cone are compared to the optimal interval by the literature, which allows to deduce the optimal soil-foam parameters.

Verify the equation (standard cone ; mini cone) deduced previously from the slump tests performed on soil model

The values of the slump measured from the standard cone are compared to the mini cone. For that, as in the case of the standard cone, the conditioned soil sample

natural soil SB + foams

Deduction of optimal foam parameters in the case of SB is firstly prepared : the soil used is the Sable de Beauchamp sieved at 10 mm and having with a water content maintained to its initial value 16 ± 1%. After that, the foam is generated at a specific 𝑐𝑐 𝑓𝑓 and 𝐹𝐹𝐹𝐹𝐹𝐹 by the use of a high-speed stirrer. At the end of the conditioned soil preparation, the soil/foam mixtures at various ratios by the use of a Kenwood mixer for the mini cone.

Secondly, in order to perform the slump test by the mini cone, the conditioned soil is poured without compacting into the mini cone, lifted and the slump values are measured (Figure 3.33).

The measured slump values from the mini cone are then compared to the measured slump from the standard cone at equivalent foam parameters. This allows us to verify the conformity of the equation deduced by the soil model for the case of natural soil.

Study the effect of water

By the use of the mini cone, the effect of water on the functioning of the foaming agent on Sable de Beauchamp is studied. For that, the soil is mixed with water then with foam. The slump test by the use of mini cone is then measured. The slump is compared with the slump before the water addition.

Flow behavior of conditioned natural soils SO/SB and SB/MC by mini cone

This test comes as a complementary of the previous slump tests performed on conditioned Sable de Beauchamp with foam. It only uses the mini cone to study the effect of foaming agents on the SO/SB and SB/MC. The aims of the tests are to recommend a foaming agent and to study the effect of water.

Recommend a foaming agent

In order to achieve first objective 'recommend a foaming agent per soil géology', the protocol consists of:

• preparing the mixed soil samples 50% of SO + 50% of SB and 50% of SB + 50% of MC,

• mixing the prepared soil with water when needed and foams generated from the different foaming agents,

• performing slump test by the mini cone following the same procedure of the Sable de Beauchamp (Figure 3.34),

• representing the slump values in function of FIR. The recommended foaming agent is the one giving the most homogeneous mixture and the highest slump (in the optimal interval) for the same foam quantity injected.

Study the effect of water

By analogy to Sable de Beauchamp, by the use of the mini cone, the effect of water on the functioning of the foaming agent on SO/SB and SB/MC are studied. For that, each one of these soil sample is mixed with water then conditioned with foam.

The slump test by the use of mini cone is then measured. The slump is compared with the slump before the water addition at similar foam parameters.

Conclusions

One of the challenges of this thesis is to deal with natural soil among the research. This has some drawbacks related to the limited quantities of sampled soil.

Following this approach, this chapter focuses on presenting the research methodology of this thesis. The aim of this methodology is to meet the requirements of this project related to the use of natural soil, choice of the optimal soil-foam conditioning and more generally, enhancing the excavation techniques.

The short come in the literature review is related to the non-ability of the tests to deduce the optimal soil-foam parameters with small quantity of soil. For example, the first chapter showed the high dependency of the soil conditioning with the slump test. This test requires a high quantity of soil that is not possible to provide in the case of natural soil. However, they start to focus on the microstructure of foam but not soil with foam.

This chapter links between the preceding studies and complete them to meet the objective of this research. It develops a multiscale approach (micro, meso and macro) that requires the deep understanding of each material: soil, foam and soil with foam.

The identification of the soil is based on following the particle size distribution in order to deduce its clogging potential before the excavation starts. The foam's characterization includes the analysis of its stability and microstructure. It deduces and interprets the chemical and physical parameters of foam. These results are projected to the soil-foam analysis.

As for the conditioned soil with foam, this study develops a mini cone for performing slump tests and details the methodology followed to assure its correct usage. In addition, it focuses on its microstructure of the mixture in order to wisely choose the optimal conditioning. This chapter also introduces to the real scale, where the in-situ analysis part of this chapter underlines on the importance of monitoring of the excavation data.

The exchanges with the pilots, coupled with the literature, allows defining the important parameters to follow and to validate the results of the experimental set up.

French summary of Chapter 3

Ce travail de recherche met l'accent sur les pratiques actuelles d'excavation au tunnelier de la ligne 16-1 menées par Eiffage Génie Civil. Ces travaux consistent en la construction de 19,6 kilomètres. Ces lignes sont creusées à l'aide de 6 tunneliers à pression de terre de 3 diamètres différents: 7,75 m -8,92 m et 9,87 m. A l'aide de la coupe géologique du tracé du tunnelier, on peut identifier trois types de sols le long du tracé de la ligne 16-1 (Figure 3.35) :

• le Calcaire Saint-Ouen (SO),

• le Sable de Beauchamp (SB)

• les Marnes et Caillasses (MC).

Parmi ces 3 types de sols, les 6 tunneliers rencontrent majoritairement le Sable de Beauchamp.

Le pilotage optimal s'opère grâce au choix judicieux des paramètres d'excavation incluant l'agent moussant, et ce, selon les sols rencontrés. Ce choix implique la nécessité de mener une campagne expérimentale permettant d'analyser l'effet de chaque mousse sur les sols naturels rencontrés.

Un des défis dans cette thèse est de mener les essais sur des sols naturels issus du chantier. Les problématiques à la représentativité des prélèvements de sols naturels restent une limite à la démonstration du fait de la quantité limitée à extraire et de la forte hétérogénéité des terrains.

Pour maitriser notre étude sur sols naturels, notre méthodologie comprend plusieurs étapes

• Echantillonnage des plusieurs types de sols. • Approfondissement de la connaissance de la théorie de l'écoulement de la matière. En effet, les essais d'écoulement de la matière sont les plus répandus dans la littérature pour déduire les paramètres optimaux du sol avec mousse. • Développement d'une campagne expérimentale d'essais pratiques.

Les travaux expérimentaux menés dans cette thèse ont été choisis et complétés à partir des principales conclusions tirées de l'analyse bibliographique présentée en chapitre 2.

Ce présent chapitre décrit la campagne expérimentale menée sur les sols, mousses et sols avec mousses, basée sur une étude multi-échelle (Figure 3.36) :

A l'échelle micro : étude de la microstructure des sols, mousses et sols avec mousses

• Essais microscopiques par observation microstructurale.

• Essais spectroscopiques.

A l'échelle meso : effets de la mousse sur les sols

• Mesures de stabilité des mousses.

• Essais rhéologiques.

• Essais d'affaissement par cône standard.

• Essais d'affaissement par mini cônes conçus dans cette thèse afin de réduire le volume d'échantillons.

A l'échelle macro : complément des résultats expérimentaux

• Analyse des paramètres d'excavations par tunneliers. Cette partie est traitée dans le chapitre 5. Le couplage entre ces différents essais mentionnés ci-dessus permet d'optimiser le mélange additif / sol et de s'assurer de l'effet attendu de la mousse sur ce sol.

Chapter 4: Experimental results analysis

Dealing with natural soil samples is a challenge. The first defy is assuring the repeatability of the tests. The second one is the limitation of the quantity of natural soil.

This study develops a methodology based on a multi scale that focuses on:

• the necessity of characterizing the natural soil and foams,

• the identification of the optimal foam and its quantity for each type of natural soil, by the use of miniaturized test.

One deduces a correlation between soil, foam and conditioned soil characteristics; based on scientific and empirical tests that meets the requirements of the industry. 

Microscopic approach

The literature review presented the importance of identifying the soil especially its granulometry as a first estimation of the soil's requirements of conditioning. Therefore, the aim of the identification tests by microscopic study is to extract a first estimation of the soil need to be conditioned.

The microscopic studies include the soils identification by its granulometry for d<80 µm and infrared spectrum for d<63 µm, and the determination of the foams bubbles repartition. These studies give the explication of the flow behaviors between the several types of soil and foam.

Soils identification

Sable de Beauchamp

The study first examines the characteristics of Sable de Beauchamp, as it is the soil mostly encountered by the EPBM. By analogy with the test carried out on Sable de Beauchamp, the percentage of soil having a diameter lower than 80 µm is determined. This percentage reflects 59% in the case of Calcaire Saint-Ouen. The particle size distribution for the section lower than 80 µm is presented in Figure 4.3. Around 10% of the soil reflects the clay portion. This indicates that SO has a higher percentage of clay of Sable de Beauchamp. 

Marnes et Caillasses

Microstructure observation

The microstructure observation of foams is performed on the three foaming agents generated with a high-speed stirrer at 𝑐𝑐 𝑓𝑓 =1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹=10.

The microscope captured the foams placed in a cylinder between lamellas, from the initial time of generation (t=0) until 1 h after generation. The photos were taken with elapsed time of 15 s. Figure 4.7 shows the captured images at t=0 and t=30 min. The percentage distributions of bubbles for both foams follows an exponential equation :

𝒇𝒇(𝒙𝒙) = 𝒂𝒂𝐞𝐞𝐞𝐞𝐞𝐞 (-𝒃𝒃𝒙𝒙) (4.1)
with different numerical values of 𝑎𝑎 and 𝑏𝑏 (Table 4.2).

The 𝒙𝒙 is equal to 20 multiplied by the mean value of each class minus 1. 4.3 resumes the number of bubbles and the mean diameter of the bubbles at t=30 min. These observations are resumed as follow:

• foam B has a higher number of bubbles in the same volume in comparison to foams A and C; • bubbles of foam B has the smallest diameter between the foams A and C; • bubbles of foam B are more heterogeneous than foams A and C. Within time, the only mechanism observed is the bubbles decrease in diameter and disappearance. This is related to liquid drainage from the foam in the 2 mm cylinder due to gravity. Therefore, this methodology of foam characteristics representation illustrates the degradation due to gravity. This method does not express the other two mechanisms. However, the results resumed in Table 4.3 indicate that foam B is more stable than foams A and C, this is reflected by a higher remaining bubbles at t=30 min, in comparison with foams A and C. As for the case of t=0, the bubbles captured at t=30 min of the three foams are divided into categories. The repartition of the foam's bubbles percentage in function of the bubble diameter is drawn (Figure 4.9).

In both cases (equations 4.2 and 4.3). The 𝒙𝒙 is equal to 20 multiplied by the mean value of each class minus 1. The numerical values of (𝑚𝑚;𝑛𝑛) and (𝑐𝑐;𝑑𝑑) are presented in Tables 4.4 and 4.5 respectively. The further analysis of the chemical part of the foams is beyond the scope of this research especially due to confidentiality reasons.

Mesoscopic approach

As explained in Chapter 3, the mesoscopic studies includes:

• the evaluation of the clogging potential on soils,

• the investigation of the foam's stability and flow behavior,

• the analysis of the flow behavior of soil.

The microscopic studies complete this part, giving an explication of the soil/foam behavior.

Soil

Particle size distribution

In this section, the mean particle size distribution of soil SB, SO and MC are presented. These granulometry curves reflect the mesoscopic scale and the microscopic scale. This latter is presented in order to calculate the uniformity coefficient Cu and the coefficient of curvature Cc. 

Sable de Beauchamp

By comparing the granulometry to Figure 2.18 in the chapter 2, it can be deduced that the SB requires conditioning to improve its workability. Following the standard NF P 94-068, the methylene blue value of the SB is calculated and it is equal to 0.3. This value indicates that the soil has very low quantity of clay. By comparing the granulometry to Figure 2.18 in the chapter 2, one deduces that the MC requires conditioning to impart its workability.

Calcaire Saint-Ouen

The methylene blue value is equal to 0.4, low clay content, result in correlation with the infrared spectrum.

Clogging tendency

The clogging potential for different soil is examined by the mean of Atterberg limits WL (liquid limit), WP (plasticity limit), Ip (plasticity index) and Ic (consistency index). Table 4.6 reports the values of the Atterberg limit calculated following the norm XP CEN ISO/TS 17892-12. The supplementary information that can be deduced by this graph is that Calcaire Saint-Ouen and Marnes et Caillasses require the addition of water. However, the addition should be done carefully, especially if the excavation occurs under the watertable. The addition of water can induce clogging problems and its over addition might engender water spewing. The laboratory experiments and in-situ tests allow deducing the optimal conditioning.

Miniaturization of empirical tests

As explained in Chapter 3, this research promotes the use of a mini cone instead of the standard cone for performing slump tests on the conditioned soil. The aim of using a mini cone is to reduce the quantity of soil, which makes it possible to perform slump test on natural materials. For that, this research investigates the possibility of using three mini cone with 1/3, 1/4 and 1/5 reduced model scale of the standard cone (Table 4.4).

Sable de Beauchamp

Calcaire Saint Ouen

Marnes et Caillasses

The first part of this section describes the methodology followed to choose one cone among these three. In order to choose one mini cone among the three, slump tests, by the mean of standard and mini cones, are performed on Sable de Beauchamp at different water contents: 0.85WL, 1.0WL, 1.1 WL and 1.2WL. The WL refers to the water content of the soil. Initially, a large amount of soil-foam mixture sample was prepared to conduct three tests one after the other.

The slump results showed a decrease in the slump value with the test number increase. This is due to foam degradation, with time, within the soil-foam sample.

For this reason, two to three new soil-foam mixture are prepared for each test.

The preparation includes foam generation and mixture with the soil. The protocol of the test was described in Chapter 3. One should recall that the test on the natural soil samples is conducted with sample compaction by the mean of a rod following the exact standard of ASTM C143/C143M (2015).

Table 4.7 reports the slump tests performed on soil mixed at several water contents. The standard deviations of measurements shown in Table 4.5 come from tests carried out on different mixtures. The results show an increase of the slump in function of the water content. This increase is less significant in the case of mini cone 1/4 and mini cone 1/5. This can be explained by the test protocol for the mini cone. By performing the slump test by the mini cone, the filling of the cone is more difficult when its dimensions are smaller. In addition, the slump measurements are less accurate when the cone is smaller. The relationship between the slump the standard cone and the slump by the mini cones is linear for the three cases.

It can be noticed that the height of the cone increases with the R 2 coefficient.

This is related to the fact that the cone of 10 cm can be more easily manipulated than the ones having 7.5 and 6 cm of height. Table 4.8 displays the parameters of the linear equations linking the standard cone with the mini cone. The slope represents the correspondence between the standard cone and the mini cone. The y-intercept represents the bias of the tests. One can use the mini cone 1/3, 1/4 and 1/5 for slumps higher than 2 -0.4 and 16 mm respectively. As for the water contents of the soil, in the case of the Sable de Beauchamp with a MBV=0.3 the slump test is recommended to be used for water contents higher than 0.85 WL. As mentioned previously, the slump test by mini cone gets harder to perform when the cone is smaller. This is reflected by the R 2 value; among the three mini cones, the mini cone 1/3 has the highest R 2 . For this reason, the remaining part of this research uses the cone 1/3 for the conditioned soil slump test.

The equations linking the standard cone with the mini cone are not generalizable; they depend on the soil type. [START_REF] Malusis | A miniature cone for measuring the slump of soil-bentonite cutoff wall backfill[END_REF] indicated that the type of material affects the correlation between the standard cone and the miniature cone.

Foam characteristics

Once a part of the properties of the soils are understood, one should examine the foam properties in order to deduce the optimal soil-foam association. This section details the characteristics of foams A, B and C resulted from the experimental tests. 

Foam generation

Generally, the foam's volume stops to increase at a specific 𝑐𝑐 𝑓𝑓 value, which is determined by the foamability test.

The test consists on preparing several foaming solutions at several 𝑐𝑐 𝑓𝑓 , then generating the foams until the foam volume stops to increase. The maximum volume is recorded and the 𝐹𝐹𝐹𝐹𝐹𝐹 is calculated. For the foams generated from foaming agents A and C, one distinguishes 2 regions.

• foam expansion increase • plateau

In the case of foaming agent B, one can differentiate only one region :

• foam expansion increases

In this study, the following parameters are used for foams:

• the surfactant concentration 𝑐𝑐 𝑓𝑓 =1.5% ,

• the foam expansion ratio 𝐹𝐹𝐹𝐹𝐹𝐹=10.

As a mean values from the foam providers before the beginning of excavation. The foam generation tests verified the applicability of these values in the tests.

As they are the mean recommended from the several foam suppliers before the project starting. FER 𝑐𝑐 𝑐𝑐 (%) The first phase 'liquid', which is formed from the liquid drainage of foam due to the gravity effect. This phase is directly observed after few minutes from foam placement into the cylinder.

• A • B • C

Foam stability

By foam volume degradation

The second phase 'dense phase' identified by small foam bubbles that give a whitish color to the foam Foam C

at t=0 at t=2 h at t=12 h

The third and last phase 'light phase' where the foam bubbles are large enough, according a grey color to the foam.

In the case of foam B (Figure 4.17), one can distinguish 3 phases while volume degradation.

Figure 4.17: Foams volumes degradation

In the case of foam generated from foaming agent B, the volume of the dense phase is followed and reported on Figure 4.18. However, in the case of foam generated from foaming agents A and C, the foam drains rapidly limiting the follow up of the evolution of the dense phase within the time. The same foam was used in previous work with different foam concentration and foam expansion ratio, results showed a similar degradation behavior with close values of 𝜆𝜆=0.041 and 𝛽𝛽=3. Therefore, for the same type of foam, despite the slight modification of the foam parameters, it follows the same degradation behavior (exponential) with close parameters.

Half-life measurements

The second method to evaluate the foam degradation is the half-life measurements from liquid drainage. The method to perform this test is described in Chapter 3. By the use of the table of foam stability classification based on halftime [START_REF] Sebastiani | Classification of foam and foaming products for EPB mechanized tunnelling based on half-life time[END_REF], foams generated from A and C are defined as foams with moderate stability.

As for foam generated from B, its half-life indicates that is highly stable. In general, both tests showed that foaming agent B is more stable than A.

In the first method, the liquid is quickly drained and the foam volume was followed; in the second test, this liquid drained velocity was quantified. 

Flow behavior

In the case of rheological tests, foams from each foaming agent are generated at 𝑐𝑐 𝑓𝑓 =1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹=10. They are then placed in the CC27 and subjected to a shear rate varying from 1 to 500 s -1 as detailed in Chapter 3. Figure 4.20 displays the results as flow and viscosity curves.

Foams have a similar flow behavior:

• the shear stress increases when the shear rate increases, • the viscosity decreases with the shear rate.

This behavior also known as pseudoplastic flow behavior indicates that each of the three foams is a shearthinning fluid. It can be explained by the destruction of the air bubbles of foams and the films between them while resisting to the shear movement. 4.9 shows the values of k and p deduced from adjusting the experimental points in the flow behavior curve. In the three cases, the yield stress is equal to zero. These foams directly flow in the foam generator pipelines.

Discussions

The micro investigations performed by the use of the microscope and the mesoscopic studies conducted by the foam half-life measurements and the rheology tests, differentiate foam into two categories:

• Category I: foam based on surfactants and anti-clay polymers showing a medium stability, low viscosity and bigger foam mean diameter as physical characteristics; • Category II: foam based on surfactants and polymer with lubrication effect. This category is reflected by a foam with high stability and viscosity, and lower sized foam bubbles percentage.

Both foam categories have common physical characteristics that are linked chemically to the presence of the surfactants. These similarities are explained as followed:

• the degradation with time, studied due to gravity effect, shows that the liquid drainage from foam takes place first, followed by the volume degradation; • the flow behaviors follow a pseudo-plastic fluid mechanism: the foam evolves under shear rate destroying the bubbles and creating a more fluid texture.

However, the presence of anti-clay polymer can be responsible on increasing the mean diameter of foam bubbles, therefore reducing the stability of the foam and its viscosity. These mechanisms have a direct effect on the EPBM. The foams A and C, with lower viscosity, flow more easily than foam B in the foam generator pipeline. Yet, the difference in values is not significant.

The foam B maintains its characteristics for longer time comparing to foams A and C. However, for long stand still of EPBM, such as weekends, the three foams lose their properties in increasing the workability of soil. In this case, the pilot injects more foam to compensate the longstanding foams in the pipelines.

The effects of the characteristics of foams on the soils are the objectives of the following section.

Conditioned soil properties

The optimal soil conditioning is a combination of several characteristics: homogeneity of the sample, its workability, its compressibility and its permeability. This research focuses on determining the optimal soil foam parameters based on the homogeneity and workability characteristics. In addition, this work develops tests that require limited quantities of soil, allowing in this way to perform practical tests on natural soil samples.

One should note that for the different flow behavior tests, the foam density taken into account for the 𝐹𝐹𝐹𝐹𝐹𝐹 calculation is equal to 2.1 Mg/m 3 . The reason behind this value is that the natural soil density from site is equal to 2.1 Mg/m 3 . The higher bubble size of foam decreases its stability; due to the gravity effect, the higher sized bubbles diameters produce a shorter path for liquid to drain (Figure 4.21); The aim of this paragraph is to deduce a correlation between the slump cone and the mini cone in the case of conditioned soil with foam. One should not apply the relationship deduced in the previous paragraph on the conditioned soil samples since:

• the correlation is deduced on natural soil sample with compaction. Whereas, in the case of conditioned soil with foam, the slump test is conducted without compacting, • the correlation is deduced on soil samples without foam injection. Whereas, slump test value depends on the material studied.

This study performed tests on conditioned soil model to deduce the correlation between slump and mini cone. The conditioned soil is a mixture of the model soil (75% sand + 25% clay) mixed with foam A at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹=20-60%.

The mean of preparation consists on mixing the soil model by the Kenwood mixer for the mini cone test, and by the concrete mixer for the standard cone test. One places the conditioned soil model in the cones without compacting in order not to disturb the foam bubbles. Then, one performs several slump tests for each 𝐹𝐹𝐹𝐹𝐹𝐹. Table 4.10 presents results of the slump tests. One can evaluate the accuracy of the results by calculating the mean, the standard variation and the coefficient of variation (CV) as the ratio of the standard deviation to the mean. For the slump tests performed both ways: standard cone and mini cone, the results show a good accuracy in the test repeatability manifested by the small value of the coefficient of variation. This gives confidence in the results and allows going further in this analysis.

The slump increases in both cones according to a linear correlation: y = 2.4012x + 75.323 (4.6) with R 2 =0.9881.

The squared value of correlation coefficient is an indicator of the data fitting the regression model. The slope of the equation indicates the correspondence between the standard and mini cone. As for the y-intercept parameter, it expresses the bias in the equation. Therefore, the equation is only valid for a certain slump values higher than 75 mm (bias of the equation), or else it will give negative values. By the use of the equation (4.6) and knowing that the general optimal conditioned soil interval by the standard slump test is [100 ; 250] mm, the interval reflecting the optimal texture of the conditioned soil by the use of mini cone is [10 ; 72] mm. Based on these findings, the mini cone is reliable and practical to use in the tunneling industry and is recommended for plastic textures having a standard slump values higher than 75 mm.

Flow behavior of conditioned sand of Sable de Beauchamp by standard and mini cone

As mentioned previously, the slump value depends on the material. For this reason, the equation (4.6) will be validated by performing slump test on the conditioned SB with foams, by the standard cone and mini cone. This technique will not only allows to validate the correlation for the natural soil, but also to deduce the optimal soils-foams parameters.

Recommendation of a foaming agent

The soil-foam mixture is initially studied at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹 variable such as the values used to study the foam characteristics. Since the objective of this study is to compare the foam characteristics 'alone' and once mixed with the 'soil'.

The procedure of the slump test on conditioned soil is the following : 1. The soil is mixed with foam at 𝑐𝑐 𝑓𝑓 =1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹=10 at 𝐹𝐹𝐹𝐹𝐹𝐹 from 20% to 70% (the quatities recommened by EFNARC ( 2005)). 2. The slump is then measured. 3. If, despite the 𝐹𝐹𝐹𝐹𝐹𝐹 variation, the soil-foam mixture does not reach the optimal texture for soil conditioning, the 𝑐𝑐 𝑓𝑓 or 𝐹𝐹𝐹𝐹𝐹𝐹 was changed until the slump value falls in the optimal interval.

The variation of the 𝑐𝑐 𝑓𝑓 and 𝐹𝐹𝐹𝐹𝐹𝐹 are also limited. As for example, the 𝑐𝑐 𝑓𝑓 variation is in the interval of 1.5 to 3%. The variation of the 𝐹𝐹𝐹𝐹𝐹𝐹 is in the interval of the insitu data between 5 and 10. The first type of tests on conditioned natural soil with foam are the slump tests by the standard cone.

𝐹𝐹𝐹𝐹𝐹𝐹=45% 𝐹𝐹𝐹𝐹𝐹𝐹=50%

The first series tests are conducted on the soil SB conditioned with foaming agent A, generated at 𝑐𝑐 𝑓𝑓 = 1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹 = 10, then mixed with the soil at 𝐹𝐹𝐹𝐹𝐹𝐹 equal to 30%, 40%, 45%, 50%, 60% and 70%.

𝐹𝐹𝐹𝐹𝐹𝐹=60% 𝐹𝐹𝐹𝐹𝐹𝐹=70%

The slump tests (Figure 4.25) show an increase in the slump values with the increase of 𝐹𝐹𝐹𝐹𝐹𝐹 from 45% to 70%.

The conditioned soil is more fluid with foam injection. This result reveals the effectiveness of the foam A on enhancing the workability of the Sable de Beauchamp. A second series of tests are also conducted on conditioned soil samples consisted from Sable de Beauchamp mixed with foaming agent B, generated at 𝑐𝑐 𝑓𝑓 = 1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹 = 10, at 𝐹𝐹𝐹𝐹𝐹𝐹 = 45 -60%.

In the case of 𝐹𝐹𝐹𝐹𝐹𝐹 = 45%, the texture of the conditioned soil was dry and no slump was recorded.

In the case of 𝐹𝐹𝐹𝐹𝐹𝐹 = 60 % a small slump of 67 mm is measured (Figure 4.26). This result indicates the exigency of foam parameters modifications.

𝐹𝐹𝐹𝐹𝐹𝐹=40% 𝐹𝐹𝐹𝐹𝐹𝐹=60%

The 𝑐𝑐 𝑓𝑓 is increased to 2% and the 𝐹𝐹𝐹𝐹𝐹𝐹 is decreased to 8 in order to generate more dense foam. With these new parameters, foam B is generated and mixed with the soil at different ratios: 40% -45% and 60%.

The increase of 𝐹𝐹𝐹𝐹𝐹𝐹 from 40% to 60% slightly increased the slump values (Figure 4.27).

The results show more adequate flow behavior to the EPB machine.

𝐹𝐹𝐹𝐹𝐹𝐹=50% 𝐹𝐹𝐹𝐹𝐹𝐹=60%

The third type of test is conducted on the soil SB conditioned with foaming agent C, generated at 𝑐𝑐 𝑓𝑓 = 1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹 = 10, then mixed with the soil at 𝐹𝐹𝐹𝐹𝐹𝐹: 50% and 60%.

The slump value increases from 161 mm, at 𝐹𝐹𝐹𝐹𝐹𝐹=50% to 215 mm, at 𝐹𝐹𝐹𝐹𝐹𝐹=60% (Figure 4.28). Consequently, in the case of foaming agent A and C, the optimal foam parameters are:

• 𝑐𝑐 𝑓𝑓 = 1.5%

• 𝐹𝐹𝐹𝐹𝐹𝐹 = 10

• 𝐹𝐹𝐹𝐹𝐹𝐹 = 45-60%.

In order to fulfill the soil texture requirements for EPB machine, the foaming agent B is recommended to be generated at: • 𝑐𝑐 𝑓𝑓 = 2%

• 𝐹𝐹𝐹𝐹𝐹𝐹 = 8

• 𝐹𝐹𝐹𝐹𝐹𝐹 = 40-60%. One can deduce the yield stress of the sample from the shape of the slump. 𝐹𝐹𝐹𝐹𝐹𝐹=10 mixed each at 𝐹𝐹𝐹𝐹𝐹𝐹=60%. The results indicates that the conditioned soil with foam B requires a higher shear to flow in comparison to conditioned soil with foam A or C. In other terms, it requires a higher cutterhead torque to be excavated and a higher screw conveyor torque to be extracted from the excavation chamber. 

Verification of the equation (standard cone ; mini cone) deduced previously from the slump tests performed on soil model

This subsection aims to verify the use of the mini cone in the case of natural soil.

In order to do that, this work conducts slump tests on conditioned SB with foams not only by standard cone but also by the mini cone 1/3. The three cases validate the use of the mini cone as a substitute of the standard cone.

By observing the microscope photos, one notices that in the case of SB + foam A or C, the foam bubbles are heterogeneous within the soil, having a non circular shape.

Study of the water effect

Due to the limited quantity of soil, it was not possible to further study the effect of water by the standard cone. For this research, the remaining part of the research focuses on the mini cone.

Water is added to the soil at 𝑊𝑊𝐹𝐹𝐹𝐹 𝑤𝑤/𝑤𝑤 = 3% the mixed at 𝐹𝐹𝐹𝐹𝐹𝐹=60% with foams A, B and C generated at 𝑐𝑐 𝑓𝑓 =1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹=10. 

Flow behavior by rheological test

The rheological test has an advantage over the slump test as their capacity, with a small quantity of soil, to measure the viscosity and the shear stress allowing to deduce the yield stress.

In the case of this study, the aim of the rheological test is to • verify the effect of the foam on the flow behavior of the soil,

• deduce the optimal viscosity value.

The protocol followed is that detailed in chapter 3. Three samples are tested: reference soil and two conditioned soil samples. Initially the soil is sieved at 200 µm, which reflects 80% of the soil weight percentage. The soil is then hydrated to reach a water content equal to 17%. At this stage, the soil represents the first sample 'reference sample'.

The other type of samples to be tested are formed from the reference sample mixed with:

• foam A, generated at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10, at 𝐹𝐹𝐹𝐹𝐹𝐹=60%,

• foam B, generated at 𝑐𝑐 𝑓𝑓 = 2%, 𝐹𝐹𝐹𝐹𝐹𝐹=8, at 𝐹𝐹𝐹𝐹𝐹𝐹=60%.

The choice fell on 𝐹𝐹𝐹𝐹𝐹𝐹=60% since it produces fluid conditioned soil; easy to test by the rheometer.

Each test on conditioned soil is conducted twice. The mean variation of the viscosity and shear rate in function of the yield stress are represented on Figure 4.28. These results also take into account the error of the rheometer.

(a)

Based on the viscosity curves (Figure 4.32 a) the soil mixed with foams generated, each time, from foaming agents A and B shows a viscosity decrease in comparison to the unconditioned soil. This observation is explained by the foam integration into the soil grains, reducing the interaction between the grains and therefore decreasing its viscosity.

In addition, the viscosity curves of soil conditioned with both foams show similar viscosity values, these results are in agreement with those deduced by the slump tests that also showed similar flow behavior reflected by similar slump values. On the flow curves (Figure 4.32 b) one can notice an initial decrease in the shear stress with the shear rate increase. [START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF] observed this mechanism in the case of clay, sand with foam and related it to the sample heterogeneity. At a shear rate approximatively higher than 100 s -1 , a change of the curvature in the viscosity and shear graphs are noted. This is due to the fact that, at high shear rate, the sample gets out the gap situated between the tool and the plan reducing the contact area and therefore falsifying the results.

(b)

In order to explain these observations, one should note that, in rheological measurements, the sample is considered homogeneous and the local shear rate is derived from assuming that the globally imposed shear rate is distributed accordingly throughout the sample [START_REF] Møller | Yield stress and thixotropy: on the difficulty of measuring yield stress in practice[END_REF]. However, in the case of this study, the sample is formed from natural soil with high heterogeneity, which is identified on the flow curves by a decreased region corresponding to an unstable regime. soil without foam soil with foam A cf=1.5% FER=10 and FIR=60% soil with foam B cf=2% FER=8 and FIR=60%

Flow behavior of conditioned natural soils SO/SB and SB/MC by mini cone

The aim of this part is to study the effect of foaming agents A and B having different characteristics, on the flowing behavior and microstructure of soil SO/SB and SB/MC. Since the slump tests by the mini cone and the qualitative analysis of the microstructure gave confident results in the case of SB, these tests are adapted in the following parts.

Case of SO/SB

Recommandation of foaming agent

In order to deduce the optimal SO/SB foam characteristics, slump tests and microstructure observation are conducted on SO/SB with foam A and SO/SB with foam B. Table 4.12 refers to the value of the slump test by the mini cone for the conditioned SO/SB with foam. The slump value increases with higher foam injection. By comparing the slump value deduced at 𝐹𝐹𝐹𝐹𝐹𝐹=50% and 𝐹𝐹𝐹𝐹𝐹𝐹=55 to 60%, one can notice a drastic increase in the slump. This result reflects the fact that the soil is saturated by foam at 𝐹𝐹𝐹𝐹𝐹𝐹=55%.

Recalling the optimal slump interval by the mini cone is [10;72] mm. The optimal slump values of conditioned SO/SB with foam A correspond to 𝐹𝐹𝐹𝐹𝐹𝐹=55 and 60%.

For this acceptable value (𝐹𝐹𝐹𝐹𝐹𝐹=60%), the slump value difference is 3 mm. This difference is acceptable for the mini cone.

Therefore, according to the slump test one of the optimal SO/SB foam A parameters are:

• 𝑐𝑐 𝑓𝑓 =1.5 % and • 𝐹𝐹𝐹𝐹𝐹𝐹=10 for the foam generation, and • 𝐹𝐹𝐹𝐹𝐹𝐹=55 -60 % for the mixture.

Following these soil-foam parameters, this research studies the effect of foaming agent B on the SO-SB. Figure 4.33 reports the results and the comparison between both foaming agents A and B. However, the slump value is not the only criteria we can base our analysis on, the Figure 4.33 also displays the microstructure of the samples. This can be explained by the fact that foam based on foaming agent B is not able to integrate the soil particles. 

Study of the water effect

Another parameter studied is the effect of water. In order to increase the homogeneity of the sample, water is added to the sample before the foam injection (𝑊𝑊𝐹𝐹𝐹𝐹). The slight addition of water is recommended in the case of soil SO/SB when it is treated with foaming agent A, since it enhances the soil's homogeneity. If the SO/SB is going to be treated with foaming agent B, the addition of water is obligatory since the foaming agent B cannot eliminate the clogging effect.

These results were predicted from the Atterberg limits on Figure 4.10. The addition of water softens the soil but increases its clogging potential. The addition of foam, increases the workability and reduces the clogging potential of the medium.

Case of SB/MC

Recommendation of a foaming agent

The aim of this sub section is to choose the optimal type of soil for the SB/MC. The same experimental approach as for the recommendation for SO/SB is followed. This is done by performing a series of slump tests based on varying the soil SB/MC conditioning parameters such as 𝑊𝑊𝐹𝐹𝐹𝐹, 𝑐𝑐 𝑓𝑓 and 𝐹𝐹𝐹𝐹𝐹𝐹 (Table 4.13). As for the 𝐹𝐹𝐹𝐹𝐹𝐹, it is maintained at 60 %. Based on Table 4.13, conditioning the soil SB/MC with foaming agent A at WIR(w/w)=9.2%,

• 𝑐𝑐 𝑓𝑓 =2.5% ,

• 𝐹𝐹𝐹𝐹𝐹𝐹=6 and • 𝐹𝐹𝐹𝐹𝐹𝐹=60%

gives a mean slump value of 27 mm. This value is in the optimal slump range for conditioned soil, deduced by the mini cone.

The results differ when conditioning the soil with foaming agent B ( Based on Table 4.13, Figures 4.30, 4.31 and 4.33 to 4.36, the water addition is:

• recommended in the case of SB and SO/SB with foaming agent A,

• required in the case of SB and SO/SB with foaming agent B,

• required on the case of SB/MC with foaming agent A and B.

Based on that the foaming agent A is recommended for three types of soils, each with specific foam parameters. These results were predicted from the Atterberg limits on Figure 4.10. The addition of water makes the SB/MC less rigid soil but increase its adhesion and clogging potential. The addition of suitable foam, increase the workability and reduce the adhesion of the conditioned soil.

By projecting the results to the real excavation, the pilot should not limit the soil conditioning to the foam addition but should also inject suitable water quantities. This quantity depends on the type of soil and the type of foaming agent: -It is the highest in the case of MC and the lowest in the case of SB -It is the highest in the case of foaming agent B and the lowest in case of foaming agent A and C.

Conclusions

This research reflects a three-level approach study: micro, meso and macro, performed on foam and soil-foam mixtures.

The micro scale examines the need of soil for conditioning and characterizes the foam by its bubble size. These investigations explains the meso scale results between the soil and the foam, and allows predicting the optimal soil-foam conditioning for future excavation projects.

The meso scale aims to determine the optimal type and quantity of foaming agent for several type of soils, by the mean of a miniaturized practical test: the slump test by a mini cone. It is a practical test that allows the tunellers to determine the flow behavior of foam and gives them a first estimation of the optimal foam type and quantity for soil conditioning.

The meso experimental campaign on conditioned soil reflected by the slump and rheological tests shows higher slump values and lower viscosity with optimal foam injections. These observations reflect the positive effect of the foam on the soil manifested by the flow improvement of the excavated material. This mechanism is related to the foam bubbles that integrate the soil, slide between the grains, spread them out and hence create a pulpy compressible texture.

However, the quantity needed to obtain the same conditioned soil texture depends on the type of the foaming agent. The meso scale results also showed that the slump of soils (SB, SO/SB and SB/MC) conditioned with foaming agent A is higher than that conditioned with foaming agent B at the same foam injection quantity.

The foaming agent A is therefore recommended following the laboratory work. Recalling the characteristics of foaming agent A, it has medium stability with low viscosity. The medium foam stability is therefore sufficient for the types of soils studied (Figure 4.37). In order to understand the mechanism behind the variation in quantity between both foaming agents once mixed with soil, these observations are projected to the microscopic scale. The results show more evenly distributed bubbles in soil-foam matrix in the case of foam A and C in comparison to the foam B. Similar results were observed in the microstructure of foam alone. Therefore, the soil mixture with foam, changes the shape of the bubbles but not their characteristics. The laboratory study highlights the importance of the preliminary studies and promotes their use by tunneling teams. It is not sufficient to perform only foam investigations or conditioned soil tests, but performing both investigations and correlating between them are recommended to compensate the soil heterogeneity.

French summary of Chapter 4

Ce quatrième chapitre se focalise sur une méthodologie originale qui :

-garantit la répétabilité des tests menés sur des sols naturels, souvent hétérogènes, et par la suite sur des mélanges de sol et de mousse.

-réduit aux échelles 1/3 ; 1/4 et 1/5 les tests au cône d'Abrams connu dans la littérature comme l'essai d'affaissement par cône. Ces essais nécessitent un volume important de sols à étudier et sont souvent difficiles à obtenir dans le cas de sols naturels issus d'un futur chantier de creusement.

Les essais menés au laboratoire sont basés sur une étude, à la fois, microscopique et mésoscopique qui met l'accent sur :

• la nécessité de caractériser le sol naturel et les mousses,

• le choix optimal de la mousse et de sa quantité pour chaque type de sol réel, grâce à l'utilisation de cônes d'Abrams miniaturisés. Les essais à l'échelle microscopique d'identification menés sur les sols naturels SO, SB et MC confirment la nécessité de traiter les sols avec la mousse.

Les essais à l'échelle mésoscopique évaluent le potentiel de colmatage des sols naturels. D'après le diagramme de Hollmann et Thewes (2013) Une augmentation de la taille des bulles entraine à la fois une diminution de la stabilité et de la viscosité de la mousse.

Les essais micro et méso menés sur les mélanges des sols SO/SB, SB et SB/MC avec mousses A, B et C permettent de :

• déduire une corrélation entre le cône miniaturisé et le cône standard,

• étudier l'effet de l'eau et de la mousse sur les différentes géologies du sol,

• préconiser un agent moussant pour chaque géologie du terrain (Figure 4.38). • Dans les deux cas, la mousse à base d'agent moussant A est celle préconisée.

Cette méthodologie originale est basée à la fois sur des essais au laboratoire et des essais empiriques répondant aux besoins des praticiens qui choisissent la mousse la plus adaptée aux caractéristiques des sols rencontrés dans le futur creusement.

Chapter 5: Macroscopic analysis

The improvement of excavation safety, the cost optimization and the development of excavation quality cannot be done without analyzing the previous excavation data. The human should take a step back to detect the error, to analyze the source and to suggest ways of developments.

In the case of this study, the development method depends on the recommendation of a foaming agent for each soil geology, however several parameters hides the effect of foam on the excavation parameters. For this reason, one should firstly study the relationship between several excavation data, extract the important parameters then focus on the effect of foaming agent on specific parameters.

In this chapter, the analysis performed on the excavation data aims to:

• interpret the relationships between the EPBM parameters,

• study the economical performance of foams on each soil geology,

• recommend the optimal foam for each soil geology by combining the laboratory and the in-situ data analysis.

From that, an experience feedback has been built to achieve the safety improvement, cost reduction, and therefore the excavation optimization.

CHAPTER 

Principal component analysis

As mentioned in Chapter 3, the excavation data are saved in function of each ring length (1.5 to 2 m). In other terms, each 1.5 to 2 m length of excavation represents an excavation data having the X of the ring number and the Y the value of the excavation parameter.

In order to interpret the relationship between these excavation data. The initial idea of the excavation data analysis is to present the excavation data on an (X,Y) graph.

5.1.1. Method Yet, the results are not clear enough to establish relationship between the excavation parameters and understand the effect of foam on them. This is due to the following factors:

• units differences,

• large number of rings,

• overlapping of the curves.

These factors limit the visualization of the relationship between the curves.

As an alternative solution, this study employs the Principle component analysis (PCA) as a method to extract the relationship between the excavation data. Each excavation parameter is presented as a vector on a circle of correlation (Figure 5.2). The length of the vector and the angle between the variable vectors defines the correlation between the variables. Therefore, the principle component analysis is a tool that reduces the dimensionality of a set of continuous variables. It allows visualizing the data under 2D dimension and defining the relationship between the variables. The basis of this method is represented in the Appendix. To interpret the results from the circle of correlation of the PCA method, one extracts the following information from the correlation circle:

Results analysis

• variance (% of information) of the circle : sum of the variance (percentage) of each axe • contribution of the variable: reflected by the length of vector • correlation between the variable is the cosines of the angle between the variables vectors.

• Variance (% of information)

When applying the PCA method, different factorial axis comes out. Their number is equal to the number of variables. Each axis represents a percentage of information known by the variance. Each two axis forms a circle of correlation.

The variance allows choosing the number of axis. There is a different theory to choose the number of axis. All of them depends on the variance. In this manuscript, we choose the method having a total variance (sum of the variance of each axis) higher than 80% [START_REF] Jacques | Analyse en composantes principale[END_REF].

• Length of the vector

The length of a variable vector in the circle of correlation reflects the quality of the representation of the variable vector. The distance between variables and the origin measures the quality of the variables on the circle of correlation. If two variables are well projected, then their angle in the projection plane is close to their angle in the real plane.

Variables that are away from the origin are well represented (Gonzalez, n.d.).

• Angles between the vectors

For the well represented vectors, the cosine angle between the variable vectors reflects the covariance between the variables. In this case, if the angle θ between the variables is:

• >90°, then the variables are negatively correlated: as the value of a variable increases, the other one decreases. • equal to 90°, then the variables are independent : no relationship between the variables.

• <90°, then the variables are positively correlated: as the value of a variable increases, the other one increases too.

In other words, the objectives of a PCA are to:

• visualize the data (p-dimensional scatterplot) in a low-dimensional space (2D) • identify similar individuals • identify the links between variables (linear links, correlation coefficient) [START_REF] Jacques | Analyse en composantes principale[END_REF].

Several researchers such as [START_REF] Bouayad | Modeling the Relationship between ground surface settlements induced by shield tunneling and the operational and geological parameters based on the hybrid PCA/ANFIS method[END_REF] 

Macroscopic analysis

The first part of this section introduces the methodology to achieve the objectives of the chapter. The second part presents an overview of the excavation data. The third part of this section details the results of the PCA method on the excavation data and deduce the correlation between these data. The fourth part presents the economic study of the TBMs in function of the type of foam injected. The aim of the third and fourth section is to recommend a foaming agent for each soil geology.

Methodology of the macroscopic analysis

1-Extraction and organization of the excavation data The ring information are extracted from the Conception d'Automate de Pilotage 'CAP' software in an Excel table (Figure 5.4) :

• The lines in the table represent the ring number. • The columns in the table represent the variables.

After that, the excavation data are divided in function of the soil geology. This is done by the mean of a geological map (Figure 5.5) that shows the type of soil encountered by the EPBM at each ring.

In addition, the layout map of Figure 5.5 illustrates the passage zones of the EPBMs in the cast wall of the stations and shafts. These walls include cements, this is the reason why these passages are eliminated from the calculation as it distorts the work.

2-Choice of the excavation parameters

The multiple exchanges with tunnellers, the literature review and preliminary analysis of excavation parameters allow the classification of parameters into input and output data (Figures 5.6 and 5.7).

As mentioned previously, foam is injected on the cutting wheel and the excavation chamber. It aims to:

1. assure the face stability by the mean of the excavation material, 2. reduce the wear of the mechanical tools, 3. save energy by increasing the advance & decreasing the energy consumption. It should be noted that this choice is based on a retro analysis. This retro analysis is established from the multiple exchange with the line 16-1 team and the literature review [START_REF] Xu | Laboratory model tests and field investigations of EPB shield machine tunneling in soft ground in Shanghai[END_REF][START_REF] Shi | Determination of the cutterhead torque for EPB shield tunneling machine[END_REF], Berthoz et al. 2012[START_REF] Grishenko | Energy Efficiency of Tunnel Boring Machines, TRITA-LWR Degree Project[END_REF][START_REF] Cardu | Performance Analysis of Tunnel Boring Machines for Rock Excavation[END_REF]. A knowledge of the excavation principle is therefore required to divide the data between in input parameters and output parameters.

The quantity of foaming agent is represented by the volume of foaming agent in 1 m 3 of excavated soil, since each of the foam parameters used in the tunneling machines varies considerably in function of the ring number '𝑐𝑐 𝑓𝑓 , 𝐹𝐹𝐹𝐹𝐹𝐹, 𝐹𝐹𝐹𝐹𝐹𝐹'. In addition, the study aims to monitor first the quality then the quantity of the foaming agent.

3-Analysis by PCA method

This step includes two main sections. Initially, in section 5.2.2 the mean and standard deviation of the totality of the chosen excavation parameters of the six EPBMs in function of the soil geology are presented. After that, in section 5.2.3, principal component analysis on these excavation data are performed. This method visualizes the variables on a 2D, which allows to:

• choose the essential variables to follow • extract the relationship between them. The choice of foam is not limited to the values of the parameters, but it also includes an economical study (Figure 5.8).

4-Economical performance

Section 5.3.4 details this part.

Overview of the excavation parameters

This investigation of the excavation data is performed on the totality of rings using foaming agent A, B and C. Table 5.1 shows the effective number of rings in this study for each EPBM in function of the soil geology, its corresponding excavation length in m and its corresponding percentage of excavation with respect to the TBM excavation length. For example, TBM1 injects foaming agent A for:

-211 rings in the soil geology SO/SB. These 211 rings represnt 361 m of excavation length that reflect 23% of the total excavation length of TBM1. -32 rings in the soil geology SO/SB. These 6 rings represnt 58 m of excavation length that reflect 6% of the total excavation length of TBM1. -206 rings in the soil geology SO/SB. These 206 rings represnt 371 m of excavation length that reflect 2% of the total excavation length of TBM1. As mentioned in Chapter 3, there are three diameters of EPBM in this project (Figure 5.9). Each one of them employs different types of conditioning agent.

Overview of the input parameters

The TBMs 1, 2, 3 and 4a employ the same foaming agent B

The TBM5 employs the foaming agent A.

The TBM6 employs the foaming agent C. The variation of the number of rotation of the screw conveyor Ns in function of the soil's geology for each EPBM (Figure 5.14) shows that the measured Ns in TBM5 is the highest for the different soil geology. This result is expected since the TBM5 has the highest advance rate with a similar pressure as the remaining TBMs; therefore, it needs a higher Ns to extract the excavated soil from the excavation chamber.

• Overview of the output parameters The variation of the measured cutter penetration p in the soil in function of the soil's geology for each EPBM (Figure 5.17) shows that:

• the TBM5 has the highest cutter penetration • the cutter penetration does not only depend on the soil type. The variation of the pressure values in the middle of the excavation chamber Pec, in function of the soil's geology for each EPBM (Figure 5.18) shows that :

• the TBM3 has the highest pressure • the TBM6 has the lowest pressure in the excavation chamber 

Relationship between chosen variables (Sable de

Beauchamp)

This subsection applies the PCA method on the chosen data from section 5.2.2 to deduce relationship between the excavation parameters.

The examples include the EPBMs having the same diameter and the EPBM passing with SB, considered as homogeneous soil.

Case of TBM5 soil SBfoaming agent A -487 rings The PCA performed on the excavation parameters of TBM5 gives four principal components that represent more than 80% of the variance (Figure 5.20).

Figure 5.20 displays the PCA graphs of the first two principal components axis. It can be noticed that:

• First axis Dim 1 reflects 40 % of the variance (% of information). It characterizes the advance rate AR, the cutter penetration p and the rotation of the cutterhead Ns and slightly the cutterhead torque CT. These four variables are positively correlated together. They are negatively correlated to the cutterhead energy CE and rotation of the cutterhead Nc.

• Second axis Dim 2 reflects 20 % of the variance. It characterizes the volumes of foaming agent Vfa and water in foam Vwf. These two variables are positively correlated. The length of ST and Pec is small, they are not well presented in the circle of correlation.

Case of TBM2a & TBM3 soil SBfoaming agent B -399 rings

The PCA performed on the excavation parameters of TBM2a and TBM3 gives four principal components (PC) that represent more than 80% of the variance (Figure 5.21).

Only the first two axis giving a variance of 60% are represented. Figure 5.21 displays the PCA graph of variables based on the first two PC axis. One can notice:

• Almost all the variables (except CT, CE, Vwf) are well represented on the circle of correlation. This is manifested by the long length of the variable vectors. Therefore, one can extract the relationships between these variables.

• First axis reflects 40 % of the variance (% of information). It characterizes the advance rate AR, the number of rotation of the screw conveyor Ns, the number of rotation of the cutterhead NC, the cutters penetration p and the pressure in the excavation chamber Pec. These three variables are positively correlated together. They are negatively correlated to the volume of the foaming agent Vfa.

• Second axis reflects 19 % of the variance. It characterizes the screw conveyor torque ST that is negatively correlated with the volumes of foaming agent Vfa and water Vwf. This result is logical, the addition of foam and water makes the soil more fluid, which decreases the torque, needed to its extraction. The PCA performed on the excavation parameters of TBM6 gives three principal components (PC) that represent more than 80% of the variance. Only the first two giving a variance of 71% are represented. This percentage, higher of 60% is fair to proceed the analysis. However, the limited number of variables reduce the confidence in the results.

Figure 5.22 displays the PCA graph of variables based on the first two PC axis. One can notice:

• All the variable vectors except ST, are well presented in the circle of correlation.

• First axis reflects 49 % of the variance (% of information). It strongly characterizes the advance rate AR, the cutter penetration p, and the number of rotation of the cutterhead Nc and screw conveyor rotation NS. It slightly characterizes the cutterhead torque CT and the pressure in the excavation chamber Pec. These variables are positively correlated together. They are negatively correlated to the volume of the foaming agent Vfa and water Vwf.

• Second axis reflects 22.25 % of the variance. It characterizes the screw conveyor torque that is negatively correlated with the volume of foaming agent and water.

In addition, of these observations, one should highlight on the fact that the PCA method succeeded to interpret the high number of excavation parameters (more than 400 points in the case of TBM5 and TBM2a, TBM3 combined). The different relationship presented in the PCA analysis are explained as follow:

•

Influence of the advance rate AR and the number of rotation of the cutterhead Nc on the cutter penetration p

The instantaneous forward speed of the TBM is determined by the product of the number of cutterhead revolutions per minute, and the penetration into the rock per revolution by the cutterhead [START_REF] Batavia | Tunnelling cost reduction study[END_REF].

𝐴𝐴𝐹𝐹 = 𝑁𝑁 𝑐𝑐 * 𝑝𝑝 (5.1)

The cutterhead velocity 𝑵𝑵 𝒄𝒄 slightly varies, therefore the 𝐴𝐴𝐹𝐹 and 𝑝𝑝 are proportional. This explains the positive correlations between the advance rate and the cutter penetration in the three foams examples (Figures 5.20,5.21 and 5.22).

As for the advance rate, it strongly depends on the soil geology, so it highly varies while excavation. By applying equation 5.1, one can notice that the relationship between the 𝑁𝑁 𝑐𝑐 and p is no longer inversely proportional, it highly depends on the advance rate AR variation. This interpretation explains the observations in the three previous PCA examples, where the correlation between the cutter penetration p and the number of cutterhead rotation Nc varies.

There are first of all physical evidences to be stated which make that certain parameters are correlated:

• Influence of the advance rate AR and the number of screw conveyor rotation 𝑵𝑵 𝑺𝑺 on the pressure in the excavation chamber Pec

As explained in Figure 2.15, the relationship between the pressure in the excavation chamber, the advance rate and the screw conveyor rotation depends on the pressure regulation. Therefore, the correlation between the AR and Pec or between the Ns and Pec can be positive or negative depending on the pressure regulation.

• Influence of the advance rate AR and the number of cutterhead rotation 𝑵𝑵 𝑪𝑪 on the cutterhead torque CT and cutterhead energy CE

The relationship that links the energy, torque, cutterhead rotation rpm, advance rate and TBM diameter is:

𝐶𝐶𝐹𝐹 = 8 * 𝐶𝐶𝐶𝐶 * 𝑁𝑁 𝐶𝐶 𝐷𝐷 2 * 𝐴𝐴𝐴𝐴 (5.2)
This relationship is deduced from the substitution of the following equation Therefore, analytically, the energy 𝐶𝐶𝐹𝐹 and the 𝑁𝑁 𝑐𝑐 are proportional. As for the energy and advance rate they are inversely proportional.

As mentioned previously, the cutterhead velocity slightly varies. Therefore, the cutterhead energy is negatively correlated with the advance rate, for low cutterhead torque variation. This is the case of TBM5.

The cutterhead energy is positively correlated with the cutterhead torque, for low advance rate variation. This is the case of TBM6.

• Influence of the volume of foaming agents on the output parameters

As definition, the volume of the foaming agent is injected via the flow rate; ratio between the volume and the advancing rate. -If the advance rate is high, the suitable foaming agent injection mode is the ″automatic mode″, which imposes a constant volume of foaming agent regardless of the advance rate. In the PCA language, one observes an angle equal to 90° between the volume of foaming agent and the advance rate.

-Yet, if the forward speed reduces, the excavation mode switches to the ″semiautomatic mode″, which imposes a fixed foaming agent flow rate for a given length. In the PCA language, one observes a negative correlation between the volume of foaming agent and the advance rate.

By substituting the equation 5.2 in the equation 5.8, one obtains:

𝑉𝑉 𝑓𝑓𝑚𝑚 � 𝑙𝑙 𝑚𝑚 3 � � = 𝑐𝑐𝑡𝑡𝑛𝑛𝑠𝑠𝑡𝑡𝑎𝑎𝑛𝑛𝑡𝑡 * 𝐶𝐶𝐹𝐹 * 𝑄𝑄 𝑐𝑐 𝑁𝑁 𝑐𝑐 * 𝐶𝐶𝐶𝐶
(5.9)

Therefore, the relationship between the cutterhead torque and energy depends on the variation of each of these two parameters and on the piloting mode.

The analytical explained some PCA observations. We can trust the method and go further into details. As for the relationship between the volume of foaming agent and the output parameters, it is not possible by these PCA to project larger than 80% of the data. For this reasons, we conducted another series of PCA analysis, this time only focusing on three variables.

Series 2 of PCA: recommendation of a foaming agent

This subsection presents the results of PCA analysis conducted on three variables extracted from the excavation on site:

• the volume of foaming agent injected in the conditioned soil per m 3 ,

• the torque of the cutting wheel,

• the advance of the TBM.

These three variables are chosen since:

• the advance rate is positively correlated to the screw conveyor velocity, cutters penetration. So one can represent only one among them. • the volumes of foaming agent and water are positively correlated due to the 𝑐𝑐 𝑓𝑓 that links them. This is why there is no need to present the volume of water in the foam. • a quantity of water is added in the excavation chamber, this quantity was not followed by the site from the beginning of the excavation. However, this additional water that is not recorded, hides the effect of foam on the screw conveyor torque. For this reason, this variable is also eliminated. In the case of a % of variance lower than 80% (case of Figure 5.20 to 5.22) or if the vectors are not high enough, the variables are not well projected, therefore the correlation between the variables is not well representative.

In the case of soil SB

The percentage of information (variance) from the circle of correlation is 80 % or more in the three cases. The length of the three variables is also important. This reflects a very good contribution of the excavation parameters; one can deduce the correlation between the variables.

The correlation between the volume of foaming agent Vfa and cutterhead torque CT is negative for the three types of foaming agents. This indicates that the three foaming agents reduces the torque of the cutterhead. In other terms, the addition of each of three types of foam reduces the soil SB viscosity and its adhesion on the cutting tools, which makes it easier to excavate.

Recalling the laboratory tests, the soil SB conditioning with foams also showed a viscosity decrease. Therefore, the laboratory experimental campaign and the excavation data analysis, both show the lubrication effect of foam on the soil SB.

The angle between the volume of foaming agent and advancing rate is equal to 90° (case of foaming agent A) this reflects the automatic monitoring of the EPBM. .

Therefore, for automatic mode, the volume of foaming agent is independent of the advance rate.

In the case of soil SO/SB

The percentage of information (variance) from the circle of correlation is 80 % or more in the three cases. The length of the three variables is also important. This reflects a very good contribution of the excavation parameters; one can deduce the correlation between the variables.

The correlation between the volume of foaming agent Vfa and torque CT is negative for the three types of foaming agents. This indicates that also in the case of SO/SB, the foam reduces the torque of the cutterhead. Once again, the laboratory experimental campaign and the excavation data analysis, both show the lubrication effect of foam on the soil SO/SB. .

Therefore, for semi-automatic mode, the volume of foaming agent negatively correlates with the advance rate.

In the case of soil SB/MC

The percentage of information (variance) from the circle of correlation is 80 % or more in the three cases. The length of the three variables is also important. This reflects a very good contribution of the excavation parameters; one can deduce the correlation between the variables.

The PCA analysis shows a positive correlation between the volume of foaming agent Vfa of A and C (cases (a) and (c)) and the torque CT. This indicates that the addition of foam in the EPBM, both foams do not have an effect on reducing the torque of the cutting wheel.

As for the case (b), the PCA analysis shows a negative correlation between the volume of the foaming agent B from TBM2a and TBM3 and the torque. By referring to the geological map of the projects, the SB/MC on the line of TBM2a has a very high proportion of SB. This is why an additional PCA by only taking into account the TBM3 is performed. The analysis reveals a positive correlation between the foaming agent and the torque.

The results verify that the three foaming agents do not influence the cutterhead torque.

As for the correlation between the volume of foaming agent A, B and C and the advance rate, the PCA shows an angle higher of 90°. Therefore, the correlation is negative between the volume of foaming agent and advance rate when the TBM excavates SB/MC. This is related to the semi-automatic mode conducted by the pilot in the SB/MC.

The PCA analysis performed on soil and foam with soil, allows to:

• deduce the correlation between the excavation parameters,

• detect the effectiveness of foam in function of the soil type,

• determine a first recommendation of foaming agent in function of the soil geology.

Economical performance

This subsection quantifies the decrease of cutterhead torque and the increase of the advance rate. It analyses the effect of foam on the torque and advance rate by performing an economical study.

The economical aspect is divided into three costs:

- The diving cost includes the costs of the cutting wheels and the tunneling team. The highest cost for each TBM are highlighted in red for each soil geology. One observes that:

• The cost of EPBM operation at 500 m is generally the lowest in the case of the geology SB. • The cost of foaming agent B in TBM2a -SB is so much higher than the cost of TBM3 -SB. This is related to the monitoring of the machine.

• The cost of foaming agent A is the lowest in the three soil geology.

Once again, the results are in favor of the foaming agent A. By comparing into details the economical performance of foam, cutters and advice rate, one notices that the cost of repairing the cutting wear and of the machine advance is significantly higher than the cost of foam.

Comparison between laboratory studies and insitu data analysis

In order to compare the laboratory results with the in-situ exaction data, the initial plan is to compare, for a similar conditioned soil texture, the quantities of foaming agent injected into the soil. The challenge of this method is to identify the texture of the real conditioned soil from the in-situ excavation. For that, a slump test is performed on a certain quantity of in-situ conditioned soil collected from the excavation pit. Unfortunately, it was not possible to go further in the initial plan since the natural conditioned soil samples were sticky and no bubbles were detected. The pressure extraction from the screw conveyor destroys the foam.

For this reason, we decided to adapt a second method that do not limit the comparison between the laboratory and in-situ analysis to the mean quantities of foaming agent but it also includes their percentage of occurrence within the excavation drive and the mechanical parameters values. The following paragraph details this strategy. Yet, before analyzing the conditioned soil, the characteristics of foam generated by the in-situ foam generator and the laboratory mechanical stirrer are compared. The stability of the foam generated from the in-situ foam generator is tested. The aim of the test is to calculate the bias between the techniques of foam generation in the laboratory and on site. Since the foam degrades rapidly so the laboratory equipment were transported to the site and the half-life measurements of foam generated from the in-situ foam generation was performed on the earth pressure balance shield. Figure 5.25 shows the filter funnel installed on the machine. The first half-life measurement is equal to 40 min, as for the second test, the half-life is equal to 44 min. Therefore, the mean half-life of foam is equal to 42 min.

Foam half-life

The previous laboratory tests showed that the foam was generated by a mechanical stirrer at 𝑐𝑐 𝑓𝑓 =1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹=10. For that, the test is redone so that it correlates with the in-situ foam generation parameters. Therefore, the ratio between the foam half-life generated by a foam generator on site and the foam half-life generated by a mechanical stirrer in the laboratory is equal to 10. This point verifies the significant effect of the type of foam generation. However, this thesis uses the mechanical stirrer to generate foam since: -it showed a good control of foam characteristics results [START_REF] Djeran-Maigre | Variation over time of excavated soil properties treated with surfactants[END_REF] -it has an objective in this thesis to compare, in a first approach, the quality of foaming agents and recommend one in function of soil geology.

Conditioned soil with foam

Case of Sable de Beauchamp

The volume of foaming agent added is significantly influenced not only by the 𝐹𝐹𝐹𝐹𝐹𝐹 but also by the by the 𝑐𝑐 𝑓𝑓 and 𝐹𝐹𝐹𝐹𝐹𝐹. Therefore, the method adapted represents a first approach to analyze the excavation data in function of the volume of foaming agent l per m 3 of excavated soil.

Firstly, this study uses the equation 5.13 to represent the optimal foam-soil parameters deduced from the laboratory work in function of the volume of foaming agent in l of 1 m 3 of soil. This equation is deduced from substitution of the foam parameters relationships while taking into account that the volume of in-situ soil to be excavated equal to one.

𝑣𝑣𝑡𝑡𝑙𝑙𝑣𝑣𝑚𝑚𝑒𝑒 𝑡𝑡𝑐𝑐 𝑐𝑐𝑡𝑡𝑎𝑎𝑚𝑚𝑒𝑒𝑛𝑛𝑔𝑔 𝑎𝑎𝑔𝑔𝑒𝑒𝑛𝑛𝑡𝑡 (𝑙𝑙/ 𝑚𝑚 3 ) = 𝑐𝑐 𝑓𝑓 (%) * 1 (𝑚𝑚 3 ) * 𝐹𝐹𝐹𝐹𝐹𝐹 (%) / (10 * 𝐹𝐹𝐹𝐹𝐹𝐹) (5.13) By applying equation 5.13, one can deduce the optimal volume of foaming agent in l for 1 m 3 of soil. This quantity mainly varies between:

• 0.67 and 0.90 l/m 3 in the case of foaming agent A and C

• 1 and 1.5 l/m 3 in the case of foaming agent B.

Secondly, to increase the reliability of the result, Figure 5.28 presents the mechanical parameters variation in function of the foaming agents. From that, one extracts the injected into the EPBM in function of their occurrence in the excavation drive. Figures 5.29 to 5.31 represent the quantities of foam recommended by laboratory research and compare them to the one injected in the EPBMs.

In the three cases, the interval of foaming agent quantities injected into the soil in the tunneling machines is large, as the EPBM passes through several types of Sable de Beauchamp; from low to high quantity of clays with or without sandstone.

1 TBM using foaming agent A with a total excavation drive of 980 m 2 TBMs using foaming agent B with a total excavation drive of 800 m 1 TBM using foaming agent C with a total excavation drive of 80 m (a) (b) (c) The quantities of the soil with foam deduced from the laboratory research for foaming agent A fall into the interval of the injected foam quantities on the EPBM, that range between 0.7 and 0.9 l/m 3 , giving :

• a mean advance rate of the machine of 49 mm/min • a mean cutterhead energy of 21 MJ/m 3 .

• Case of foaming agent B As for foaming agent B, it can be noticed that the volume of foam injected on the EPBM, mainly varying between 0.4 and 1.2 l/m 3 , falls partially into the optimal interval deduced by the laboratory work. This can be explained by: -the lower advance rate of the machine (29 mm/min) -the higher energy consumed (27 MJ/m 3 ) when using foaming agent B in comparison with foaming agent A.

• Case of foaming agent C As for the case of foaming agent A, the quantities of the soil with foam deduced from the laboratory research for foaming agent C fall into the interval of the injected foam quantities on the EPBS, that range between 0.7 and 0.9 l/m 3 , giving :

• a mean advance rate of the machine of 25 mm/min, • a mean cutterhead energy of 23 MJ/m 3 .

Consequently, based on both laboratory work and in-situ excavation data analysis, one recommends foaming agent A with an optimal volume range of 0.7 and 0.9 l/m 3 , when the EPB machine excavates into Sable de Beauchamp. These results did not limit to this stage, but it also includes the comparison with the water addition. As mentioned previously, water is added into the excavation chamber. The objective of the water addition is to cool down the central plate. The flowmeter was not installed from the beginning of the project. For this reason, we can only evaluate partially the added water (𝑊𝑊𝐹𝐹𝐹𝐹) in the conditioned soil. Case of foaming agent A refers to TBM5 with 207 rings and a volume of foaming agent equal to 0.7 l/m 3 . Case of foaming agent B refers to TBM3 with 62 rings and a volume of foaming agent equal to 0.9 l/m 3 . The quantity of both types of water added with foaming agent A are lower than the quantity added with foaming agent B. The foaming agent B requires additional water to condition the soil in comparison to foaming agent A.

Cases of mixed soils conditioned foams

This same analysis procedure is performed for the cases of SO/SB and SB/MC. In both cases, one can distinguish the large interval of variation of the quantity of foaming agent. This large interval is due to the different ratio of soil type among the excavation. One can clearly notice that the quantities of foam needed for SB/MC is larger than the one injected in the soil SO/SB also larger than those injected in the soil SB. The same results were deduced from the laboratory research where larger quantity of foam was needed to deduce the same slump value.

• Case SO/SB In both cases of Figure 5.34 and 5.35, the volume of foaming agent A and B is widely spread among the tunnel excavation. This is related to:

• the ratio between the soil SB and SO or MC • the high heterogeneity of soils • the method of excavation (automatic or semi-automatic).

These factors make the volume of foaming agent to fluctuate throughout the excavation.

The quantities of foam injected in the EPBM are not compared to the one deduced from the laboratory since the ratio between SO and SB or SB and MC is not known. These two cases refers to TBM3. Case of foaming agent A refers to 38 rings of volume equal to 0.9 l/m 3 . Case of foaming agent B refers to 343 rings of volume equal to 1 l/m 3 .

The quantity of both types of water added with foaming agent A are lower than the quantity added with foaming agent B.

The foaming agent B requires additional water to condition the soil in comparison to foaming agent A.

Conclusions

The in-situ analysis is an essential step to verify the laboratory experiments and to advance the excavation in terms of soil conditioning. The works performed on excavation data, allows to:

• verify the lubricating effect of foaming agents A, B and C on the SB and the mixed soil SO/SB by PCA analysis,

• deduce the non-efficiency of foaming agents A, B and C on the soil SB/MC with high quantity of MC,

• deduce of the correlations between the mechanical parameters of the EPBM and those of the foam injection according to the soils geology.

However, the feedback from the in-situ tests is not always sufficient to recommend a foaming agent, since the geological conditions are variable. Therefore, controlled tests in the laboratory must be performed to complete and enhance the excavation feedback.

The excavation data analysis combined with the laboratory work allow to recommend:

• a type of foaming agent (A) for the SB and SO/SB • a limited addition of water when conditioning soil SO/SB • an addition of water when conditioning soil SB/MC As for the matching between the laboratory work and the in-situ analysis, the foam generation, the scale of tests and the surroundings conditions have an important effect in the results. However, the multi-scale methodology adapted shows a good correlation between the laboratory tests and in-situ data analysis in order to recommend a foaming agent per soil geology.

This additional data allows us to enrich the excavation database, to provide feedback to tunnellers for future excavations.

French summary of Chapter 5

Dans ce dernier chapitre, l'analyse des données d'excavation des six tunneliers a pour objectif de :

• améliorer la sécurité d'excavation,

• optimiser la performance économique des tunneliers, et • développer la qualité d'excavation.

Cette analyse engendre un très grand nombre des variables impossible à traiter par des représentations graphiques (X,Y) simples (Figure 5.36).

L'étude macroscopique se base sur l'Analyse en Composantes Principales des paramètres d'excavation (Figure 5.37).

Cette méthode permet de :

• visualiser les paramètres d'excavations sur un graphe 2D,

• choisir les paramètres les plus pertinents à suivre dans la suite d'analyse.

A l'aide de cette méthode, les paramètres d'excavations sont représentés comme des vecteurs sur un cercle de corrélation, le cosinus de l'angle formé entre ces vecteurs correspond au coefficient de corrélation linéaire entre ces deux variables.

Une analyse de l'aspect économique complète l'étude macroscopique. Elle comprend une comparaison entre les couts de fonctionnement des tunneliers.

La méthodologie de travail est la suivante :

1-Extraction et organisation des données d'excavation

Les informations sur les anneaux sont extraites du logiciel CAP dans un tableau : • les lignes du tableau représentent le numéro de l'anneau.

• les colonnes du tableau représentent les variables.

Les données sont subdivisées en fonction de la géologie et organisées en éliminant les zones du passage dans la paroi moulée. • La première série d'ACP est menée sur la totalité des variables d'entrée et de sortie pour la géologie SB (Sable de Beauchamp). Cela permet de déduire les relations entre les variables et choisir les paramètres d'excavation, les plus représentatifs de l'effet de la mousse, à suivre parmi les dizaines paramètres nécessaires pour le bon déroulement de l'excavation.

2-Choix des variables et organisation des données

• La deuxième série d'ACP est menée sur 3 paramètres (volume d'agent moussant, couple de la roue de coupe, vitesse d'avancement du tunnelier). L'objectif est de préconiser un agent moussant pour chaque géologie du terrain. Les résultats montrent que la relation des corrélations entre les variables dépend fortement de la géologie rencontrée et que sur les sols SO/SB et SB, l'agent moussant A introduit un effet remarquable tandis que ce même sol, donne une corrélation différente, mélangé avec l'agent moussant B.

4-Aspect économique

L'aspect économique comprend le calcul des performances économiques issues de la consommation d'agent moussant, l'usure des outils de la roue de coupe et l'avancement du tunnelier.

Le cout total du TBM5, utilisant l'agent moussant A est le plus faible pour les trois géologies du terrain.

Comparaison avec le chantier

Par la suite, on compare les valeurs de ces paramètres entre elles afin de préconiser l'agent moussant adéquat pour chaque type de sol. Les études au laboratoire et l'analyse in-situ, mènent à la recommandation de :

• un type d'agent moussant (A) pour les SB et SO/SB, • un ajout limité d'eau lors du conditionnement des sols SB/MC toujours avec la mousse A.

En plus, une concordance existe entre les travaux de laboratoire et l'analyse in-situ en termes de quantité d'agent moussant, ce qui confirme la méthodologie expérimentale adaptée dans cette recherche.

Chapter 6: General Conclusions and Perspectives 'Le mega lot', it is how the social media defined the line 16-1 of the Grand Paris Express. The thousands working days of design, site preparation, excavation and monitoring of six tunneling machines, etc., are building the future metro that will be daily frequented by thousands of urban travelers.

This research deals with a very small scope of the magnitude of this project, yet it holds significant effects on the excavation performance. This thesis succeeded to link between the small scope of this research and the large scale of the project.

The conclusion presented at the end of each chapter details the extent of this research; therefore, this chapter only presents the main titles.

The summation of excavation efforts has made it possible to:

• develop a new experimental methodology able to deduce the optimal foaming agent according to the soil type. This methodology is based on small-scale tests; it is confirmed following the high correlations between laboratory tests on treated soil and in-situ excavation. This methodology serves the tunnellers to deduce the optimal soil-foam by applying it on soils from the core sampling. Another example, this methodology can be carried out on the TBM with variable density when the technique of EPB excavation is used.

• deduce a correlation between soil and foam characteristics that links between the foams chemical and physical characteristics and explain their effects on soil conditioning. Therefore, it is sufficient for tunnellers to have a preliminary idea on the recommended foaming agent (additive) for each soil based on the characteristics of soil and foam. Consequently, the responsible of the excavation can directly discard some materials and reduce the number of tests.

• concept of the recommended EPBM monitoring, this point holds several meaning. As for example, Figure 6.1 resumes the main steps of excavation that helps the tunnellers and researchers to follow up for future excavation and research studies respectively. The excavation data analysis also shows that the use of automatic piloting is promising to better control the excavation parameters.

• estimating the cost of excavation: The approach adapted to calculate the cost of the EPBM shows that the energy consumption from the wear of the cutters is the most significant. Based on that, a new reflection of enhancing the cutters should be adapted.

In addition, the results show that one should consider the indirect costs such as the additional water injection

• links between research and in-situ tests The laboratory determines the optimal soil-foam by estimating the texture of the conditioned soil by performing flow behavior tests. As for the real scale the excavation parameters values reflect the optimum soil-foam conditioning. This is the reason why it is a challenge to determine a link between both. The approach followed in the thesis succeeded to achieve this link.

The laboratory study is therefore able to highlight on the importance of the preliminary studies and to promote their use by tunneling teams. It is not sufficient to perform only foam investigations or conditioned soil tests, but performing both investigations and correlating between them are recommended to compensate the soil heterogeneity.

The project it is a benefit in the tunneling profession. These conclusions assure the technical development at Eiffage Génie Civil and help the future work in offering the proposal of the projects.

Perspectives

This thesis succeeded to achieve the objectives of the industry. The work will not end here, it will continue at different aspects at short and long term. At the short term, the experimental and data analysis development include:

• the improvement of experimental methodology by :

studying the soil heterogeneity by increasing the mixtures between SO, SB and MC. This way assures a larger comparison interval with the insitu data and allows to deduce the extent of the developed methodology.

analyzing the nano scale and molecular interactions between soil grains (clay, quartz, ankérite, etc.), water, surfactants and polymers. The extension of the methodology to the molecular and nano scale allows to a better understanding the correlation between the soil and foam, which allow the tunnellers to develop their preliminary choice of the foaming agent for each type of soil. Due to the industry confidentiality, this step was not developed in this research.

• develop the excavation data analysis by integrating:

the soil characteristics as the input data in the PCA method. These characteristics include the water content, the Atterbeg limits, the methylene blue value, etc. The challenge is to assure the possession of enough representative data from the core sampling.

the foam soil parameters such as 𝑐𝑐 𝑓𝑓 , 𝐹𝐹𝐹𝐹𝐹𝐹 and 𝐹𝐹𝐹𝐹𝐹𝐹. In this case, one should also integrate the excavation monitoring (automatic or semi-automatic).

additional water injection into the soil; in this case one should verify the installation of the water flowmeter.

cutter wears by installing a wear detector sensors on the cutterhead.

Therefore, one can apply a more developed comparison approach between laboratory and in-situ data.

As for the long term, the experimental campaign and in-situ data analysis should not be limited at this extent. As for the development in these fields, one can cite:

• application of the data analysis method on different types of excavation techniques and not limited to the EPB excavation technique. As for example:

the hard rock excavation does not need additive injection, it is highly based on the mechanical parameters. The deep analysis of its excavation parameter and its cutter wear, allows enhancing its excavation.

the slurry shield machine (or mixshield), uses the bentonite to assure the face stability. The axis of development in this case includes development of the suggested methodology in this manuscript so it can fit the bentonite application.

• extension of the excavation data to include different excavation steps. The Figure 1 showed the need to assure a parallel monitoring of the different excavation techniques. Therefore, an experimental and statistical methodology should be developed to enhance the mortar injection and the quantity of the excavated material.

• estimating the output parameters such as the cutter penetration, energy, etc. from the input data (advance rate, foaming quantity, etc.). The deep knowledge of the excavation data by the PCA analysis method and the characteristics of soil and foam by laboratory research allow to draw a correlation that estimate the performance of the TBM.

• the valorization of excavated material reduces the indirect costs of excavation. It contributes into the managing of the natural resources and therefore participates in the sustainable development, a capital subject. The long term characteristics of the excavated material (hydro-mechanical and rheological characteristics) allow its distribution in the adequate fields of valorization. 

Conclusions et perspectives

Le 'méga lot', c'est par ce terme que les réseaux sociaux décrivent la ligne 16-1 du Grand Paris Express.

Cette recherche se base sur l'analyse de l'effet d'agents moussants sur les caractéristiques du sol et les données récoltées durant l'excavation du tunnelier. Cette analyse représente un petit périmètre du projet par rapport à son ampleur, pourtant elle montre la forte influence des mousses sur la performance de l'excavation par tunneliers. La fin de chaque chapitre résume l'étendue de cette recherche, ce chapitre se focalise sur les principales conclusions. Ces travaux ont permis de :

• Développer une méthodologie expérimentale optimisant la nature et la quantité d'agent moussant optimal en fonction de la géologie du terrain.

Cette méthodologie se base sur des essais de mélange à l'échelle du laboratoire. Elle permet d'optimiser les choix d'agent moussant sur les différents faciès rencontrés lors du creusement.

A noter que cette technique est également applicable pour un tunnelier à densité variable lorsque la technique d'excavation à pression de terre est utilisée.

• Corréler les propriétés géotechniques du sol aux caractéristiques physicochimiques de la mousse.

Les praticiens disposent donc d'un outil de choix en fonction des caractéristiques du sol. Ceci permet au responsable d'étude sur chantier d'écarter certains matériaux et réduire le nombre d'essais (ce qui est favorable pour l'environnement et la réduction des coûts).

• Elaborer une technique de pilotage pour le tunnelier à pression de terre.

Le logigramme présenté sur la Figure 6.2 résume les principales étapes de l'excavation par tunnelier à pression de terre. Ce logigramme permet aux les praticiens et aux chercheurs de bien cadrer les futures excavations et recherches. L'analyse des données d'excavation montre également que l'utilisation du pilotage automatique est prometteuse pour mieux contrôler les paramètres d'excavation.

• Estimer la performance économique de l'excavation.

Ce calcul montre que la consommation d'énergie liée à l'usure d'outils de la roue de coupe est de loin la plus importante. Sur cette base, une nouvelle réflexion liant l'analyse de l'usure d'outils doit être menée. De plus, les résultats montrent la nécessité de tenir en compte les coûts indirects tels que l'injection d'eau supplémentaire.

• Relier les essais expérimentaux menés au laboratoire à l'analyse des données d'excavation in-situ.

Les essais en laboratoire optimisent le choix de la mousse pour chaque géologie du sol en analysant la texture du mélange sol/mousse par d'essais d'écoulement de la matière. Sur le terrain, les valeurs des paramètres d'excavation confirment ce choix. L'approche suivie dans le cadre de cette thèse permet de réaliser le lien de comparaison des résultats en laboratoire et les observations in-situ. En particulier, un traitement adéquat (essais en laboratoire et analyse statistique) préalable doit être effectué pour que les résultats des tunneliers puissent être comparer avec ceux du laboratoire.

Les recherches menées au laboratoire permettent donc de souligner l'importance des études préliminaires et de promouvoir leur utilisation par les équipes de travaux souterrains. Ces études doivent être complétées par des analyses des données d'excavations afin de compenser l'hétérogénéité du sol.

Le projet est un avantage pour la profession. Ces conclusions assurent le développement technique chez Eiffage Génie Civil et renforcent les futurs travaux par les retours d'expériences utiles pour répondre aux futurs appels d'offres.

Cette thèse a pleinement répondu aux attentes des chantiers des travaux souterrains. Le travail se poursuivra sur différents aspects à court et à long termes. A court terme, les axes de développement seront de :

• Améliorer la méthodologie expérimentale en élargissant l'intervalle d'étude des mélanges SO, SB et MC. Cette méthode permet de déduire l'étendue de la méthodologie développée. Dans ce cas, il faut bien prévenir à l'avance les quantités du sol issu du même chantier ou sondages carottés.

• Analyser les interactions à l'échelle nanométrique et moléculaire entre les grains du sol, l'eau, les surfactants et les polymères. La confidentialité a limité ce point dans notre recherche.

• Développer l'analyse des données d'excavation en intégrant :

-les caractéristiques du sol comme données d'entrée dans la méthode ACP. Le défi est de disposer suffisamment des données représentatives à partir des sondages. -les paramètres de génération sol-mousse (𝑐𝑐 𝑓𝑓 , 𝐹𝐹𝐹𝐹𝐹𝐹 et 𝐹𝐹𝐹𝐹𝐹𝐹). Dans ce cas, il faut également intégrer le mode de pilotage (automatique ou semi-automatique). -l'injection d'eau supplémentaire dans le sol. Dans ce cas, il faut vérifier l'installation du débitmètre d'eau.

• Prévoir l'usure de la roue de coupe par l'installation d'un détecteur d'usure Par conséquent, on peut développer une approche de comparaison entre des essais aux laboratoires et les données in-situ à la base d'usure de la roue de coupe.

A long terme, les développements dans ces domaines comprennent:

• L'application de la méthode d'analyse des données sur d'autres techniques d'excavation. A titre d'exemple :

-l'excavation en roche dure ne nécessite pas d'injection d'additif, elle est fortement basée sur les paramètres mécaniques. L'analyse approfondie de ses paramètres d'excavation et de l'usure, permet d'améliorer sa performance.

-le bouclier à pression de boue injecte de la bentonite pour assurer la stabilité du front de taille. La nouvelle approche comprend le développement de la méthodologie proposée dans ce manuscrit afin qu'elle soit adaptée à l'application de la bentonite.

• L'extension des données d'excavation pour inclure différentes étapes d'excavation. En se basant sur la Figure 6.2, une méthodologie expérimentale et statistique devrait être développée pour améliorer l'injection du mortier et la quantité de matériaux excavés (marins).

• L'estimation les paramètres de sortie tels que la pénétration de la roue de coupe et l'énergie à partir des données d'entrées. C'est à l'aide de la connaissance approfondie des données d'excavation par la méthode d'ACP et des caractéristiques du sol et de la mousse par les essais au laboratoire.

• La valorisation des déblais d'excavation qui réduit les couts indirects de l'excavation. Elle contribue à la gestion des ressources naturelles avec la prise de conscience que les notions du développement durable et le respect de l'environnement est un sujet capital. Le type de déblais en fonction des caractéristiques hydromécaniques et rhéologiques se répartiront selon les filières de valorisation adéquates. 
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  Figure 1.1 : Earth Pressure Balance Machine(Herrenknecht, 2022 a) 

Figure 1 . 2 :

 12 Figure 1.2: Research objectives and methodology

  Ce manuscrit relate l'histoire de la réalisation de l'excavation de la ligne 16-1 du métro parisien réalisée par Eiffage Génie Civil. Son origine est liée à l'énorme accroissement de la population urbaine et ses besoins vitaux obligeant à construire des métros de manière rapide tout en préservant la sécurité de l'excavation.Les tunneliers, le long du tracé de la ligne 16-1, rencontrent le Sable de Beauchamp à front homogène ou mixte avec du Calcaire Saint-Ouen ou des Marnes et Caillasses. Les analyses géotechniques menées sur les sondages carottés de la ligne révèlent des caractéristiques générales (sableuses -argileuses) qui ont nécessité l'utilisation de la technique d'excavation mécanisée par tunnelier à pression de terre (EPBM).
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 13 Figure 1.3: Tunnelier à pression de terre(Herrenknecht, 2022 a) 

Figure 1 . 4 :

 14 Figure 1.4: Schéma sur la méthodologie d'essai et d'analyse adaptées pour cette recherche La suite du chapitre 3 dévoile la méthodologie adaptée aux échelles microscopique et mésoscopique (Figure 1.4). La méthodologie est basée sur la caractérisation du sol et de la mousse, la déduction du mélange optimal solmousse puis la corrélation entre les caractéristiques du sol, de la mousse et de leur mélange optimal.
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 22 Figure 2.2 : The section of theRobbins TBM in the 1960's (Société du Grand Paris, 2018) 
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 23 Figure 2.3: Types of TBM -represented and translated from[START_REF] Aftes | Choix des techniques d'excavation mécanisée, Recommandations[END_REF] 
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 24 Figure 2.4: Earth Pressure Balance Machine: Design and functions edited and translated from[START_REF] Bontinck | Grand Paris Express : vingt tunneliers pour le chantier du siècle. leparisien.fr[END_REF] 
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 26 Figure 2.6: Excavation chamber (rereole, 2019)
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 2 Figure 2.7: Bulkhead (LinkedIn)
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  Figure 2.8 : Screw conveyor[START_REF] Haus | Aulnay-sous-Bois : le creusement de la ligne 16 du métro commence. leparisien.fr[END_REF] 

  Figure2.9: Thrust cylinders(Herrenknecht, 2022 b) 
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 2 Figure 2.10: The segment placement
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 2 Figure 2.11: Pilot cabine (Cockpit)
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  Figure 2.12: Conveyor belt transporting the excavated material
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 2 Figure 2.13: Lining of the tunnel
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 2 Figure 2.18 : Soil conditioning needs of EPBM in different ground types (Boundaries are only indicative)redrawn from EFNARC (2005)

Figure 2 .

 2 Figure 2.19: EPBM application range (edited from[START_REF] Shin | Challenges of EPB TBM in Pressurized Mixed Grounds under Hangang River: Effect of Clogging[END_REF] 

  exposes their work. The structure of the foam can be observed on several orders of magnitude: on the real scale (Figure 2.20 a), the foam is represented by a white fluffy medium. The internal structure of foam is shown by the study of microscopic scale (Figure 2.20 b); it is formed from air bubbles surrounded by liquid. The air bubbles are discontinuous, linked together by a liquid film. At the nano scale, one can distinguish the liquid phase (Figure 2.20 c.3). It constitutes the soap films with a thickness h (Figure 2.20 c.2) and their junctions (Plateau borders, Figure 2.20 c.

Figure 2 .

 2 Figure 2.20: Multi-scale schema of foam. a, b.1 and c.1[START_REF] Perdigou | Structure et écoulement dans les mousses liquides[END_REF] Riello 2003) b.2, c.2, c.3 and d (Rio 2013) 

Figure 2 .

 2 Figure 2.21: Composition of surfactant[START_REF] Guillermic | Propriétés physico-chimiques des mousses : Études approfondies sur des mousses modèles et études exploratoires sur de nouvelles mousses[END_REF] 
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  Figure 2.22: Influence of the surfactant concentration on the surface tension[START_REF] Lavaud | Traitement d'effluents aqueux par complexation en milieu micellaire et précipitation par voie sol-gel[END_REF] 

Figure 2 .

 2 Figure 2.23: Forms of polymers

Figure

  Figure 2.25: Schema foaming solution

Figure

  Figure 2.26 : Schema-composition of foam

  scale, a real (Figure2.27 b.1) or reduced model (Figure2.27 b.2) of the foam generator can be used to generate foam and its size varies according to the volume of foam required for the tunnel excavation. In both scales, one regulates the pressure of air injection within the foam.[START_REF] Thewes | Soil conditioning with foam during in EPB tunnelling[END_REF] and[START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF] used the real scale foam generator.As for[START_REF] Jancsecz | Advantages of soil conditioning in shield tunnelling: experiences of LRTS Izmir[END_REF],[START_REF] Psomas | Properties of foam/sand mixtures for tunneling applications[END_REF] and Peña Duarte (2007) used the reduced scale model to generate the foam.
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 2 Figure 2.27: Techniques of foam generation a) in-situ foam generator b.1) real scale foam generator (Galli, 2016) b.2) reduced scale foam generator (Psomas, 2001) c) mechanical stirrer
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 2 Figure 2.29: Foaming products classification based on the stability of the generated foam[START_REF] Sebastiani | Classification of foam and foaming products for EPB mechanized tunnelling based on half-life time[END_REF] 

Figure 2 .

 2 Figure 2.30: Change rule of surfactant molecule concentration after foaming and micelle' thermodynamic properties along with FAC(Wang et al., 2017 b) 

Figure 2 .

 2 Figure 2.31: Foam volume heights recording at different pressures (Wu et al., 2018) Wu et al. (2018) examined the foam physical degradation in function of pressure (Figure 2.31).Their results suggest that foam liquid loss is not an effective indicator for characterizing foam stability, while foam volume loss is a more appropriate measure of foam stability.

  );[START_REF] Thewes | Soil conditioning with foam during in EPB tunnelling[END_REF];[START_REF] Wu | An experimental examination of foam stability under pressure for EPB TBM tunneling[END_REF];[START_REF] Tao | Experimental methods to assess the effectiveness of soil conditioning with foam in fully weathered granite[END_REF] to control homogeneity. The first two papers emphasized the bubble size as an important parameter to control homogeneity of foam. They limited their research to calculate the average bubble size.
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 2 Figure2.32 : Bubble image[START_REF] Wu | An experimental examination of foam stability under pressure for EPB TBM tunneling[END_REF] 

Figure 2 .

 2 Figure 2.33: Repartition of the bubbles of foam under shear[START_REF] Denkov | Foam Rheology. Foam Engineering Fundamentals and Applications[END_REF] 

Figure

  Figure 2.34: Soil-water-foam mixture

  developed a diagram that links between the soil consistency and soil plasticity. It allows estimating the clogging potential of the soil model therefore it needs for conditioning. It was used by several researchers, we cite for example Ball et al. (2009) on North Dorchester Bay Tunnel project in Boston, Massachusetts and Marinos et al. (2008) for Greece metro project. This initial graph was suggested based on slurry shield excavation. Hollmann and Thewes (2013) developed a new diagram in order to evaluate the clogging potential of clay soils for all types of tunneling machines (Figure 2.35). In EPB excavation, this diagram allows to determine the consistency of the soil and to assess the quantity of water needed to condition stiff clays.

Figure 2 .

 2 Figure 2.35 : Universal classification diagram for critical consistency changes regarding clogging anddispersing[START_REF] Hollmann | Assessment method for clay clogging and disintegration of fines in mechanised tunnelling[END_REF] 

  Foam A: high dispersing capacity (breaking clay bonds) and / or good coating capacity (reduce swelling effect) Foam B: general purpose, with medium stability Foam C: high stability and anti segregation properties to develop and maintain a cohesive soil as impermeable as possible.Budach and Thewes (2013) drew a graph, based on the granulometry of the soil that summarizes the treatment of the soil with the foam (Figure2.36).
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 2 Figure2.36 : Application ranges for EPB shields in coarse soils in dependence of the conditioning agents(Budach and Thewes (2013) -translated from Galli (2016))

  Figure 2.38 : Soil-foam mixer from (a) Zumsteg et al. (2013), (b) Peña Duarte (2007)

Figure 2 .

 2 Figure2.40 : Suitable slump[START_REF] Peila | Using the slump test to assess the behavior of conditioned soil for EPB tunneling[END_REF] 

Figure 2 .

 2 Figure 2.42: Structure diagram of the laboratory device[START_REF] Meng | Experimental investigation on viscoplastic parameters of conditioned sands in earth pressure balance shield tunneling[END_REF] developed a device to determine the effects of confining pressure and 𝐹𝐹𝐹𝐹𝐹𝐹 on the rheological parameters of conditioned sand samples. The samples followed a shear-thinning properties. Their results show that the values of viscosity coefficient and the yield stress of samples increase with the increase of the confining pressure, and decrease with the increase of the foam injection ratio for all tested samples (Figure2.42).
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 2 Figure2.41 : Rheometer with ball measuring system (BMS) used by[START_REF] Galli | Rheological Characterisation of Foam-Conditioned Sands in EPB Tunneling[END_REF] 

Figure 2 .

 2 Figure 2.45: permeability test[START_REF] Borio | Study of the permeability of foam conditioned soils with laboratory tests[END_REF] 

Figure 2 .

 2 Figure 2.46: Large diameter triaxial cell apparatus used for the research with its main. (1) top plate, (2) steel bar, (3) top cap, (4) bottom cap (Martielli et al., 2019) Martinelli et al. (2019) conducted large diameter triaxial test in order to study the behavior of two types of conditioned soil in triaxial conditioned (Figure 2.46). The first type of soil consists of granular soil.The second type is a heterogeneous soil with silt and low percentage of clay. Their results showed that the effect of foam on the shear strength of the material depends on the confinement pressure. At low confinement pressure, the grains are not in contact in the soil-foam matrix. At this stage, the foam produces a floating barrier between the grains and decreases the shear strength. At higher pressures, the materials are stiffer and the shear strength increases.
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 2 Figure 2.47: Illustration of parts of testing sequence: a) the HOBART® mixer with soil specimen; (b) B-flat beater with stuck soil on it before any drop; (c) B-flat beater placed in the device after one drop; (d) squeezing of soil specimen to assess muck consistency and flow (de Oliveira et al. (2019))

Figure 2 .

 2 Figure 2.49 : Cone pull-out test: application of load and pull test stand Feinendegen et al. (2010)Feinendegen et al. (2010) developed a laboratory test to detect and quantify the adhesion/clogging tendency of a rock or soil already in the preliminary phase of a project. The equipment and the test procedure is the cone pull-out test (Figure 2.49). The sample material is compacted in a standard proctor device. The load is then taken off and the specimen is placed in a test stand where the cone is pulled out. The tensile forces and the displacements are recorded. The clogging potential, is derived from the tensile (=bond) stresses.The adherence is determined by weighing the mass of adhering soil on the cone. They observed a good correlation between the clogging and the adherence. Both parameters showed high values in a soft to stiff consistency and a decrease towards the wet and the dry side.

Figure 2

 2 Figure 2.50: Experimental device developed for the EPB screw conveyor extraction simulation. Numbers refer to the installed sensors: (1) displacement wire transducer; (2) tank top pressure cell; (3) tank bottom pressure cell; (4) screw conveyor pressure cell 1; (5) screw conveyor pressure cell 2; (6) screw conveyor pressure cell 3; (7) torque meter on the screw; (8) scale(Vanai et al., 2008) Vinai et al. (2008) designed an EPB screw conveyor device that simulates the extraction of the muck from a pressure chamber in a similar way as in EPB tunnelling. They tested conducted tests on conditioned medium-grain sands with varying amounts of silt and with different water contents and amounts of foam. The screw conveyor device allowed a quantitative evaluation of the properties of the conditioned soils at different conditioning sets. More specifically, their results measured the capacity of the conditioned soils to control and apply a pressure both inside the pressure tank and along the screw conveyor. This allows choosing the optimal 𝐹𝐹𝐹𝐹𝐹𝐹 prior to excavation. Their results confirmed a decrease of the torque values when testing a suitable soil-foam mixture.

Figure 2 .

 2 Figure 2.51: Detailed schematics of laboratory pressurized vane shear test apparatus[START_REF] Lee | A lab-scale experimental approach to evaluate rheological properties of foam-conditioned soil for EPB shield tunnelling☆[END_REF] 

  et al. (

  Selmi et al. (2020) also followed the microstructure of soil-foam matrix. They were able to identify the repartition of foam, clay and sand within the matrix (Figure 2.52 b). Djeran-Maigre et al. (2018) and Selmi et al. (202) both showed that bubbles are heterogeneously distributed within the medium (Figure 2.52 a b). (c) Wu et al. (2020) captured bubble-grain images at a microscale under pressure. Their results showed the bubble sandwiched by soil particles, which provide a barrier from other bubbles.

Figure 2 .

 2 Figure 2.52: (a) Microscopic photo of conditioned soil (Djeran-Maigre et al., 2018), (b) microscopic photo of conditoined soil[START_REF] Selmi | Physical Foam Stability of Loose Sandy-Clay: a Porosity Role in the Conditioned Soil[END_REF], (c) Bubble-grain interaction at pressure = 0 Pa[START_REF] Wu | Experimental study on the stability of foam-conditioned sand under pressure in the EPBM chamber[END_REF] 

  Carrière et al. (2017),[START_REF] Choo | Effects of bentonite concentration and solution pH on the rheological properties and long-term stabilities of bentonite suspensions[END_REF],[START_REF] Chen | On the rheological characteristics of GMZ bentonite suspension[END_REF],[START_REF] Kelessidis | Effect of pH and electrolyte on the rheology of aqueous Wyoming bentonite dispersions[END_REF] studied the soil rheology more specifically the bentonite,•[START_REF] Höhler | Rheology of liquid foam[END_REF],[START_REF] Özarmut | Rheological properties of liquid and particle stabilized Foam[END_REF],[START_REF] Yu | An experimental study of in-situ foam rheology: Effect of stabilizing and destabilizing agents[END_REF] examined the foam rheology,[START_REF] Ball | Research in soil conditioning for EPB tunnelling through difficult soils[END_REF],Zumsteg et al. (2013),[START_REF] Galli | Rheological characterisation of Earth-Pressure-Balance (EPB) support medium composed of non-cohesive soils and foam[END_REF], Djeran-Maigre et al.(2018) investigated conditioned soil with foam,.[START_REF] Vance | The rheology of cementitious suspensions: A closer look at experimental parameters and property determination using common rheological models[END_REF],[START_REF] Hu | Rheological testing and modelling of fresh high performance concrete[END_REF] studied the cements rheology.This is beyond the scope of this study.The three main parameter that are deduced from this model are the rheological parameters such as:Shearstress 𝝉𝝉 is the shear force, F, divided by the shear area 𝐴𝐴: 𝝉𝝉 = Shear gradient 𝜸𝜸̇ is the flow velocity, 𝑣𝑣, divided by the shear gap width, h. 𝛾𝛾̇= 𝑣𝑣 ℎ (2.10) Viscosity 𝜼𝜼 is the shear stress divided by the shear gradient. 𝜂𝜂 = 𝜏𝜏 𝛾𝛾̇ (2.11) The relationship between the rheological parameters allows to determine the type of the flow behavior (Figure 2.53) : behavior) : the shear stress increases linearly and the viscosity remains constant over the entire range of the shear gradient increase.• Shear thinning (2) behavior (pseudoplastic behavior) : the shear stress increases and the viscosity decreases as the increase of the shear gradient.• Shear thickening (3) behavior (dilatant flow behavior): the shear stress increases and the viscosity increases as the shear gradient increases.The rheological test by the use of a rheometer determines the rheological parameters. It allows realizing measurements on volumes of samples of the order of the cm 3 . The system calculates the rheological parameters from the measured values torque, deflection angle, and speed, using conversion factors.

Figure 2 .

 2 Figure 2.54: Measuring tools rheometer -[START_REF] Mezger | Rhéologie Appliquée : Sur la route de la rhéologie avec Joe Flow[END_REF] 

  Figure 2.53: Flow behaviors (Mezger, 2017) (a) flow curve (b) viscosity curve

Figure 2 .

 2 Figure 2.55: Schematic diagram of the conical slump test, showing initial stage[START_REF] Clayton | Analysis of the slump test for on-site yield stress measurement of mineral suspensions[END_REF] 

Figure 2 .

 2 Figure 2.56: Schematic diagram of the conical slump test, showing final stage[START_REF] Clayton | Analysis of the slump test for on-site yield stress measurement of mineral suspensions[END_REF] 

Figure 2 .

 2 Figure2.57 : Limits for EPB tunneling[START_REF] Jancsecz | Advantages of soil conditioning in shield tunnelling: experiences of LRTS Izmir[END_REF] 

Figure 2 .

 2 Figure 2.58: Clay clogging in Toulouse Line BLot 2[START_REF] Martinotto | Toulouse Metro Lot 2: soil conditioning in difficult ground conditions[END_REF] 

  Des additifs sont injectés sur différentes parties de la machine, en particulier sur la roue de coupe, pour :• atteindre les propriétés visées et,•résoudre les problèmes liés à l'alternance des argiles et aux sols de fortes perméabilités (Figure 2.44). Conditionnement pour améliorer la maniabilité & minimiser le couple Conditionnement pour conférer au marin une maniabilité et réduire la perméabilité Passant (%) Diamètre des particules (mm) Conditionnement pour réduire l'adhésion & augmenter le couple RDC Les deux dernières parties mettent l'accent sur la formulation des additifs nécessaire pour assurer une excavation optimale et les récents développement en ce domaine. L'analyse de la littérature permet de choisir les paramètres de procédé contrôlant • la stabilité et la structure de la mousse • la rhéologie du sol excavé en vue d'une optimisation Ces paramètres sont résumés dans le Tableau 2.7.
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 3 Figure 3.1: Map of the Grand Paris Express (Société du Grand Paris, 2020)

Figure

  Figure 3.2 : Repartition of TBMs at metro 16-1 (Société duGrandParis, 2016) 

Figure 3 . 3 :

 33 Figure 3.3 : Geological section of line 16-1

Figure 3

 3 Figure 3.4: Repartition of soil geology for each TBM in function of each TBM length excacation

Figure 3 .

 3 Figure 3.5 represents an example of a PAT calculation of TBM2a. For confidentiality reasons the graph is partially represented.

Figure 3

 3 Figure 3.5: PAT example of TBM2a. Due to confidentiality reasons, this figure is partially shown

Figure 3 . 6 :

 36 Figure 3.6: Foaming agents repartition for each the EPBM in function of its excavation length Based on Figure 3.6, one observes:• four among six TBMs injects foaming agent B,• only TBM5 injects foaming agent A,• the TBM6 has the most changes in the type of foaming agents.

Figure

  Figure 3.7 : Ring repartition in EPBM

Figure 3 . 8 :

 38 Figure 3.8: Example of the ring report

Figure 3

 3 Figure 3.9: Foam generator -Eiffage data

Figure 3 .

 3 Figure 

  Figure 3.11 recaps the methodology of the experimental tests.This research sums up the tests mostly used in foam characterization; half-life measurements, rheological tests, microstructural observations. As for the conditioned soil, slump test is frequently used by the tunneling industry to identify the optimal soil conditioning parameters. This study test adapts the slump test and verifies the results by rheological tests. In addition, this work promotes the use of a mini cone instead of the standard cone by establishing a relationship between both. The experimental results are compared to the real foam injection data used for the project and their effect on mechanical parameters. At the end, this research deduces a correlation between soil, foam and conditioned soil with foam at different levels: micro, meso and macro (real) scales. The scales are based on the way of measuring the output value (result) in accordance to 100 µm.

Figure 3 .

 3 Figure 3.11: Scheme of laboratory tests and in-situ analysis

From

  these sites, we sampled 25 bags with 20 kg of weight for Sable de Beauchamp and 12 bags with 20 kg each for Calcaire Saint-Ouen and Marne et Caillasses.Calcaire Saint-OuenThe color and texture of each soil allow their visual identification (Figure3.12).•Calcaire Saint-Ouen o has a beige color o encloses some big blocks of limestone o referring to as SO • Sable de Beauchamp o has the greyish/brownish color o displays a sandy texture o referring to as SB • Marnes et Caillasses o has a brownish color o displays a hard texture due to the presence of stones o referring to as MC Sable de Beauchamp Marnes et Caillasses

Figure

  Figure 3.12: Photos of the natural soils while sampling step

Figure 3 .

 3 Figure 3.13: Model soil

Figure 3 .

 3 Figure 3. 14 : Granolemtry of model soil

Figure 3 .

 3 Figure 3.15: Intermediate bulk container (IBC) of foam

Figure

  Figure 3.16: Preparation of the model soil

  Figure 3.18: Soil mixing (a) manually (b) by robot mixer (c) by concrete mixer

Figure 3 .

 3 Figure 3.17: Foam generation in the laboratory (a) materials (b) mixing

Figure 3 .

 3 Figure 3.19: Microscope set up

Figure 3 .

 3 Figure 3.20: Sample in the microscope

Figure 3 .

 3 Figure 3.21: Spectrometer set up

Figure 3 .

 3 Figure 3.22: Foam volume degradation test

Figure 3 .

 3 Figure 3.23: Half-life measurements

Figure 3 .

 3 Figure 3.24: The rheometer used for the tests

Figure 3 .

 3 Figure 3.25: Rheological test set up on foams

Figure 3 .

 3 Figure 3.26: Scheme of the rheology test on foam

Figure 3 .

 3 Figure 3.27: Rheological test set up on conditioned soil with foam

Figure 3 .

 3 Figure 3.29: a) standard cone and b) mini cones

Figure 3 .

 3 Figure 3.31: Slump test by mini and standard cones scheme performed on natural soil

Figure

  Figure 3.32: Slump test by mini and standard cones scheme

Figure 3 .

 3 Figure 3.33: Standard and mini slump tests scheme on soil SB+foams samples in function of FIR

Figure 3 .

 3 Figure 3.34: Mini slump tests scheme on soils+foams samples in function of FIR

Figure 3 .

 3 Figure 3.35: Coupe géologique EPBM

Figure 3 .

 3 Figure 3.36: Schéma de la campagne expérimentale

FigureFigure 4

 4 Figure 4.2: Sable de Beauchamp -IR spectrum

Figure

  Figure 4.5: Marnes et Caillasses -Particule size distribution for d<80 µm

FigureFigure 4

 4 Figure 4.6: Marnes et Caillasses -IR Spectrum

Figure 4

 4 Figure 4.7: Microscopic photos of foams A, B and C

Figure 4 .

 4 Figure 4.8 displays the dispersion curve in function of the bubble size of the foam at = 0. This is done by measuring the mean bubble's diameter and dividing them into intervals: (0.05-0.15), (0.15-0.25), (0.25-0.35), (0.35-0.45), (0.45-0.55) mm. Larger foam diameter bubbles are taken in the counting.

Figure 4 . 8 :

 48 Figure 4.8: Bubble diameter percentage for foams A, B and C

Figure

  Figure 4.9: Foam's bubbles repartition at t=30 min

Figure 4 .

 4 Figure 4.10: The IR spectrum of foaming agents

Figure 4 .

 4 Figure 4.12 : Calcaire Saint-Ouen -Particule size distribution

Figure

  Figure 4.12 represents the granulometry curve of Calcaire Saint-Ouen. From it, one can distinguish the uniformity coefficient Cu and the coefficient of curvature Cc. Cu = 15 Cc = 40 Following the granulometry, one can classify the soil as gap graded soil.By comparing the granulometry to Figure2.18 in the chapter 2, one deduces that the SO requires conditioning to improve its workability. The methylene blue value is equal to 0.3, low clay content, result in correlation with the infrared results.

Following

  this concept, the SB, SO and MC for d<400 µm are placed on the diagram (

Figure 4 .

 4 Figure 4.14: Clogging potential for soils

Figure 4 .

 4 Figure 4.15 displays the variation of the slump test performed by the use of a standard cone, on soil at different water ratio, in function of the slump test performed by the use of the mini cones on the same material.

Figure 4 .

 4 Figure 4.15: Variation of the soil slump by the standard cone in function of the slump by the mini cones

Figure 4 .

 4 16 represents the expansion rate 𝐹𝐹𝐹𝐹𝐹𝐹 as a function of the concentration of the foaming agent.

Figure 4 .

 4 Figure 4.16: Foam expansion ratio in function of surfactant concentration

Figure 4 .

 4 Figure 4.17 represents the foam volume degradation of the three foaming agents generated at 𝑐𝑐 𝑓𝑓 =1.5% and 𝐹𝐹𝐹𝐹𝐹𝐹=10. The foam generated from foaming agent C has the same degradation behavior as for foaming agent A. One can only distinguish two phases : • Liquid phase • Light phase

Figure 4 .

 4 Figure 4.18: Graph of the foam volume degradation

Figure 4 .

 4 19 displays the mass of drained liquid in function of time.

Figure 4 .

 4 Figure 4.19: Foam half-life measurements

Figure 4 .

 4 Figure 4.20: Flow curve and viscosity curve for foams

Figure 4 .

 4 Figure 4.21: Foam degradation scheme

Figure 4 .

 4 Figure 4.22: Foam viscosity scheme

Figure 4 .

 4 Figure 4.23 represents some of the slump tests performed on conditioned soil model with foam. One observes that, for both samples preparation, the texture of the conditioned soil is quite similar.

Figure 4 .

 4 Figure 4.23: Slump tests by standard (upper photos) and mini cones 1/3 (lower photos)

Figure 4 .

 4 Figure 4.24: Correlation standard and mini cones

Figure 4 .

 4 Figure 4.25: Slump variation in function of FIR for conditioned soil with foam A, generated at 𝑐𝑐 𝑐𝑐 =1.5% -𝐹𝐹𝐹𝐹𝐹𝐹=10

Figure 4 .

 4 Figure 4.28: Slump test on SB with foam C at 𝑐𝑐 𝑐𝑐 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and FIR=60% Figure 4.29 shows the totality of the slump values. As mentioned previously, the suitable slump for optimal conditioned soil texture is considered between 100 and 250 mm. These values are also highlighted on Figure 4.29.
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 4 Figure 4. 27: Slump test on SB with foam B at 𝑐𝑐 𝑓𝑓 =2%, 𝐹𝐹𝐹𝐹𝐹𝐹 =8 and FIR=60%

Figure 4 .

 4 Figure 4.29: Slump tests on conditioned soil SB with foams -standard cone

  by the mini cone of the sample SB mixed with foaming agent A at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹=60%, is equal to 60 mm (Figure 4.30 a.1). By substituting this value in equation 4.6, we obtain approximately the value 219 mm, close to the measured conditioned soil by the standard cone 202 mm (mean value of 178 and 227 mm). (b.1) (b.2) The slump value by the mini cone of the sample SB mixed with foaming agent B at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹=60%, is equal to 4 mm (Figure 4.30 b.1). By substituting this value in equation 4.6, we obtain approximately the value 87 mm, lower to the measured conditioned soil by the standard cone 67 mm. This result is expected since the measured slump (67 mm) is lower than 75 mm, out of the limit of the use (applicability) of the equation. (c.1) (c.2) The slump value by the mini cone of the sample SB mixed with foaming agent C at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹=60%, is equal to 38 mm (Figure 4.30 c.1). By substituting this value in equation 4.6, we obtain approximately the value 167 mm, close to the measured conditioned soil by the standard cone 177 mm (mean value of 157 and 210 mm).

Figure 4 .

 4 Figure 4.30: Mini slump tests and microstructure observations of soil SB with foams (a) A, (b) B and (c) C at 𝑐𝑐 𝑓𝑓 =1,5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 𝐹𝐹𝐹𝐹𝐹𝐹=60%

Figure 4 .

 4 Figure 4.30 reports the slump tests by mini cone preformed on these samples.

Figure 4 .

 4 Figure 4.31: Slump tests by mini cones and microstructure observation for WIR > 0% Therefore, the soil requires water addition prior to its condition by foaming agent B. The microscopic photos (Figures 4.31 a.2, b.2 and c.2) show foam bubbles distribution in the conditioned soil samples. The foam A bubbles are more homogeneously distributed in conditioned soil samples in comparison to foams C and B, respectively. By linking the results of the slump values and the microscopic investigations (Figure 4.30 a and Figures 4.31), one can notice that the water addition prior to

Figure 4 .

 4 Figure 4. 32: (a) Viscosity curves (b) Flow curves for natural soil and conditioned soil with foams

  SO/SB with foaming agent A at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹=60% gives a slump value equal to SO/SB with foaming agent B at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹=60% gives no slump value (Figure4.33 b) Even by bare eye, one cannot see foam bubbles which justifies the impossiblity to take a photo by the microscope.

Figure 4 .

 4 Figure 4.33: Slump tests by mini cone and microstructure observations for soil SO/SB with foams

Figure

  Figure 4.34 a.2 displays the slump and microstructure of the sample. The foam bubble are more homogeneous (Figure 4.34 a.2) than before water addition (Figure 4.33 a.1).

Figure 4 .

 4 Figure 4.34: Slump tests by mini cone and microstructure observations for conditioned soil SO/SB with additional water

Figure

  SB/MC with foaming agent B at 𝑾𝑾𝑰𝑰𝑰𝑰 𝒘𝒘/𝒘𝒘 =9.2% 𝑐𝑐 𝑓𝑓 =2.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=6 and 𝐹𝐹𝐹𝐹𝐹𝐹=60% shows an adhesion over the mini cone (Figure 4.32).

Figure 4 .

 4 Figure 4.35: Slump tests for SB/MC with foam B Based on these tests, the foaming agent A is recommended for soil SB/MC in comparison to foaming agent B.Study of effect of waterSince the mixture of foaming agent B with the soil SB and SO/SB requires additional water, this same mechanism is examined in the case of the soil SB/MC (Figure4.36).

Figure 4 .

 4 Figure 4.36: Slump tests for SB/MC with foam B

Figure 4 .

 4 Figure 4.37: Summary of soil and soil-foam characteristics

  Soil + foam A or C Case of foam generated from foaming agent A and C having surfactants and anti-clay polymer (Figure 4.38). The foam is able to enhance the workability of the mixture and to spread out the clogging particles. The anti-clay polymer changes the physical characteristics of the foam by generating a homogeneous foam bubble with low viscosity able to easily integrate the soil particles and separate those that can agglomerate together. Soil + foam B Case of foam based on surfactants and polymers with lubrication effect (Figure 4.38). When foaming agent B is mixed with soil, it reduces the viscosity and enhances the workability of the mixture with no clay spreading.

Figure 4 .

 4 Figure 4.38: Soil-foam scheme

Figure 4 .•

 4 Figure 4.39: Résumé des essais à échelle micro et méso menés sur les mousses et mélanges sols/mousses • Les mousses à base d'agents moussants A et C, classées dans la catégorie de faible viscosité et de forte homogénéité des bulles s'insèrent plus facilement dans les sols. Ces mousses mélangées avec le sol forment un mélange plus homogène.
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 5 Figure 5.1 shows an example of the representation of 10 excavation data parameters on (X,Y) graphs. Since the excavation parameters have different units, they are represented on 3 separates graphs.

Figure

  Figure 5.1 : Graph representation of the excavation parameters

Figure 5

 5 Figure 5.3 : PCA circle of correlations

Figure 5

 5 Figure 5.2 : PCA example on excavation data

Figure 5 . 5 :

 55 Figure 5.5: Rings placement -layout map

Figure 5 . 4

 54 Figure 5.4 Example of the excavation data table

Figure 5 . 8 :

 58 Figure 5.8: Example of the economic study -foam
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 59 Figure 5.9: Diameters of EPBMs

Figure 5 .Figure 5

 55 Figure 5.10: Number of cutterhead rotation for each EPBM

Figure 5 .Figure 5

 55 Figure 5.13: Quantities of water in foam

Figure 5

 5 Figure 5.15: Cutterhead torque of the EPBMs

Figure 5 .

 5 Figure 5.16: Cutterhead energy of the EPBMs

Figure 5 .

 5 Figure 5.17: Cutter penetration of EPBMs

Figure 5 .

 5 Figure 5.18: Variation of the middle pressure in te excavation chamber

Figure 5 .

 5 Figure 5.19: Variation of the screw conveyor torque

Figure 5 .

 5 Figure 5.20: PCA analysis of TBM5, foaming agent A

Figure

  Figure 5.21: PCA analysis of TBM2a and TBM3, foaming agent B

Figure 5 .

 5 Figure 5.22: PCA analysis of TBM6, foaming agent C

  consumed by the cutterhead [MW]. 𝜃𝜃: rotation speed of the cutterhead [rad/min] 𝑡𝑡: actual excavation time [m] 𝑉𝑉: volume of excavated soil [m 3 ] 𝑆𝑆: surface of the cutterhead area [m 2 ] 𝑙𝑙: ring length [m]

  𝑄𝑄 𝑓𝑓 : flow rate of the foaming agent (l/min) This indicates:

Figure 5 .Figure 5

 55 Figure 5.23 shows the results of the PCA analysis performed on the three variables for each 4 EPBMs and three soil geology.

  The results show that the relationship between the foaming agent and torque is similar between the Figure5.23 and Figures 5.20 to 5.22. As for the correlation between the foaming agent and the advance rate they differ in function of the number of variables analysis in the study.

Figure 5 .

 5 Figure 5.24: PCA analysis -TBM3 SB/MC

  of the cutting wheel torque is taken equal to 4500 kN.m. 𝑐𝑐𝑡𝑡𝑠𝑠𝑡𝑡 𝑡𝑡𝑐𝑐 𝑡𝑡𝑛𝑛𝑒𝑒 ℎ𝑑𝑑𝑝𝑝𝑒𝑒𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑒𝑒𝑐𝑐 𝑒𝑒𝑛𝑛𝑡𝑡𝑒𝑒𝑎𝑎𝑣𝑣𝑒𝑒𝑛𝑛𝑡𝑡𝑒𝑒𝑡𝑡𝑛𝑛 = 𝑑𝑑𝑒𝑒𝑣𝑣𝑒𝑒𝑛𝑛𝑔𝑔 𝑐𝑐𝑡𝑡𝑠𝑠𝑡𝑡 * 𝑛𝑛𝑣𝑣𝑚𝑚𝑏𝑏𝑒𝑒𝑎𝑎 𝑡𝑡𝑐𝑐 𝑑𝑑𝑒𝑒𝑣𝑣𝑒𝑒𝑠𝑠 𝑝𝑝𝑒𝑒𝑎𝑎 𝑑𝑑𝑎𝑎𝑑𝑑 * 𝑑𝑑𝑣𝑣𝑎𝑎𝑎𝑎𝑡𝑡𝑒𝑒𝑡𝑡𝑛𝑛 𝑡𝑡𝑐𝑐 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝑛𝑛𝑡𝑡𝑒𝑒𝑎𝑎𝑣𝑣𝑒𝑒𝑛𝑛𝑡𝑡𝑒𝑒𝑡𝑡𝑛𝑛 * 𝑒𝑒𝑒𝑒𝑐𝑐𝑎𝑎𝑣𝑣𝑎𝑎𝑡𝑡𝑒𝑒𝑡𝑡𝑛𝑛 𝑙𝑙𝑒𝑒𝑛𝑛𝑔𝑔𝑡𝑡ℎ / 500

Figure

  Figure 5.25 : filter funnel installed on site

Figure 5 .

 5 Figure 5.26 : filter funnel installed on site at foam half-life

Figure 5 .

 5 Figure 5.27 : filter funnel installed on site at foam half-life

Figure 5 .

 5 Figure 5. 28: EPBM mechanical parameters variation in function of (a) volume of the foaming agent A, (b) volume of the foaming agent B (c) volume of foaming agent C • Case of foaming agent A Figure 5.26 compares the foaming agent A quantity in SB from the laboratory results and in-situ data analysis. More specifically it compares the quantity deduced from the laboratory to the quantities actually injected on the EPBM. The injected quantity highly varies in function of each ring. The percentage of occurence of each foaming agent

Figure 5 .

 5 Figure 5.29: Comparison between foaming agent A quantity in SB -laboratory and in-situ

Figure 5 .

 5 Figure 5.27 compares the foaming agent B quantity in SB from the laboratory results and in-situ data analysis.

Figure 5 .

 5 Figure 5.30: Comparison between foaming agent B quantity in SB -laboratory and in-situ

Figure 5 .

 5 Figure 5.31 compares the foaming agent C quantity in SB from the laboratory results and in-situ data analysis.
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 5 Figure 5.31: Comparison between foaming agent C quantity in SB -laboratory and in-situ

Figure 5 .

 5 Figure 5.32: Water injection -case SB

Figure 5 .

 5 Figure 5.33 represents the volume of foaming agent A and B in function of their occurrence in the tunnel drive while excavating SO/SB. The foaming agent A is injected in TBM5 at a total number of rings equal to 243. The foaming agent B is injected in TBM2a and TBM3 at a total number of rings equal to 1005.

Figure 5 .

 5 Figure 5.33 : Comparison between foaming agent A & B quantity in SO/SB -in-situ • Case SB/MC Figure 5.34 reflects the volume of foaming agent A and B in function of their occurrence in the tunnel drive while excavating SB/MC. The repartition of the volume of foaming agent A presented in Figure 5.34, reflects 262 rings excavated by TBM5. As for the volume of foaming agent B, Figure 5.34 reflects 1334 rings excavated by TBM2a and TBM3.

Figure 5 .

 5 Figure 5.34: Comparison between foaming agent A & B quantity in SB/MC -in-situ

Figure 5 .

 5 Figure 5.35 : Water injection -case SO/SB

  Figure 5.37: Analyse en Composantes Principales

  Dans le cas optimal, la mousse agit sur les paramètres du sol. Elle a pour effet : • la réduction du couple et l'énergie de la roue de coupe, du couple de la vis d'extraction • l'augmentation de la vitesse d'avancement du tunnelier. En réalité, en plus des facteurs géotechniques, des facteurs mécaniques peuvent diminuer l'effet recherché de l'agent moussant ; citons par exemple le réglage de la vitesse de rotation de la roue de coupe et de la vis d'extraction. Les paramètres d'excavation sont ainsi répartis en paramètres d'entrée et paramètres de sortie. Les paramètres d'entrée comprennent • la vitesse de rotation de la roue de coupe et de la vis d'extraction, • la vitesse d'avancement du tunnelier, • les quantités d'injection d'agent moussant et d'eau. Les paramètres de sortie comprennent : • les couples de roue de coupe RDC et de la vis d'extraction, • énergie de la roue de coupe, • pénétration de la roue de coupe et • pression dans la chambre d'excavation. 3-Analyse des données par ACP Deux série d'ACP sont menées sur les variables d'excavation.

Figure 6 . 1 :

 61 Figure 6.1: Principal of EPBM functioning

Figure 6 . 2 :

 62 Figure 6.2: Pilotage du tunnelier à pression de terre
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  Figure A. 5: PCA -Variable projection

Figure A. 4 :

 4 Figure A.4: PCA -Variable projection

  

  

  

  

  

  Boring Machine (TBM) is a general term that includes different techniques of excavations. The excavation started manually then developed to enclose the mechanical techniques. This section deals with the evolution and techniques of TBMs.
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Tunnel

  surfactant concentration a function of flow rate of foaming agent 𝑄𝑄 𝑓𝑓 and flow rate of foaming solution 𝑄𝑄 𝐿𝐿 .

	𝑐𝑐 𝑓𝑓 =	𝑄𝑄 𝑓𝑓 𝑄𝑄 𝐿𝐿	* 100	(2.3)
	The foam expansion ratio as a function of 𝑄𝑄 𝐿𝐿 and flow rate of foam at support pressure
	𝑄𝑄 𝐹𝐹			
	𝐹𝐹𝐹𝐹𝐹𝐹 =	𝑄𝑄 𝐹𝐹 𝑄𝑄 𝐿𝐿	

Table 2

 2 

		Stability	Reference	Bubble size	Reference
	Type of foam generator	+	Thewes and Budach (2010)	+	Thewes and Budach (2010)
	Type of conditioning agent	+	Thewes and Budach (2010)	+	Tao et al. (2019) Thewes and Budach (2010)
	Pressure ↗	↗	Wu et al. (2018) Tao et al. (2019)	↘	Wu et al. (2018) Tao et al. (2019)
			Quebaud (1996)		
	Surfactant concentration	↗	Tao et al. (2019) Sebastiani et al.	↘	Lioumbas et al. (2015)
			(2019)		
	Foam expansion ratio FER ↗	↗	Quebaud (1996) Sebastiani et al. (2019)	o	Wu et al. (2018) Lioumbas et al. (2015)
	Time ↗	↘	Djeran-Maigre et al. (2018)	↗	Wu et al. (2018)

.1: Impact of the parameters on foam's characteristics. (+) influence, (o) no influence

Table 2 .

 2 2: Product types for EPBM relative to different soils (FIR values are indicative only)[START_REF] Efnarc | Specifications and guidelines for the use of specialist products for mechanized tunnelling (TBM) in soft ground and hard rock[END_REF] 

	Foam type Soil type	A B C	FIR (%)	Recommendations
	Clay		30-80	Anti clogging polymer
	Sandy clay-silt		40-60	Anti clogging polymer
	Sandy clayey-silt		20-40	Polymer for consistency control
	Sand Clayey gravel Sandy gravel		30-40 25-50 30-60	Polymer for cohesiveness and consistency control

Table 2 .

 2 3: Influence of the 𝑤𝑤, 𝑐𝑐 𝑓𝑓 , 𝐹𝐹𝐹𝐹𝐹𝐹, 𝐹𝐹𝐹𝐹𝐹𝐹, pressure and time increases, on the viscosity and shear stress of the conditioned soil

	parameter	viscosity	References
	𝒘𝒘 ↗	↗ then ↘	Djeran-Maigre et al. (2018) Hu and Rostami (2021)
	𝒄𝒄 𝒇𝒇 ↗	↘	Hu and Rostami (2021)
	𝑭𝑭𝑭𝑭𝑰𝑰 ↗	↗	Hu and Rostami (2021)
			Meng et al. (2011)
	𝑭𝑭𝑰𝑰𝑰𝑰 ↗	↘	Hu and Rostami (2021)
			Galli and Thewes (2019)
	Pressure ↗	↗	Meng et al. (2011) Hu and Rostami (2021)
	Time ↗	↗	Djeran-Maigre et al. (2018) Hu and Rostami (2021)

Table 2 .

 2 4: Summary of the conditioned soil with foam tests

	Parameter	Test	Value	References
	Flow behavior	Slump (C143/C143M)	10<slump<25 cm	General from Jancsecz et al. (1999); Vinai et al. (2008)
		Rheology	130 to 250 Pa	Galli and Thewes (2019)
	Consistency	Atterberg limit	0.4 < IC < 0.75	Thewes et al. (2010)
		Self-designed		
		pressurized	𝑒𝑒/𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚 > 1.2	Mori et al. 2018
	Compressibility	chamber		
		Rowe Cell	-	Psomas and Houlsby (2002); Peña Duarte (2007)
				Quebaud (1996); Borio and
	Permeability	Permeameter	k < 10 -5 m/s	Peila (2010); Milligan (2000);
				Maidl et al. (2013)
	Adhesion/	Atterberg limit	IC<0.5 or IP < 20%	Thewes et al. -2010)
	Clogging	Mixing test (Hobart mixer)	-	Todaro et al. (2022)

Table 2 .

 2 5: Application domain of the measuring systems, with d: maximum particle size, a: gap between the cone and the plate in the CP system, H: gap between the parallel plates between the PP systemaccording to[START_REF] Mezger | Rhéologie Appliquée : Sur la route de la rhéologie avec Joe Flow[END_REF] Among these measuring systems, this research employs the CP for the foam and PP for the soil and conditioned soil with foam.

	Measuring system	Application domain	Maximum size particles	Recommended gap width
	CP	All type of fluids	d ≤ a/10	For CP 25-1 ; a=50 µm
	CC	Low viscosity fluids		Re/Ri < 1.0847
	PP	Pastes, soft solids, viscous form samples	d < H/5	between 0.5 et 1 mm

Table 2 .

 2 'histoire témoigne du succès de l'homme dans le développement des moyens de transport ; de l'utilisation des animaux à l'utilisation des voitures, des métros et des avions. Dans le cas des métros, les travaux souterrains doivent intégrer des méthodes de construction de plus en plus complexes ; tout en garantissant la stabilité de la surface.

	2.7.	French summary of Chapter 2
	Dans ce chapitre, la première partie illustre l'évolution des méthodes d'excavation
	par tunnelier. La deuxième partie se concentre sur la technique d'excavation par
	le tunnelier à pression de terre EPBM ; notamment la conception, les principes
	mises en oeuvre et le domaine d'excavation.

6: Influence of foam generation parameters on the characetristics of foam and soil-foam Figure 2.60: Domaine d'utilisation EPBM LLe principe d'excavation par EPBM repose sur la capacité du terrain excavé à transmettre les pressions nécessaires pour équilibrer le front de taille. Pour ce faire, le sol doit avoir certaines caractéristiques c'est-à-dire doit présenter des propriétés de :

• homogénéité • compressibilité,

• perméabilité réduite,

• frottement interne réduit et,

• faible colmatage.

  , focused on the theory of excavation by EPBM and the tests performed on soil, foam and conditioned soil. It developed the experimental knowledge in the excavation field in order to improve its techniques. This chapter explains how to use the literature to support this research using lab experiments and in-situ data from metro 16-1 of Grand Paris Express.

	Chapter 3: Grand Paris Express metro
	16-1: from in-situ data to laboratory
	research
	Earth Pressure Balance Machine (EPBM) is the excavation technique responding to
	the technical construction complexity of the future metro 16-1 of the Grand Paris
	Express project.
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Tableau 2.7 : Effet de la modification des paramètres de génération sur la mousse et sol avec mousse

Table 3

 3 

	.1	presents	the	main
	characteristics of each EPBM.

Table 3 .

 3 

	TBM	name	line	length (km)	diameter (m)	starting point	end point	start date	end date
	1	Valerie	14	1.7	8.92	Well Mandela	Cachan structure	05/20	04/21
	2a 2b	Sarah	16 15	2.6 2.4	9.87 9.87	Well of Canal Canal Saint-Denis	Finot structure Finot structure	07/20 02/22	08/21 01/23
	3	Bantan	16	3.8	9.87	Verdun structure	Well of Canal	06/20	03/22
	4a 4b	Dorine	17 17	1.3 1.4	7.75 7.75	Verdun structure Verdun structure	Rolland structure Rolland structure	02/21 04/22	08/21 11/22
	5	Ines	16	3.1	9.87	Verdun structure	Hugo structure	08/20	07/21
	6	Armelle	16	3.3	9.87	Well Braque	Hugo structure	10/19	03/22
	3.1.2. Choice of the excavation technique			

1: Summary table of the tunnel boring machines for line 16 -1, edited from Paquier (

2021

) and completed with the start and end dates

Table 3 .

 3 

			Soil percentage (%)		
		SO/SB	SB	SB/MC	MC	MC/CG
	1	2.4	0.4	3.5	0.7	3
	2a	3.9	3.7	7.9	0	0
	3	11.4	1.7	11.2	0	0
	4a	0.8	3.5	3.1	0	0
	5	3.8	9.2	3.4	3.6	0
	6	10.8	2.9	8.8	0	0
	Total %	33.1	21.4	38	4.3	3

2: Soil percentage encountered by each TBM over the total excavation length of 6 TBMs

Table 3

 3 

				.3: Geological characteristics of soils			
		𝜸𝜸 𝒉𝒉 (kN/m 3 )	Dmax (mm)	<80 µm (%)	W (%)	WL	WP	IP	VBS
				Calcaire Saint-Ouen			
	Mean ±								
	stand.	17.8±2.4 35±26	49±23	41±18 76±37 57±27 20±12	0.5±1
	deviat.								
	Min	9	0.4	3	6	19	16	3	0
	Max	30.9	200	99	103	199	146	53	9.1
				Sable de Beauchamp			
	Mean ±								
	stand.	21±1.4	7±15	47±27	17±8	31±10	19±5	12±6	0.9±0.7
	deviat.								
	Min	13	0.2	3.2	2	16	12	3	0.1
	Max	27	100	99	105	55	39	32	4.3
				Marnes et Caillasses			
	Mean ±								
	stand.	20±1.7	23±23	71±29	27±12 54±20	37±9	17±13 0.5±0.5
	deviat.								
	Min	14.7	0.2	6	1	20	16	4	0
	Max	24.4	100	100	76	125	55	70	2.1

Table 3 .

 3 4 summarizes the percentage of foaming agent injected by each TBM over the total excavation length. One notices that the percentage of foaming agent B is the highest in the project, followed by foaming agents A and C.

Table 3 .

 3 4: Foaming agent repartition by each TBM over the total excavation length of 6 TBMs

		Foaming agent repartition in the total		
			excavation length			
		A	B	C	D	E	F	G
	1	0	10%	1%	0	0	0	0
	2a	0	16%	0	0	0	0	0
	3	0.5%	23%	0	0	0.5%	0	0
	4a	0	8%	0	0	0	0	0
	5	18%	0	0	0	2.5%	0	0
	6	0	0	11%	1.2%	0	0.7%	8%
	Total %	18.5%	57%	12%	1.2%	3%	0.7%	8%

Table 3

 3 

	.5: Soil sampling data

Table 3 .

 3 6: Maximun particule size distribution in function of the test

	maximum particle size diameter

Table 3

 3 

		.7: Raw tested material () tested, () non tested	
	Material	SB	SO	MC	Soil model	A	B	C
	Test								
			Table 3.8: Mixed materials tested		
		SB		SO/SB		SB/MC	Soil model
	A	SB + A	SO/SB + A	SB/MC + A	soil model + A
	B	SB + B	SO/SB + B	SB/MC + B	soil model + B
	C	SB + C	X			X	soil model + C
	3.3.1. Microstructure						

Table 3 .

 3 9: Dimensions of the standard and mini cones

		Scale	Upper	Lower	Height of	Volume	dmax (mm)
		factor	diameter	diameter	the cone	(cm 3 )	
			𝑫𝑫 𝟏𝟏 (mm)	𝑫𝑫 𝟐𝟐 (mm)	(mm)		
	Standard	1/1	100	200	300	5498	40
	cone						
	Mini cone	1/3	33	66	100	203	13.3
	1/3						
	Mini cone	1/4	25	50	75	86	10
	1/4						
	Mini cone	1/5	20	40	60	44	8
	1/5						

Calcaire de Saint-Ouen SB: Sable de Beauchamp MC: Marnes et Caillasses CG

  

	• Concentration sur le rôle de l'analyse des données d'excavations à partir
	d'études antérieures.

R: Remblais AM: Alluvions modernes MPH: Marnes à Pholadomyes SV: Sable verts SO: : Calcaire grossier

  It allows the tunnellers to conduct practical tests to estimate the optimal foam for natural soil based on the characteristics of both soil and foams. Moreover, to validate the results by performing miniaturized tests.

	CHAPTER 4: EXPERIMENTAL RESULTS ANALYSIS…………………………………….
	4.1.	MICROSCOPIC APPROACH…………………………………………………………….
		4.1.1. Soils identification……………………………………………………………
		4.1.2. Foam microstructure……………………………………………………….
	4.2.	MESOSCOPIC APPROACH…………………………………………………………….
		4.2.1. Soil…………………………………………………………………………………...
		4.2.2. Foam characteristics………………………………………………………..
		4.2.3. Discussions……………………………………………………………………….
	4.3.	CONDITIONED SOIL PROPERTIES………………………………………………..
		4.3.1. Flow behavior of conditioned soil model by standard and mini
		cones (correlation)…………………………………………………………………………
		4.3.2. Flow behavior of conditioned sand of Sable de Beauchamp by
		standard and mini cone ………………………………………………………………..135
		4.3.3. Flow behavior by rheological test …………………………………..140
		4.3.4. Flow behavior of conditioned natural soils SO/SB and SB/MC by
		mini cone………………………………………………………………………………………..
	4.4.	CONCLUSIONS……………………………………………………………………………….
	4.5.	FRENCH SUMMARY OF CHAPTER 4……………………………………………….

Table 4 .

 4 1: Summary of the soils characteristics at the micro scale

		D < 80 µm	Nature of grains
	SB	32%	Quartz, Ankerite
	SO	59%	Calcite
	MC	42%	Calcite, Ankerite
	4.1.2. Foam microstructure		

Table 4 .

 4 2: The exponential law parameters of the foam bubble size

		𝒂𝒂	𝒃𝒃	R²
	foam A	58.996	0.296	0.9639
	foam B	74.771	0.387	0.9601
	foam C	57.213	0.287	0.9798
	At t=30 min, the bubbles (Figures 4.7 a.1, a.2, a.3) get larger in diameter. Table

Table 4 .

 4 3: Number of bubbles and mean diameters for foams at t=30 min

		number of bubbles	Mean diameter (µm)
	foam A	114	283
	foam B	208	248
	foam C	88	359

Table 4

 4 

		.4: The logarithmic law parameters of the bubble size of foams A and C
		Table 4.5: The exponential law parameters of the foam bubble size	
		𝒄𝒄	𝒅𝒅	R²
	foam B	69.357	-0.54	0.9852
	Microstructure foam analysis by IR spectrum	

Table 4

 4 

			.6: Atterberg limits for soils		
		Wn (%)	WL	WP	Ip	Ic
	Calcaire Saint-Ouen	28	46	28	17	1.0
	Sable de Beauchamp	17	19	12	7	0.3
	Marnes et Caillasses	20	72	46	26	2.0
	These values allow deducing the clogging potential and need of conditioning for
	each type of soil in function of the water content Wn of each soil. As mentioned in
	the literature, Hollmann and Thewes (2013) deduced a classification diagram for
	critical consistency changes regarding clogging and dispersing. Their diagram has
	two ways of reading: orthonormal frame with x-axis equal to WP-Wn and y-axis
	representing WL-Wn or a frame with x-axis Ip and y-axis Ic.		

Table 4

 4 In the case of slump test by the standard cone, the main types of errors are the systematic errors. For this reason, two experimental tests are performed and the results are compared to the standard deviation and acceptable range mentioned in the standard ASTM C143/C143M(2015). The experimental values are in the acceptable range.

	Water content				
	Mean value (standard deviation) -mm	0.85 WL	1.0 WL	1.1 WL	1.2 WL
	standard cone	14 (1.4)	54 (2.8)	73 (0.7)	146 (5.7)
	mini cone 1/3	2 (1.4)	15 (0)	19 (0)	36 (0)
	mini cone 1/4	3.8 (1.1)	10	9.5 (2.1)	24.5 (3.5)
	mini cone 1/5	2.3 (1.1)	7.0 (1.4)	7.0 (1.4)	22.5 (2.1)

.7: Slump tests by standard and mini cone performed on soil at different water contents

Table 4 .

 4 8: Parameters of the relationship between the standard cone and the mini cones

		slope	y-intercept	R 2
	Mini cone 1/3	3.8195	2.3742	0.9966
	Mini cone 1/4	5.9254	0.3907	0.9535
	Mini cone 1/5	5.8201	16.005	0.9282

Table 4

 4 

		.9: Flow behavior laws for foams	
		k	p	R 2
	Foam A	0.4051	0.6676	0.9961
	Foam B	1.77	0.4764	0.9983
	Foam C	0.4221	0.6771	0.9869

Table 4 .

 4 10: Slump tests on conditioned soil model -standard and mini cones

	Initial data	𝐅𝐅𝐅𝐅𝐅𝐅 (%)	20	30	35	40	45	50	60
	standard	mean (standard deviation) (mm)	70	115	137 (2.5)	170 (5.0)	195	234 (2.5)	255
	cone	Coefficient of							
		variation	-	-	2	3	-	1	-
		(mm)							
	mini cone 1/3	mean (standard deviation) (mm) Coefficient of variation (mm)	0 -	20.3 (1.2) 6	24.5 (0.5) 2	32.8 (1.8) 5	47.0 (1.4) 3	69.3 (1.2) 2	78 -

Table 4 .

 4 11 gives an example of the yield stress value based on Murata (1984) equation. The examples include the conditioned soil SB with foams: A generated at 𝑐𝑐 𝑓𝑓 =1.5% 𝐹𝐹𝐹𝐹𝐹𝐹=10, B generated at 𝑐𝑐 𝑓𝑓 =2% 𝐹𝐹𝐹𝐹𝐹𝐹=8, C generated at 𝑐𝑐 𝑓𝑓 =1.5%

Table 4 .

 4 11: Yield stress calculation for conditioned SB with foam

	Foam type	A	B	C
	𝝉𝝉 𝒔𝒔𝒔𝒔𝒔𝒔𝒎𝒎𝒔𝒔 (Pa) (Murata, 1984)	131 ± 21	204 ± 33 156 ± 21

  The slump tests by the mini cone are performed on SB with foams A, B and C at 𝑐𝑐 𝑓𝑓 =1.5%, 𝐹𝐹𝐹𝐹𝐹𝐹=10 and 𝐹𝐹𝐹𝐹𝐹𝐹=60% (Figure4.27).

		300					
		250					
	slump (mm)	150 200 100						soil with foam A cf=1.5% FER=10 soil with foam B cf=1.5% FER=10 soil with foam B at cf=2% FER=8
		50						soil with foam C at cf=1.5% FER=10
		0					
		20%	30%	40%	50%	60%	70%	80%
					FIR		

Table 4 .

 4 12: Slump tests by mini cone on conditioned SO/SB with foam A

	Test number	1	2	3	4
	𝒄𝒄 𝒇𝒇 (%)	1.5	1.5	1.5	1.5
	𝑭𝑭𝑭𝑭𝑰𝑰	10	10	10	10
	𝑭𝑭𝑰𝑰𝑰𝑰 (%)	50	55	60	70
	Slump (mm)	3.5	40	62	65

Table 4 .

 4 13: Slump tests for conditioned SB/MC by foaming agent A

	Test number	1	2	3	4	5	6	7	8	9
	𝑾𝑾𝑰𝑰𝑰𝑰(w/w)(%)	0	0	5.0	5.0	7.2	7.2	9.2	9.2	9.2
	𝒄𝒄 𝒇𝒇 (%)	1.5	2.5	1.5	2.5	2.5	2.5	2.5	3.0	2.5
	𝑭𝑭𝑭𝑭𝑰𝑰	10	10	10	10	10	6	10	10	6
	slump (mm)	0	0	0	0	0	5	7	-	27

:

  • le Sable de Beauchamp est meuble avec un faible potentiel de colmatage, • le Calcaire Saint-Ouen est raide à très raide avec un potentiel

de colmatage moyen, • les Marnes et Caillasses sont très endurées et provoquent la formation de grumeaux.

  

	Les essais d'écoulement menés sur le sol naturels, orientent le choix vers un cône
	miniaturisé à échelle 1/3, du fait de la meilleure corrélation obtenue par rapport à
	la méthode standard.

Les essais micro et méso de caractérisation d'agents moussants A, B et C permettent

  

	de les classer en deux catégories :
	• Catégorie I (mousses A et C) caractéristique d'une mousse à base d'agent
	moussant + polymère anti-argile ayant les propriétés suivantes :
	o stabilité moyenne, o viscosité faible, o distribution homogène de taille des bulles constituant la mousse.
	• Catégorie II (mousse B) caractéristique d'une mousse à base d'agent moussant
	+ polymère lubrifiant ayant les propriétés suivantes :
	o forte stabilité, o viscosité élevée, o distribution hétérogène de taille des bulles constituant la mousse.

  [START_REF] Djeran-Maigre | Variation over time of excavated soil properties treated with surfactants[END_REF],[START_REF] Elbaz | Prediction model of shield performance during tunneling via incorporating improved particle swarm optimization into ANFIS[END_REF] and[START_REF] Wang | A Novel Combination of PCA and Machine Learning Techniques to Select the Most Important Factors for Predicting Tunnel Construction Performance[END_REF] used the PCA method.[START_REF] Bouayad | Modeling the Relationship between ground surface settlements induced by shield tunneling and the operational and geological parameters based on the hybrid PCA/ANFIS method[END_REF] proposed a methodology that combines the PCA with ANFIS (Adaptive Neuro Fuzzy based Inference System) to model the nonlinear relationship between ground surface settlements induced by an EPBM and the operational and geological parameters. The PCA method serves them to reduce the number of input variables. Djeran-Maigre et al. (2018) used the PCA method to deduce relationship and similarities between the characteristics of the conditioned soil performed by laboratory tests.[START_REF] Elbaz | Prediction model of shield performance during tunneling via incorporating improved particle swarm optimization into ANFIS[END_REF] identified the critical operational parameters through principle component analysis. Based on these parameters, they predicted the EPBS shield performance while excavation through a new computational model.[START_REF] Wang | A Novel Combination of PCA and Machine Learning Techniques to Select the Most Important Factors for Predicting Tunnel Construction Performance[END_REF] used the PCA method to select input factors for predicting tunnel boring machine performance, specifically advance rate.

Table 5

 5 

					.1: Number of rings in this study			
				SO/SB			SB			SB/MC	
		foam	rings #	length (m)	excav. %	rings #	length (m)	excav. %	rings #	length (m)	excav. %
	TBM1	B	211	361	23	32	58	6	206	371	22
	TBM2 a	B	283	566	23	279	524	20	572	1144	46
	TBM3	B	722	1444	39	120	240	7	772	1544	42
	TBM4 a	B	71	128	11	238	428	33	260	468	36
	TBM5	A	243	486	16	487	974	32	262	524	17
	TBM6	C	332	664	19	89	157	4	548	1096	32

Table 5 .

 5 2 resumes the correlations between the foaming agent and torque or advance ratededuced from the PCA represented on Figures 20 to 23.

Table 5 .

 5 2: Correlation between volume of foaming agent and torque or advance rate. -negative correlation, --: strong negative correlation, 0 : independent

  This type of monitoring is applied for high advance rate, which indicates that this result is in favor of foaming agent A. Recalling, the automatic mode is recommended in the case of high advance rate. When this mode of foam injection is chosen, it means that the pilot fixes from the pilot cabin a constant volume of foaming agent. Yet,

	𝑣𝑣𝑡𝑡𝑙𝑙𝑣𝑣𝑚𝑚𝑒𝑒 𝑡𝑡𝑐𝑐 𝑐𝑐𝑡𝑡𝑎𝑎𝑚𝑚𝑒𝑒𝑛𝑛𝑔𝑔 𝑎𝑎𝑔𝑔𝑒𝑒𝑛𝑛𝑡𝑡 =	
	𝑒𝑒𝑒𝑒𝑐𝑐𝑎𝑎𝑣𝑣𝑎𝑎𝑡𝑡𝑒𝑒𝑑𝑑 𝑙𝑙𝑒𝑒𝑛𝑛𝑔𝑔𝑡𝑡ℎ *	𝑓𝑓𝑠𝑠𝑜𝑜𝑤𝑤 𝑠𝑠𝑚𝑚𝑠𝑠𝑣𝑣 𝑜𝑜𝑓𝑓 𝑓𝑓𝑜𝑜𝑚𝑚𝑚𝑚𝑖𝑖𝑠𝑠𝑓𝑓 𝑚𝑚𝑓𝑓𝑣𝑣𝑠𝑠𝑠𝑠 𝑚𝑚𝑎𝑎𝑣𝑣𝑚𝑚𝑠𝑠𝑐𝑐𝑣𝑣 𝑠𝑠𝑚𝑚𝑠𝑠𝑣𝑣

  The angle between the volume of foaming agent and advance rate is equal to 90° in the case of foaming agents A and C. This reflects the automatic pilot of the EPBM, applied for high advance rate. This result is in favor for foaming agents A and C. As for the angle between the volume of foaming agent B and advance rate, it is higher than 90°. This indicates a negative correlation between the volume of foaming agent B and the advance rate. This result reflect a semi-automatic piloting of the EPBM. Recalling, The semi-automatic mode is recommended in the case of low advance rate. When this mode of foam injection is chosen, it means that the pilot fixes from the pilot cabin a constant flow rate of foaming agent. Yet,

	𝑣𝑣𝑡𝑡𝑙𝑙𝑣𝑣𝑚𝑚𝑒𝑒 𝑡𝑡𝑐𝑐 𝑐𝑐𝑡𝑡𝑎𝑎𝑚𝑚𝑒𝑒𝑛𝑛𝑔𝑔 𝑎𝑎𝑔𝑔𝑒𝑒𝑛𝑛𝑡𝑡 =	
	𝑒𝑒𝑒𝑒𝑐𝑐𝑎𝑎𝑣𝑣𝑎𝑎𝑡𝑡𝑒𝑒𝑑𝑑 𝑙𝑙𝑒𝑒𝑛𝑛𝑔𝑔𝑡𝑡ℎ *	𝑓𝑓𝑠𝑠𝑜𝑜𝑤𝑤 𝑠𝑠𝑚𝑚𝑠𝑠𝑣𝑣 𝑜𝑜𝑓𝑓 𝑓𝑓𝑜𝑜𝑚𝑚𝑚𝑚𝑖𝑖𝑠𝑠𝑓𝑓 𝑚𝑚𝑓𝑓𝑣𝑣𝑠𝑠𝑠𝑠 𝑚𝑚𝑎𝑎𝑣𝑣𝑚𝑚𝑠𝑠𝑐𝑐𝑣𝑣 𝑠𝑠𝑚𝑚𝑠𝑠𝑣𝑣

Table 5 .

 5 3 details the calculation for each EPBM in function of the soil's geology (the same values of the histogram). Due to confidentiality reasons, all the costs will be represented in function of α, a real number.

Table 5 .

 5 3: Economical study of the effect of foam on the cutterhead torque and the advance rate

	FA	ring #	volume of FA (l/m 3 )	volume WF (l/m 3 )	cost of FA + WF (€/m)	CT (kN.m)	wear cost (€)	AR (mm/min)	cost of AR (€/m)	total cost at 500 m (€)
					SB					
	TBM5 A 486 TBM2a B 269 TBM3 B 130 TBM6 C 80	0.7 0.9 1 0.7	37 47 46 47	1.1 α 1.4 α 1.4 α 1.2 α SO/SB 5615 2400 α 5114 2200 α 5145 2200 α 4503 2000 α	49 25 37 25	24 α 14750 α € 46 α 26000 α € 31 α 18500 α € 46 α 25600 α €
	TBM5 A 243 TBM2a B 620 TBM3 B 722 TBM6 C 355	0.8 0.9 1 0.7	46 52 49 39	1.3 α 1.4 α 1.5 α 1.1 α SB/MC 6147 2622 α 5028 2145 α 5034 2147 α 4925 2101 α	40 24 39 30	29 α 17750 α € 48 α 26980 α € 30 α 17720 α € 38 α 21900 α €
	TBM5 A 256 TBM2a B 620 TBM3 B 786 TBM6 C 411	1.4 0.9 1.3 1	56 50 65 50	1.9 α 1.4 α 1.9 α 1.4 α	6321 2696 α 5355 2284 α 5367 2289 α 6107 2605 α	38 26 32 21	30 α 18890 α € 44 α 25248 α € 36 α 21339 α € 55 α 30882 α €

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0101/these.pdf © [N. El Souwaissi],[2022], INSA Lyon, tous droits réservés

Ce travail est complété par une l'étude d'aspect économique de l'EPBM au niveau de trois coûts : la quantité de mousse, l'usure des outils de coupe et l'avancement de la machine. Enfin, le chapitre 6 reprend les principales conclusions et tendances obtenues suite au travail effectué en laboratoire et propose des recommandations et perspectives pour des futurs travaux d'excavation. Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0101/these.pdf © [N. El Souwaissi], [2022], INSA Lyon, tous droits réservés

Dans cette thèse, nous avons choisi de mener plusieurs campagnes expérimentales sur les différents tirs (parties) des tunneliers de la ligne 16-1. Afin de conforter nos résultats expérimentaux aux données de la littérature, notre étude bibliographique fait référence à de nombreuses études rhéologiques des sols mélangés avec les mousses et des données plus empiriques comme les essais de d'affaissement par cône, connu sous le nom de slump. En revanche, nous avons disposé de très peu de données publiées sur le comportement microscopique de mousse et l'interaction sol-mousse.Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0101/these.pdf © [N. El Souwaissi],[2022], INSA Lyon, tous droits réservés
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Appendix

Theory of Principle Component Analysis (PCA)

Principal Component Analysis is a statistical description technique leading to approximate graphical representations of the content of a data table: simultaneous description of the links between variables and similarities between individuals. [START_REF] Escofier | analyses factorielles simples et multiples : objectifs, méthodes et interprétation[END_REF] described the PCA technique as follow : Earth pressure balance machine (EPBM) is the excavation technique responding to the technical construction complexity of the future line 16-1 of the Grand Paris Express project. Its principle is based on the capacity of the excavated ground to transmit the forces needed to counterbalance the earth and water pressures of the working face. To overcome uncertainties in soil related to the clogging potential or the high permeability, additives are injected into the soil; on the cutting wheel, in the excavation chamber and/or in the screw conveyor. Their role is to modify the hydromechanical and rheological parameters of the soil. The literature developed experimental tests to deduce the optimal foam parameters. These tests mainly include the study of the bubble size of foams and their stability with time, and the analysis of the flow behavior of the conditioned soil with foam. This research investigates the physical characteristics of several foams used in this project, by summing up the tests mostly used in foam characterization, and links them to their chemical properties. In addition, this work studies the impact of foams on several types of real soil and deduces the optimal quantities by the mean of experimental tests and in-situ data analysis. This research deals with real soils that limit the quantity of sampling. Therefore, the experimental tests consist on studying the flow behavior of the conditioned soils with foams by the mean of tests requiring small quantity of samples; a mini cone developed in this project, rheological tests and microstructure observations. The results are compared to the real excavation data. This data analysis consist on statistically studying the impact of foams on the mechanical parameters of EPBMs in function of the type of soil. Consequently, a correlation between soil, foam and conditioned soil with foam is deduced at different levels: micro, meso and macro (real) scales. MOTS CLES : Earth Pressure Balance Machine (EPBM), soil, foam, multiscale, Principal Component Analysis (PCA), Grand Paris Express Laboratoire(s) de recherches :Geomas