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The thesis consists of two complementary components; the monitoring of geogrid stabilised trackbeds in operating conditions on the field and the design and implementation of laboratory tests to measure the effects of geogrids on subballast in controlled conditions. The field experiments cover the renovation, instrumentation and monitoring of conventional track sections. They provide data on the actual behaviour of the trackbed concerning factors such as dynamic loading, lateral confinement, seasonal variations, etc. However, they are limited by the inability to perform parametric studies and the long time scale required to observe certain phenomena. The laboratory experiments address some of these limitations because they are cheaper and faster to install. Hence, various conditions can be simulated (e.g. testing multiple geogrids), and large numbers of loading cycles can be applied relatively quickly. However, the laboratory experiments also present their limitations, including the inability to induce controlled dynamic loads and the influence of boundary conditions on experimental results.

Most of the present work focuses on identifying current needs, developing a methodological approach to address said needs and implementing this approach to obtain preliminary results. The results obtained from each component (i.e. field and laboratory) help inform the interpretation of the other. Initial results indicate that installing geogrids provides a net positive impact, notably through improved load spreading within the trackbed and reduced differential settlement. On the field, mobilisation of the geogrids was observed through strain measurement on their transversal ribs. This mobilisation confirmed that the subballast is laterally confined by interlocking. Similar observations were established during the laboratory experiments. The laboratory experiments also showed a decrease in the measured settlements of the loaded areas when geogrids were inserted in the subballast.

Moreover, all the products that were tested provided some noticeable improvement. Despite these encouraging results, this research project is still in its early stages. The field experiments will require several additional years of monitoring, while the laboratory experiments will require several repeatability tests and further parametric studies. Nevertheless, this thesis has laid the foundation for these future works by developing and validating the monitoring and testing methodologies, the experimental apparatus, and the analytical tools required for its progression.

Résumé

Face aux enjeux de maintenance de plus en plus exigeants, SNCF Réseau propose d'utiliser des géogrilles pour améliorer les plateformes (couche intermédiaire ou sous-couche avec couche de forme) lors du renouvellement de ses lignes classiques (vitesse limite ≤ 220 km/h). Les géogrilles sont des géosynthétiques formés d'un réseau d'éléments de traction dotés d'ouvertures de taille suffisante pour permettre un enchevêtrement avec un matériau granulaire environnant. A l'heure actuelle, les connaissances sur le comportement mécanique des sous-couches stabilisées par géogrilles sont limitées, notamment dans le contexte du Réseau Ferré National (RFN). D'où l'intérêt de mettre en place des expérimentations pour quantifier les améliorations apportées par les géogrilles posées dans des sous-couches spécifiques de la SNCF. Cette thèse présente les recherches préliminaires sur l'application des géogrilles dans le cadre du renouvellement des voies ferrées de la SNCF.

La thèse se compose de deux volets complémentaires : le suivi de plateformes améliorées par géogrilles en conditions opérationnelles (in situ) ainsi que la réalisation d'essais en laboratoire pour mesurer les effets des géogrilles en conditions contrôlées. Les expérimentations in situ comprennent la rénovation, l'instrumentation et le suivi de sections de voies. Elles fournissent des données sur le comportement réel de la plateforme en ce qui concerne des facteurs tels que le chargement dynamique, le confinement latéral, les variations saisonnières, etc. Cependant, ces expérimentations sont limitées par l'impossibilité de réaliser des études paramétriques (compte tenu du coût et de la difficulté logistique) et par la longue échelle de temps nécessaire pour observer certains phénomènes. Les expérimentations en laboratoire répondent à certaines de ces limitations car elles sont moins coûteuses et plus rapides à mettre en oeuvre. Il est donc possible de simuler diverses conditions et d'appliquer un grand nombre de cycles de chargement dans un délai relativement court. Cependant, les expérimentations en laboratoire présentent également leurs limites, notamment l'impossibilité d'appliquer des charges dynamiques contrôlées et l'influence des conditions aux limites sur les résultats expérimentaux.

La majeure partie du présent travail se concentre sur l'identification des besoins actuels, le développement d'une approche méthodologique et la mise en oeuvre de cette approche pour obtenir des résultats préliminaires. Les résultats obtenus à partir de chaque composante (c'est-à-dire sur le terrain et en laboratoire) contribuent à l'interprétation de l'autre. Les premiers résultats indiquent que l'installation de géogrilles a un impact positif net, notamment grâce à une meilleure répartition de la contrainte dans la plateforme et à une réduction du tassement différentiel. In situ, une mobilisation des géogrilles a été observée par la mesure de la déformation de leurs brins transversaux, confirmant ainsi que les granulats sont confinés latéralement par l'enchevêtrement des grains dans les ouvertures de la géogrille. Cette observation a été confirmée dans les expérimentations en laboratoire et complétée par une mesure de la diminution du tassement, lorsque les géogrilles ont été insérées dans la sous-couche. De plus, tous les produits testés ont apporté une amélioration observable. Malgré ces résultats encourageants, ce projet de recherche n'en est encore qu'à ses débuts. Les expérimentations sur le terrain nécessiteront encore plusieurs années de suivi, tandis que les expérimentations en laboratoire nécessiteront plusieurs tests de répétabilité et des études paramétriques supplémentaires. Cette thèse a posé les bases de ce travail futur en développant et en validant les méthodologies de suivi et d'essais, le dispositif expérimental, et les outils analytiques nécessaires à sa progression. [START_REF] Esmaeili | Laboratory and field investigation of the effect of geogrid-reinforced ballast on railway track lateral resistance[END_REF][START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF]Fischer et Horvát 2011a ;[START_REF] Horníček | Application of geocomposite placed beneath ballast bed to improve ballast quality and track stability[END_REF][START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF][START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF][START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]. Cependant, l'insertion de géogrilles dans la couche de ballast ou directement sous celle-ci n'est pas compatible avec les pratiques actuelles sur le RFN. Peu d'études incluent des sections de sous-couches stabilisées [START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF][START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF]. Dans les deux cas, l'inclusion des géogrilles produit une amélioration mesurable. Malheureusement, en raison des différences de granulométrie et de résistance mécanique, les études mentionnées ci-dessus ne permettent pas de tirer des conclusions satisfaisantes quant à la possibilité d'avoir des améliorations similaires pour les matériaux de sous-couche utilisés par SNCF Réseau.
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Une lecture plus approfondie des publications concernant les essais en laboratoire des géogrilles conduit à une conclusion similaire : hormis le consensus selon lequel (dans les bonnes conditions) les géogrilles améliorent les performances, il n'existe pas de règle empirique lorsqu'il s'agit d'évaluer leur efficacité dans les applications ferroviaires. Plusieurs facteurs affectent le résultat, notamment la raideur du sol-support, la granulométrie du matériau granulaire (ballast ou sous-couche), la position de la géogrille dans la structure, la raideur de la géogrille, le rapport entre la taille de l'ouverture de la géogrille et la taille nominale des grains, etc. [START_REF] Biabani | An evaluation of the interface behaviour of rail subballast stabilised with geogrids and geomembranes[END_REF][START_REF] Han | Laboratory investigation of particle size effects on the shear behavior of aggregate-geogrid interface[END_REF][START_REF] Horton | Rail Trackbed and Performance Testing of Stabilised Sub-ballast in Normal and High-speed Environments[END_REF][START_REF] Hussaini | A laboratory investigation to assess the functioning of railway ballast with and without geogrids[END_REF][START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF][START_REF] Wang | Effect of aperture ratio on the cyclic shear behavior of aggregate-geogrid interfaces[END_REF] 

Objectifs scientifiques :

• Comprendre les phénomènes d'interaction entre les composantes des couches d'assise et les géogrilles.

• Collecter suffisamment de données expérimentales pour proposer des stratégies de modélisation numérique.

Objectifs techniques :

• Définir le domaine d'application des géogrilles dans les structures des voies ferrées du RFN.

• Quantifier les apports des géogrilles, en terme d'augmentation de portance et de réduction de tassements différentiels.

Objectifs opérationnels :

• Proposer des configurations qui sont rapides et faciles à mettre en oeuvre.

• S'assurer que les configurations proposées soient économiques et durables.

Pour atteindre ces objectifs, le travail a été divisé en deux composantes complémentaires :

l'instrumentation et le suivi in situ (en conditions opérationnelles) de sous-couches stabilisées par géogrilles, la conception et la mise en oeuvre d'essais en laboratoire pour mesurer les performances des géogrilles dans des conditions contrôlées.

Les chapitres suivants décrivent chaque composante de ce travail. Ils détaillent et justifient la méthodologie choisie et expliquent comment les deux parties se complètent pour que l'une facilite l'interprétation des résultats de l'autre.

Context

With the exception of the high-speed lines, most of the French national rail network (Réseau Ferré National, RFN) was initially constructed in the mid-19 th to early 20 th century. For most of the network's life, its maintenance was mainly focused on renewing the track superstructure (rails, sleepers and ballast), leaving the substructure (or trackbed) to deteriorate on many lines. There has been a notable increase in rail traffic and traffic speeds on the network in recent years. This increase imposes large cyclic loads, under which trackbeds can undergo non-elastic deformations. After unloading, the initial geometry is not fully recovered. It should be noted that two phases of settlement can be observed in a track after construction [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]:

1. an initial phase, after the tamping, where traffic loads increase the density of the ballast, and the settlement is fast until the ballast is well compacted; 2. a second phase, where the total settlement is due to the lateral spreading of the ballast and the settlements of the trackbed (subballast, subbase and subgrade), which is slower and regularly increases with the number of cycles.

The present work is mainly interested in the settlements of the trackbed in the second phase. In weak soils, this evolves into differential settlements beneath the rails and sleepers that lead to cumulative modifications of track geometry over many loading cycles. These defects are particularly remarkable on conventional rail lines (speed limit ≤ 220km/h). If left unchecked, they can impact train safety and passenger comfort. Thus, SNCF Réseau (the French rail infrastructure manager) has had to undertake major renovation works to resolve this issue over the past decade.

Meanwhile, infrastructure managers such as SNCF Réseau are faced with increasingly severe budgetary constraints to cope with the introduction of competition into rail transport in the European Union [START_REF] Crozet | Introducing competition in the European rail sector. Insights for a holistic regulatory assessment[END_REF]. This introduction of competition is accompanied by increased awareness of the environmental impacts of infrastructure projects and a desire to limit them. These constraints have sparked a search for innovative solutions that could enable trackbed renewals to be completed at lower costs while guaranteeing the network's structural resilience and ensuring that modern environmental standards are respected. One potential solution is the insertion of geogrids into the track structure. Geogrids are geosynthetics that have planar structures formed by a regular network of tensile elements with apertures of sufficient size to allow interlocking with surrounding soil, rock, earth or any other geotechnical material to perform their functions [START_REF] Carroll | Specifying Geogrids[END_REF]. They are used in the construction industry as stabilising or reinforcing materials (IGS 2018).

Presently, knowledge of the mechanical behaviour of geogrids and their contribution to subballast layers in operation conditions is limited, especially in the context of the RFN. Most available case studies have focused on the interaction of geogrids with the ballast layer. The most notable of these studies have shown the effectiveness of geogrids in reducing lateral spreading and ballast wear [START_REF] Esmaeili | Laboratory and field investigation of the effect of geogrid-reinforced ballast on railway track lateral resistance[END_REF][START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF]Fischer and Horvát 2011a;[START_REF] Horníček | Application of geocomposite placed beneath ballast bed to improve ballast quality and track stability[END_REF][START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF][START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF][START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]). However, the insertion of geogrids in the ballast layer or directly underneath it is incompatible with current maintenance practices on the RFN (ballast thickness, tamping, etc.). A couple of these case studies [START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF][START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF] include stabilised subballast or subgrade sections. In both cases, the inclusion of the geogrids produced measurable improvement. Unfortunately, the studies mentioned above do not allow one to draw satisfactory conclusions regarding the likeliness of similar improvements in the subballast used by SNCF Réseau because of differences in grading and mechanical resistance.

Further reading of publications concerning laboratory testing of geogrids leads to a similar conclusion: apart from the consensus that, given the right conditions, geogrids improve performance, there is no rule of thumb when assessing their effectiveness in rail applications. Several factors affect the outcome, including the subgrade stiffness, the grading of the granular layer (ballast or subballast), the position of the geogrid within the granular layers, geogrid stiffness, the ratio between geogrid aperture size and nominal grain size, etc. [START_REF] Biabani | An evaluation of the interface behaviour of rail subballast stabilised with geogrids and geomembranes[END_REF][START_REF] Han | Laboratory investigation of particle size effects on the shear behavior of aggregate-geogrid interface[END_REF][START_REF] Horton | Rail Trackbed and Performance Testing of Stabilised Sub-ballast in Normal and High-speed Environments[END_REF][START_REF] Hussaini | A laboratory investigation to assess the functioning of railway ballast with and without geogrids[END_REF][START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF][START_REF] Wang | Effect of aperture ratio on the cyclic shear behavior of aggregate-geogrid interfaces[END_REF]). Thus, it is necessary to perform tests designed to measure the magnitude of improvements based on one's specific use case.

The present PhD aims to identify the use case for geogrids within the track structure of SNCF Réseau and then develop the methods and tools required to quantify their performance. To do this, one needs to understand the basics of the track system and the functions of geogrids. Therefore, these topics will be discussed in the following sections before detailing the objectives and organisation of this study.

The Railway Track System

A railway track is a structure whose primary purpose is to guide railway vehicles (passenger wagons, goods wagons, locomotives, etc.) and transfer the loads that these vehicles apply to the ground [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]. These structures are fundamental in providing safe and efficient transportation worldwide, especially in Europe. Most of the European railway lines were built during the second half of the 19th century, between 1840 and 1910. As a result, they were built according to many different standards (track gauge, structure, etc.), mainly depending on national or regional preferences (Martí-Henneberg 2013). After World War I, many borders changed in both Europe and the European colonies, creating the need to facilitate interconnection between rail networks. This need led to the creation of the International Union of Railways (Union Internationale des Chemins de Fer, UIC) on 17 October 1922 to standardise industry practices.

Furthermore, after World War II, many countries nationalised and centralised the administration of their railways (Spain, France, Italy, etc.). This development and the push for European integration further contributed to the homogenisation of European railway networks. As a result, the UIC grew to be a global entity, and all modern railways are based on UIC Terminology, Classifications and Codes. Thus modern railway tracks in use today share a similar structure. This section aims to provide a basic overview of the terminology and techniques concerning railway tracks.

Components of a Track

Railway tracks must serve as a stable guideway with appropriate vertical and horizontal alignment. Thus, the standard railway track comprises several components that must perform specific functions satisfactorily in response to traffic loads and imposed environmental factors [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF].

Traditionally rail tracks are laid on a bed of ballast material, and the track components of ballasted track can be grouped into two main parts: the superstructure and the substructure. Figure 1.1 illustrates this basic structure, which is representative of the existing RFN, excluding 80 km of ballastless track (or slab track) laid in tunnels, on bridges or in particular train stations.

Although there are other types of tracks, the ballasted track remains favoured for the following reasons [START_REF] Esveld | Modern Railway Track[END_REF][START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]:

-it has a proven track record and relatively low construction cost, -it is easy to maintain using relatively simple techniques, -track components can be replaced and modified as rail traffic evolves, -it has good elasticity as well as noise absorption and drainage properties.

However, a ballasted track requires regular maintenance operations to preserve appropriate vertical and horizontal alignment. It also requires periodic ballast renewal to maintain optimal mechanical performance. 

Superstructure

The superstructure consists of rails, sleepers, a fastening system, and crib ballast. They each serve distinct but complementary functions. Rails are a pair of longitudinal steel members that guide the train wheels evenly and continuously. They act as beams that transfer the vertical and horizontal components of the wheel loads to the underlying spaced sleeper sections [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]. They are made of iron and have different profiles that have evolved over the years. Figure 1.2 shows the two profiles that are most often used on the modern RFN depending on the UIC classification [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]. UIC track classification is a classification of tracks, from UIC1 to UIC6, based on a fictive traffic load calculated using an empirical formula. Tracks ranked UIC1 carry the most daily traffic, with more than 130,000 equivalent tonnes/day1 , and those ranked UIC6 carry the least, with less than 5000 equivalent tonnes/day (UIC 2009).

The fastening system comprises rail pads and several types of screws or clamps. It retains the rails against the sleepers and maintains the correct track gauge (width between the two rails). In addition, the rail pads resist the rail's vertical, lateral, longitudinal, and overturning movements by anchoring the superstructure's other elements to the crib ballast [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF].

The sleepers (also called ties) distribute the applied load over the ballast bed and are generally either wooden (timber), prestressed concrete mono-block (i.e. one slab beneath both rails), or reinforced concrete bi-block (i.e. two slabs, one beneath each rail). Sleeper dimensions vary, although the normal European concrete sleepers are 250-300 mm wide and 2300-2600 mm long. Wooden sleepers are slightly narrower but longer. Sleepers are usually spaced 600 mm apart, from centre to centre [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF].

Substructure

The substructure generally consists of the ballast bed (between 200 and 500 mm thick), subballast (at least 150mm depending on the context) and subgrade (which is the in-place soil). The general purpose of the substructure is to serve as a platform that anchors and carries the superstructure.

Ballast is a crushed (angular) granular material placed as the top layer of the substructure in which the sleepers are embedded. Depending on local availability, a wide range of ballast materials, such as granite, basalt and limestone, can be used. The typical ballast material is gravel-sized, with most particles' diameters between 31.5 and 50 mm [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]. The primary purpose of the ballast layer is to retain the track in a proper position, distribute the applied loads from the sleepers down to the underlying soil layers and protect the subgrade from high stresses. The best mechanical performance is obtained from fresh dry ballast. The voids in the ballast layer provide essential drainage of water falling onto the track and allow the maintenance requirement of rearranging ballast particles to adjust track geometry [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF].

Subballast is the granular layer of material separating the ballast and the subgrade. Generally, subballast materials consist of broadly graded sand-gravel mixtures or broadly graded crushed natural aggregates or slags with a maximum particle diameter of 31.5 mm [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]. The subballast layer further reduces the stress at the bottom of the ballast layer to a tolerable level for the top of the subgrade, offering a cheaper option to the otherwise thicker ballast layer. Another essential function of the subballast layer is to act as a separator and prevent interpenetration between the subgrade and the ballast. By acting as a separator, the subballast layer prevents the upward migration of fine material emanating from the subgrade and the attrition of the subgrade by the ballast. It can also drain water either flowing to the subgrade from the ballast or vice versa [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF].

The subgrade is the foundation for the track structure, and it can either consist of the existing natural soil or placed fill (also called the capping layer). The primary function of the subgrade is to provide a stable foundation for the track structure. Therefore, the subgrade significantly influences the track's performance and maintenance. The subgrade's strength and stiffness ultimately dictate the load that can be applied to the track and consequently controls the required depth of overlying granular material [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF].

Considering the context in section 1.1, the rest of this document will mainly focus on the subballast and subgrade issues.

Track Loading

The loads imposed on the track structure are either mechanical or thermal. They are applied to the track structure as repeated vertical, lateral and longitudinal forces resulting from traffic and changing temperatures. The thermal loads resulting from the expansion and contraction of metallic components of the track will not be discussed because they primarily affect the rails and fasteners. As for the mechanical loads, lateral and longitudinal forces are more complex and harder to predict than vertical forces. Furthermore, lateral and longitudinal forces have little to no effect on subballast and subgrade [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]. Thus, this thesis work will consider only the vertical forces resulting from traffic wheel loadings.

Components of Vertical Load

Vertical loads (also called dynamic loads, 𝑄) applied to the track from moving trains combine static, quasi-static, and dynamic components [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]).

-The static load (𝑸 𝒏 ) is the dead weight of the train divided by the number of wheels (or the axle load divided by two). The maximum authorised axel load on the RFN is 225kN for standard rail lines and 170kN for high-speed trains on high-speed lines. In addition, provisions are being made to allow axle loads up to 250kN for goods wagons on some lines. -The quasi-static load (∆𝑸 𝑸𝒔 ) is caused by load transfer between wheels on the same axle on curved tracks (uncompensated centrifugal force). -The dynamic load is (∆𝑸 𝒅𝒚𝒏 ) caused by interactions between the wheels and the rails and is a function of the track, vehicle, and train characteristics, such as track irregularities and train speed.

Thus, the vertical load at the wheel-rail interface is determined as follows.

𝑄 = 𝑄 𝑛 + ∆𝑄 𝑄𝑠 + ∆𝑄 𝑑𝑦𝑛 (1.1)
With,

∆𝑄 𝑄𝑠 = 2 • 𝑄 𝑛 • ℎ • ∆𝑑 𝑒 2 (1.2)
Where, -ℎ is the height of the vehicle's centre of gravity above the rail in mm, -∆𝑑 is the lateral tilt of the track in mm, -𝑒 is the distance between the wheel's contact surfaces (≈1500mm).

With continuously welded rail and good maintenance, the dynamic wheel load will probably not exceed the static wheel load by more than 10 to 20% [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]. However, wheel and rail defects and track irregularities can cause spikes as high as three times the nominal static wheel load. Furthermore, dynamic impact forces caused by these high dynamic wheel loads can produce highfrequency vibrations [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]. The dynamic component can be considered by increasing the static load by a Dynamic Amplification Factor (DAF). The DAF can be calculated by employing simple empirical equations like Eisenman's equation, as cited by [START_REF] Esveld | Modern Railway Track[END_REF]:

∆𝑄 𝑑𝑦𝑛 = 𝑄 𝑛 • 𝐷𝐴𝐹 (1.3) 𝐷𝐴𝐹 = 1 + 𝑡 • 𝜑 𝑖𝑓 𝑉 < 60𝑘𝑚/ℎ (1.4) 𝐷𝐴𝐹 = 1 + 𝑡 • 𝜑 • (1 + 𝑉 -60 140 ) 𝑖𝑓 60 ≤ 𝑉 ≤ 200𝑘𝑚/ℎ (1.5)
Where,

-𝑡 is a multiplication factor depending on the confidence interval, -𝜑 is an empirical factor depending on the track quality, -𝑉 is the train speed in km/h.

The values used for these factors are presented in Table 1.1, and it can be seen that the DAF increases with an increase in train speed and a decrease in track quality. DAF can also be calculated using several other equations found in existing literature [START_REF] Esveld | Modern Railway Track[END_REF][START_REF] Selig | Track Geotechnology and Substructure Management[END_REF][START_REF] Stewart | Load Factor Method for Dynamic Track Loadings[END_REF].

Load distribution and Amplitude

The load from an axel positioned above a given sleeper is distributed evenly to each wheel if the track is straight and level. The wheel load is distributed longitudinally along the rail to the adjacent sleepers, as seen in Figure 1.3. Lift force is induced by the rail to resist the downwards tendency. Hence compression stresses appear in the two sleepers adjacent to the loaded one, and small tractions appear in the third sleepers (from the load). The sleeper under the wheel receives about 39 % of the load, while 48% is distributed between the two adjacent sleepers. The rest (the traction) is shared between the third sleepers from the load [START_REF] Profillidis | La voie ferrée et sa fondation -Modélisation mathématique[END_REF]).

In the transverse direction, the load distribution depends on the density of ballast under the sleeper, tamping quality and the type of sleeper. For example, the contact area between the sleeper and the ballast is maximal below each rail seat for concrete sleepers on a freshly tamped track. Thus the distribution takes the form illustrated in Figure 1.4 with the maximum stress below each rail seat as proposed by UIC and Talbot [START_REF] Sadeghi | Investigation on the Accuracy of the Current Practices in Analysis of Railway Track Concrete Sleepers[END_REF][START_REF] Zakeri | Field investigation on load distribution and deflections of railway track sleepers[END_REF].

The load transferred from the wheel-rail interface to the sleepers is transmitted to the substructure by their contact surface with under-sleeper ballast grains. The load amplitude is reduced from the wheel-rail interface (at the rolling surface) through the subgrade soil. The materials can spread the load amplitude in different manners. The general principle of vertical load transfer in the ballasted track is presented in Figure 1.5 [START_REF] Esveld | Modern Railway Track[END_REF].

The Boussinesq elastic theory [START_REF] Boussinesq | Applications des potentiels à l'étude de l'équilibre et mouvement des solides elastiques[END_REF]) can be used to roughly assess the load amplitude caused by traffic loading transmitted through the subgrade [START_REF] Doyle | Railway Track Design: A Review of Current Practice[END_REF]. 

Track Performance and Maintenance

Track performance is a measure of the track's response to traffic loading. The magnitude of individual loads and the repetition of loading are the two main factors that influence the loading of the track. With routine traffic, the main problem for the track substructure is typically the repetition of loading [START_REF] Fair | The geotechnical behaviour of ballast materials for railway track maintenance[END_REF]. Each component of the ballast track plays an essential role in maintaining track alignment. The minimum geometric quality to which the track must be maintained depends on the speed and type of traffic carried.

The track components combine to control how the traffic loads are transmitted through the track structure and ultimately determine the degradation of the track. The main factors that affect track degradation are [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF][START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]):

1. the deterioration of the superstructure, 2. ballast and subgrade settlement, and 3. subgrade deterioration.

This degradation can usually be measured through track geometry (i.e. track alignment). Geometry deterioration is detected through continuous monitoring of the railways. There are several intrusive (dynamic penetration, endoscopy, coring test) and non-intrusive (georadar, accelerometer, video surveillance) sampling and testing methods that are regularly used to detect such defects and discover the source of the deterioration [START_REF] Esveld | Modern Railway Track[END_REF][START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]. Once poor track geometry has been detected, and the fault's source investigated, a remediation strategy can be identified. The deterioration of the superstructure components primarily consists of rail and sleeper failure or defects in the fastening system. These problems are not within the scope of this study, so they will not be discussed. Instead, the following paragraphs will focus on settlements and subgrade deterioration.

Ballast and subgrade settlement

In a ballasted track, settlement is caused by densification due to particle rearrangement under repeated traffic loading, penetration of ballast into the underlying layer, particle breakage and abrasive wear. Ballast settlement is known as short-term settlement, whereas subgrade settlement is known as long-term settlement because it accumulates very slowly for most tracks. Track geometry degradation reduces ride quality and increases dynamic loading, causing increased geometry degradation. If not treated, this phenomenon creates a negative feedback loop that can eventually cause a derailment. Therefore, to maintain track geometry, regular maintenance operations are required. For a relatively firm subgrade, the ballast layer will be the primary source of the settlement.

In this case, it is generally accepted that both average and differential settlements primarily result from mechanisms occurring in the ballast layer [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]. Figure 1.6 illustrates the substructure contributions to overall track settlement for tracks that have been in service for a long time and have a stable subgrade. There are generally two forms of track geometry maintenance to correct the defects mentioned above; tamping and stoneblowing. Ballast tamping consists in lifting and laterally adjusting the track to the desired geometry while rearranging the upper portion of the ballast layer to fill the resulting voids under the sleepers. Tamping is the type of maintenance usually performed on the RFN [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF]. Stoneblowing consists in blowing a layer of smaller, single-sized (usually 20mm) stones under a raised sleeper, leaving the sleeper at the desired level and the compact ballast virtually undisturbed. Stoneblower maintenance thus creates a two-layer granular foundation on which the sleeper sits [START_REF] Fair | The geotechnical behaviour of ballast materials for railway track maintenance[END_REF].

Subgrade deterioration

Different failure mechanisms can form in the subballast and subgrade layers to cause subgrade deterioration, including progressive shear failure, massive shear failure, surface attrition, and excessive plastic deformation [START_REF] Burrow | Deflectometer-based analysis of ballasted railway tracks[END_REF][START_REF] Selig | Track Geotechnology and Substructure Management[END_REF].

Progressive subgrade shear failure is caused by high axle loads on a weak subgrade. This failure mechanism is most likely to develop in the top part of the subgrade, where the highest traffic-induced stresses occur. Overstressed soil will be squeezed sideways from beneath the track and upwards, as depicted in Figure 1.7. If left untreated, this soil migration eventually results in cess2 heave (bearing capacity failure). The probability of cess heave can be minimised by ensuring a low water table level (through proper drainage) and an adequate depth of ballast/subballast to reduce the induced stress level on the subgrade surface. Massive subgrade shear failure is caused by the weights of the train and the track superstructure. This type of failure generally occurs under repeated loading at stress levels above those that would cause progressive shear failure of the subgrade. Therefore, massive shear failure is unlikely to be a problem unless the subgrade strength rapidly diminishes due to increasing water content. This situation is rare in a properly constructed and maintained track. Hence progressive shear failure generally governs performance [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]. Subgrade surface attrition by the overlying ballast in the presence of water can result in slurry formation at the ballast/subgrade interface. Under certain conditions, cyclic loading can cause the slurry to be pumped up to the surface of the ballast. Such failures are associated with hard, finegrained materials, such as clay, and soft rocks, such as chalk [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF]. Pumping failures can be prevented by placing a geotextile layer between the ballast and the subgrade to avoid penetration from the overlying granular material and subgrade attrition. This prevention method is often utilised on the RFN.

Excessive subgrade plastic deformation can result from cumulative compaction, consolidation and shear strain in the subgrade due to traffic loading. In addition, Subgrade plastic deformation can lead to the formation of ballast pockets under the rail seats, increasing differential settlement along the track. For tracks built on a weak subgrade, the weakness of this layer will be the primary source of settlement. The general solution to stabilise the track is to increase the thickness of the overlying granular layers [START_REF] Esveld | Modern Railway Track[END_REF]. The increased thickness of the overlying reduces the maximum stresses that reach the subgrade and helps maintain a suitable track geometry, assuming that the subgrade is not too weak to support the added load. However, if the subgrade is too soft, it will not be able to bear the overburden of the increased granular layers. In this case, subgrade improvement is required. Subgrade improvement methods include modifying the subgrade properties in situ (grouting, lime slurry stabilisation, electrical treatment), modifying the subgrade properties by reconstruction and replacement (stripping, filling, and compaction), and slip stabilisation [START_REF] Selig | Track Geotechnology and Substructure Management[END_REF].

These methods are either too costly or time-consuming, making them inadequate for most projects on the RFN. As previously stated, one remedy to this problem is to use geosynthetics, notably geogrids, to stabilise or reinforce the granular layers of the track. These geogrids are the subject of the next section.

Geogrids and their Functions

A geogrid is defined as any synthetic (i.e. geosynthetic) planar structure formed by a regular network of tensile elements with apertures of sufficient size to allow interlocking with surrounding soil, rock, earth or any other geotechnical material [START_REF] Carroll | Specifying Geogrids[END_REF]. It can fill the functions of stabilisation, reinforcement or stress relief (as defined by the International Geosynthetics Society, IGS) in various applications, including slopes, retaining walls, void spanning, and road/railway embankments [START_REF] Igs | Guide to the Specification of Geosynthetics[END_REF](IGS , 2021a;;b).

The Origins of Geogrids

In In addition to extruded geogrids, knitted (or woven) and welded geogrids are now commercially available (Cf. Figure 1.9). Knitted geogrids are manufactured by grouping polymeric fibres (usually polyester or polypropylene) and knitting them into a mesh pattern that is then coated with a polymeric lacquer. Several manufacturers, including HUESKER Synthetic GmbH, produce them. Welded geogrids are manufactured by fusing junctions of polymeric strips. Again, many manufacturers, including Enka Over the decades since their inception, geogrids have been extensively used to construct earthsupported and earth-retaining structures, reinforced soil foundations, highways and airfields [START_REF] Das | Use of Geogrid in Subgrade-Ballast System of Railroads Subjected to Cyclic Loading for Reducing Maintenance[END_REF][START_REF] Haas | Geogrid reinforcement of granular bases in flexible pavements[END_REF][START_REF] Love | Model Testing of Geogrids in Unpaved Roads[END_REF]. Despite early interest [START_REF] Coleman | Use of Geogrids in Railroad Track: A Literature Review and Synopsis[END_REF][START_REF] Göbel | Effectiveness of a reinforcing geogrid in a railway subbase under dynamic loads[END_REF], the widespread use of geogrids in the construction of railways is a more recent development. However, until the early 2000s, theoretical and experimental studies on this subject, either in the field or in the laboratory, were relatively scarce [START_REF] Das | Use of Geogrid in Subgrade-Ballast System of Railroads Subjected to Cyclic Loading for Reducing Maintenance[END_REF]Fischer and Horvát 2011b).

Since then, multiple studies have proven that the proper inclusion of geogrids leads to improved track performance and increased service life. Some of these studies have already been referenced, and many more will be discussed throughout the present document. However, before diving into an indepth literature review, it is essential to understand that geogrids function by confining granular soils interlocked in their apertures. Generally, tension develops in the geogrid ribs located within a certain radius around the point of load application. Then it is diffused along the surface of the grid. Geogrids have little to no bending resistance, although they are generally more rigid than other geosynthetics. The basic mechanisms mobilised by interlocking will be described in the following sub-section.

Interlocking Mechanism

Generally speaking, a geogrid can be placed in one of two possible configurations in a ballasted track: the ballast or the subballast layer (Cf. Figure 1.10). When the geogrid is inserted within or immediately beneath the ballast layer, the primary benefit is to stabilise the ballast layer and, thus, extend the maintenance cycle (i.e. the period between ballast cleaning and replacement operations). On the other hand, when the geogrid is inserted in the subballast, the primary purpose is to increase the effective bearing capacity of a soft underlying subgrade.

Several authors have studied the improvement mechanisms associated with the interaction of geogrids and unbound aggregate layers. It is widely agreed that an appropriate stiffness and an ability to interlock effectively with the granular material are vital to achieving the reinforcing effect of a polymer geogrid [START_REF] Abu-Farsakh | Performance of geosynthetic reinforced/stabilized paved roads built over soft soil under cyclic plate loads[END_REF][START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Chen | Discrete element modelling of lateral displacement of a granular assembly under cyclic loading[END_REF][START_REF] Perkins | Geosynthetic reinforcement of flexible pavements: laboratory based pavement test sections[END_REF]). The consensus is that because geogrids develop reinforcing strength at low strain levels, the tensile strength of the geogrid provides confinement to resist lateral spread on the granular materials. Perkins formulated one of the most comprehensive explanations based on loading tests performed on a physical model and a review of prior studies by other researchers [START_REF] Perkins | Geosynthetic reinforcement of flexible pavements: laboratory based pavement test sections[END_REF]. He suggested that there are four separate improvement mechanisms. These improvement mechanisms are illustrated in Figure 1.11 and are identified as follows:

1. a reduction of the amount of lateral spreading, 2. an increase in the lateral stress within the aggregate layer, thereby increasing its stiffness, 3. an improved vertical stress distribution onto the underlying subgrade, 4. a reduction in shear stress within the subgrade.

Each of these mechanisms will be further explained in Chapter 4. 

Objectives and Organisation

Considering the context and the general concepts discussed in the previous sections, it became evident why geogrids appear to be an excellent solution to the existing challenges. This context explains why geogrids have been used to respond to urgent requirements on the RFN to guarantee a track deformation modulus above a critical threshold. However, the few sites concerned have not been the subject of any special monitoring or usable feedback analysis. Unfortunately, the diverse range of results present in existing literature makes it difficult to foretell how effective this solution can be. Performance can significantly vary depending on the type of geogrid employed, its placement, the aggregates it interacts with and even the loading conditions. Therefore, it is necessary to synthesise existing knowledge and use it to design experiments that could produce quantitative results relevant to the specific needs of SNCF Réseau.

Therefore, the scientific obstacles to be overcome during this thesis are the measurement of the mechanisms mobilised in geogrid stabilised aggregates in RFN conditions. This knowledge will be necessary for developing guidelines for the systematic utilisation of geogrids on the RFN. Thus, three classes of objectives were devised for the thesis.

Scientific objectives:

• To understand the interaction phenomena between elements of the track structure and geogrids.

• To collect enough experimental data to be able to propose numerical modelling strategies.

Technical objectives:

• To define the field of use of geogrids within the RFN track structure.

• To quantify the benefits of using geogrids, i.e. increased track modulus and reduced differential settlements.

Operational objectives:

• To propose configurations that are quick and easy to implement. • To ensure that the proposed configurations are cost-effective and durable. The work will be split into two complementary components to achieve these objectives:

the monitoring of geogrid stabilised trackbed in operating conditions on the field, the design and implementation of laboratory tests for measuring geogrid performance in controlled conditions.

The following chapters will elaborate on each component of the work, detail and justify the chosen methodology, and explain how the two parts mutually inform the interpretation of each other's results.

The in situ experiments cover the renovation, instrumentation and monitoring of conventional track sections. In addition, they provide data on the actual behaviour of the trackbed concerning factors such as dynamic loading, lateral confinement, seasonal variations, etc. Chapter 2 will review geogrid applications in operating rail infrastructure and explore the benefits and challenges of installing geogrids in ballast and subballast through case studies. The insights gleaned from this review have influenced the in situ monitoring scheme, which includes strain gauges, total pressure cells, temperature sensors embedded in the track, and removable micro-electromechanical systems (MEMS) accelerometers that can be attached to individual sleepers. Chapter 3 will present each site and how the abovementioned sensors are being used to monitor them. It will illustrate how both transient and permanent strains develop in the geogrids, present the geogrids' effect on induced stresses, and highlight the impact of temperature and soil conditions on geogrid performance. Knowing that the in situ experiments are limited by the inability to perform parametric studies and the long time scale required to observe certain phenomena, this study will remain conservative in its conclusions regarding the initial results. Over the long term, the insights from the embedded sensors will be used to deploy a broader monitoring campaign using the MEMS accelerometers in collaboration with the infrastructure research group from the University of Southampton.

The laboratory experiments address some of the limitations of the in situ experiments because they are cheaper and faster to install. Hence, various conditions can be simulated. This part of the work consisted mainly of specifying and validating the experimental design by choosing the proper materials and loading conditions and then testing a few configurations using cyclic loads. Chapter 4 will further explore the parameters that affect geogrid performance by reviewing existing literature on laboratory experiments. The most pertinent of these experiments involve loading model tracks in controlled conditions because they allow for measurement of the same characteristics used to determine in situ geogrid performance (rib strains, settlement and induced stresses). Furthermore, they can be complemented by direct shear and pullout tests, which help explain interface behaviour.

Chapter 5 discusses the experimental apparatus and protocol used to perform cyclic loading tests on full-scale model trackbeds stabilised with various geosynthetics. The analysis of the laboratory results facilitates the interpretation of the monitoring data, which can then be used to establish some guidelines for choosing geogrids for use on the RFN. Then, the present document will conclude with discussions regarding the lens through which the overall results should be viewed and recommendations for further research. [START_REF] Pen | A model for the stochastic prediction of track support stiffness[END_REF].

Chapter 2. Geogrid Applications in Transport Infrastructure

Utilisation des Géogrilles dans les Infrastructures de Transport

Introduction to Field Trails

Only a structure in actual operating conditions (in terms of geometric, geotechnical and loading conditions) will make it possible to objectively draw a conclusion on the efficiency of geogrids for any given transport application. Hence, since the 1980s, rail infrastructure managers worldwide have been conducting field tests by installing geogrids in problematic track sections [START_REF] Coleman | Use of Geogrids in Railroad Track: A Literature Review and Synopsis[END_REF]). Cursory knowledge and anecdotal reports of these field tests, including the emergencies mentioned in section 1.4, have given SNCF Réseau reason to be optimistic about using geogrids. This optimism instigated the decision to conduct rigorous and well-documented field trials during the present work. However, many questions remained about the implications (technical and logistical) of inserting these geosynthetics into the RFN track structure and monitoring their performance. The most prominent of these questions were:

-How does the inclusion of geogrids affect the standard processes involved in track maintenance? Considering the context, what are the best practices to adopt early on?

-How can geogrid performance be adequately measured in situ? Which tools and methods should be prioritised?

The best way to answer these questions was by performing a literature review. Although hundreds of tests have been conducted over the decades, few cases have been adequately documented in technical literature until recently. Even fewer of these cases involve this study's main interest, i.e. the use of geogrids in railways. Most geogrid research focuses on pavement applications. Even though the loads (and, by extension, the performance criteria) applied on pavements are significantly different from those involved in railways, it is interesting to reference some unpaved road applications because their granular base materials are similar to subballast. Thus, the present literature review will include some road applications in addition to rail applications (ballast and subballast). This chapter will be subdivided as follows:

-first, ballast applications will be examined because they are the most widely documented rail application, and they include the oldest case studies; -then, subballast applications will be discussed to anchor the knowledge obtained from ballast applications and verify whether their results lead to similar conclusions; -finally, road and airfield applications will be examined to glean additional insight and source possible monitoring strategies for complementing those discussed in the previous sections.

The chapter will conclude with a summary of the state of the art, its implications and its overall influence on the strategy that was used during the deployment of our in-situ trials.

Ballast Applications

Firstly, it should be noted that this is the most studied application of geogrids in railways. Several studies have shown that placing geogrids under the ballast layer benefits the geometric stabilisation of a railway track. For example, using an adequate geogrid type can increase the interval between tamping works 2-3 times (Fischer and Horvát 2011b;[START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]). However, this positioning is not suitable for all situations. In some cases, the inclusion of geosynthetics beneath ballast can considerably slow construction or result in minimal improvement [START_REF] Horníček | An investigation of the effect of under-ballast reinforcing geogrids in laboratory and operating conditions[END_REF]. Some of this application's more notable case studies will be presented on the following pages.

CSX Transportation Reconstruction

This project is the earliest geogrid application (on a commercial railway) to be adequately documented in the technical literature [START_REF] Coleman | Use of Geogrids in Railroad Track: A Literature Review and Synopsis[END_REF]). It concerned a 2 km long section of mainline track near Milstead (Alabama) that was reconstructed (in December 1983) using a combination of geotextiles, geogrids and a new drainage system. The track section, owned and operated by CSX Transportation, was constructed on poor-quality soils consisting of interbedded sand and weak clay. A high water table added to the challenging ground conditions. Heavy rail traffic by goods wagons resulted in an excessive settlement of the track due to progressive shear failure of the subgrade, heaving of shoulders and pumping of fines through the ballast. Track conditions were such that resurfacing and alignment were required every two to four weeks, and a 5 mph (approximately 8 km/h) speed limit was in permanent effect [START_REF] Walls | Railroad ballast reinforcement using geogrids[END_REF]. The stated objective of the geogrids was to provide rigid confinement of the aggregate, thus preserving the integrity of the ballast.

The reconstruction was accomplished using standard track maintenance procedures. After removing the fouled ballast, a geotextile layer was placed on the existing subballast to provide separation. Then, it was immediately overlain with an unspecified punched-and-drawn biaxial geogrid and a 300 mm thick layer of fresh ballast. Within three months after the reconstruction, CSX Transportation raised the speed limit to 35 mph (approximately 56 km/h) with no negative consequences on track stability.

The case study concluded that geogrids are an effective and economical method for stabilising6 ballast and minimising or preventing track stability problems [START_REF] Walls | Railroad ballast reinforcement using geogrids[END_REF]. Other conclusions include :

-Appropriately sized geogrids will interlock with and confine the ballast to help resist the ballast's lateral and vertical movement. -The use of geogrids is beneficial in reducing the magnitude of shear stress transmitted to the subballast and subgrade. -Geogrids are most effective when used with an appropriate geotextile to provide adequate separation between the subgrade and other layers. -Including a geogrid beneath the ballast layer is possible during routine ballast renewal without specialised equipment or complex additional steps. -Conventional tamping can be performed without damage to the geogrid, provided that at least 20 cm of ballast is present beneath the base of the sleepers before tamping begins.

In November 1989, a follow-up report confirmed that the track was still performing well after six years of traffic and that the rail operator was pleased with the overall performance of the geogrids [START_REF] Coleman | Use of Geogrids in Railroad Track: A Literature Review and Synopsis[END_REF]. Unfortunately, the detailed maintenance history before and after the track renewal is not publicly available. There are also no further reports on the track performance after 1989.

This case study provides a good preview of those that will follow. Although no stresses or strains are measured, the interlocking of ballast in the geogrid apertures is the primary driver of the observed

In the present document, the terms "reinforcement" and "stabilisation" should be considered as interchangeable unless specified. This choice of terminology was made to simplify referencing, considering that most existing references use the terms and "reinforcement".

improvement in track performance. However, the inclusion of a geotextile (to limit ballast fouling) and the addition of a drainage system (to avoid waterlogging) should not be neglected. On their own, each of these measures generally leads to improved track performance. Therefore, they are likely to have had a significant effect on the results of this trial. It is also encouraging that routine track maintenance is undisturbed by the presence of the geogrid below the ballast layer. However, this should be taken on a case-by-case basis because the physical characteristics of the tamping heads are not specified.

Network Rail West Coast Main Line

This trial was installed, in 2004, on a 0.5 mile (approximately 800 m) track section located in Coppull Moor (Lancashire, UK), specifically chosen to test an isotropic, punched-and-drawn biaxial geogrid.

The track section is mainly constructed on an embankment composed of waterlogged ash/sandy gravel. The geogrid had 65mm apertures, 85% open area ratio, at least 1200 kN/m tensile stiffness (at 0.5% strain) and at least 95% junction efficiency7 [START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]). It was selected for a field trial after being identified as the best performing geogrid in a three-year study completed by the University of Nottingham in 2006 [START_REF] Brown | Optimising the geogrid reinforcement of rail track ballast[END_REF]. A non-woven geotextile was installed along the entire site to separate the ash layer from the rest of the structure. The geogrid was placed on the geotextile beneath a layer of fresh ballast along half the site length. The remaining site length was only ballasted to serve as a control section. They measured deflection after reballasting using a Falling Weight Deflectometer (FWD), and the results can be seen in Figure 2.1. It is assumed that the stiffness of the section containing the geogrid would have been slightly lower before installing the geogrid [START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]). Historically, the site has exhibited poor performance as measured by the Vertical SD8 . Thus, before the renewal, the worst section deteriorated at a rate of 2.2 mm/year and required regular tamping to maintain the track geometry [START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]). The track geometry data for the year before and the year after the renewal are summarised in Table 1.1. One can observe that, before the renewal, the first two sections (i.e. those stabilised using the geogrid) were deteriorating faster than the control sections. After the renewal, the rate of deterioration is lower and more uniform. Sharpe et al. conclude that the geogrid significantly improves track quality even on "slightly soft" sites. Furthermore, including the geogrid would triple the time between tamping operations [START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]). A follow-up study by Thom [START_REF] Thom | Rail Trafficking Testing[END_REF]) presents the Vertical SD data (Figure 2.2) for the two years after the renewal. The graph clearly shows that the Vertical SD of the reinforced sections (represented by red lines and icons) is in-line with the control sections after the renewal. Also, there is virtually no difference in the deterioration rate between sections. Considering that the reinforced sections were in much poorer condition and had lower trackbed stiffness than the others before the renewal, this is a positive result [START_REF] Thom | Rail Trafficking Testing[END_REF]. This case study can be coupled with laboratory tests performed at the University of Nottingham, during which cyclic loads were applied to a layer of ballast with and without geogrid inclusions9 [START_REF] Brown | Optimising the geogrid reinforcement of rail track ballast[END_REF][START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Thom | Rail Trafficking Testing[END_REF]. Together these two studies come to the same conclusion as the CSX Transportation case study. Notably, geogrids provide improvements through interlocking and are a practical, cost-efficient solution.

The Network Rail study is an improvement on the CSX Transportation trial because it specifically chose a site where only the ballast was renewed and included a control section. It also emphasises that subgrade stiffness is an important parameter because it significantly affects the measured improvement. The effect of subgrade stiffness will be further explored in subsequent references.

Finally, the study introduces a data-driven approach to measuring the geogrid's performance by monitoring track geometry. Unfortunately, there is no mention of the ballast thickness beneath the base of the sleepers. It has also been impossible to obtain the monitoring data beyond the first two years after the renewal. It would have been interesting to observe the behaviour of the track after several tamping operations.

Czech Railway Trials

Správa Železnic (the Czech Railway Infrastructure Administration, abbreviated as SŽ) has used geogrids (coupled with separation/filtration geotextiles) during infrastructure upgrade projects since the late 1990s [START_REF] Das | Use of Geogrid in Subgrade-Ballast System of Railroads Subjected to Cyclic Loading for Reducing Maintenance[END_REF]. They were used mainly to save time and reduce the amount of aggregate required for track construction, all while allowing work to continue during bad weather. The success of these projects led to a collaboration, between the Czech Technical University in Prague and SŽ, on research into the insertion of geogrids directly beneath ballast. This collaboration produced a series of field trials in [START_REF] Trévin | 2009-02 Classification of lines for the purpose of track maintenance[END_REF], 2012and 2015[START_REF] Horníček | An investigation of the effect of under-ballast reinforcing geogrids in laboratory and operating conditions[END_REF], 2016[START_REF] Rincent | Plaque dynamique légère Manuel d'utilisation[END_REF].

The first case study of this series concerns the renovation, in 2008, of a 400 m long section in a railway cutting near Blovice railway station. The section consists of a single track, in a straight line, with annual traffic volumes of 8.72 million gross tonnes (MGT) per kilometre of mixed traffic (passenger and freight). The location had a history of track geometry and mud pooling problems [START_REF] Horníček | An investigation of the effect of under-ballast reinforcing geogrids in laboratory and operating conditions[END_REF].

During renewal, the site was separated into a 200 m stabilised section (where a geocomposite was installed beneath the ballast) and a 200 m control section (where the ballast was in direct contact with the subballast). The geocomposite was composed of a punched-and-drawn geogrid (39 mm biaxial apertures) bonded to a non-woven separation/filtration geotextile. The installation was completed using a ballast cleaner that removes fouled ballast, lays the geocomposite, and pours fresh ballast (32/63mm aggregates), as shown in Figure 2.3. However, due to limited space beneath it, the ballast cleaner would only contain 12.5 m of geosynthetics at a time; this required manual shortening of the original 50 m rolls. Renewal works also involved cleaning the longitudinal drainage system and protecting it against future fouling (using a geotextile). After construction, sampling revealed that the geocomposite was about 20 cm below the base of the sleepers. The second trail section was installed, in 2012, on a 53 m long site near Stará Huť on the same rail line as the previous one. This site is also located inside a cutting and suffered from recurrent mud pooling.

As a result, it exhibited recurrent issues with track stability and thus required frequent interventions to maintain track geometry [START_REF] Horníček | Railway trial section with geocomposite positioned beneath the ballast bed for lifetime extension of track geometry[END_REF]. First, the track superstructure was removed, and the fouled ballast was excavated using standard construction machinery. Next, the subgrade consisting of a mixture of gravel and clay with medium plasticity was levelled, compacted and overlaid with a geocomposite. This second geocomposite was composed of a welded geogrid (31mm biaxial apertures) bonded to a non-woven separation/filtration geotextile. Finally, the track superstructure was replaced and reballasted with fresh aggregates (32/63mm). The longitudinal drains along both sides of the track were also cleaned. No particular issues were reported concerning the installation of the geocomposite. Therefore, one can assume that it was covered with a sufficient layer of ballast before trafficking and tamping.

The third trail was installed on the Domažlice-město -Havlovice track in 2015. As with the previous sites, the main problems were the pooling of mud in the ballast and the rapid degradation of track geometry. The section is in a straight line, with a 9‰ gradient, passing over an at-grade crossing on a substructure that does not contain any structural layers (i.e. the ballast is on the subgrade). The site is subdivided into three sections; one stabilised using a geocomposite (95 m), one that was only reballasted (100 m), and one where no work was done (100 m). The two other sections flank the stabilised section. The geocomposite was composed of a triaxial geogrid with 60 mm equilateral triangular apertures and radial stiffness of 540 kN/m at 0.5% elongation, bonded to a non-woven separation/filtration geotextile. It was placed beneath the ballast using the same techniques as in the second trial. The ballast thickness was specified to be at least 35 cm beneath the rail seat, with the stipulation that at least 15 cm of ballast be poured on the geogrid before trafficking.

In each of these trails, performance was monitored using a combination of track geometry, Ev2 modulus and rail deflection measurements. There was also periodic sampling (Cf. Figure 2.4) and testing of the installed geocomposites over three years. Due to the inherent heterogeneity of the sites, the results were mixed. The geocomposites did not always perform as expected, notably because some sections still had ballast fouling. However, they either managed to postpone the necessity of a complex trackbed reconstruction for several years [START_REF] Horníček | A Test Section with a Geocomposite Placed to Stabilise the Ballast Bed[END_REF] or maintain passable track geometry [START_REF] Horníček | Railway trial section with geocomposite positioned beneath the ballast bed for lifetime extension of track geometry[END_REF][START_REF] Horníček | Application of geocomposite placed beneath ballast bed to improve ballast quality and track stability[END_REF]. The most interesting result from this series is the gradual degradation of the geocomposite's mechanical properties over the monitoring period (cf. Figure 2.5).

After three years, the mean strength had dropped by nearly 28% in the transverse direction and 11% in the longitudinal direction. The authors did not attempt to explain these degradations, but one can suspect that seasonal temperature variations (freezing and thawing) degrade the performance of polymeric materials.

Overall, the results of these three trials are quite valuable because they start to highlight some of the nuances in performance. Despite the demonstrated usefulness of interlocking, it was not solely responsible for the improvements observed in previous case studies. Proper drainage and filtering (of fine particles) are also indispensable in ensuring performance because effective interlocking cannot be achieved in well-lubricated aggregates. Another critical insight involves the choice of installation techniques. Installation of geogrids beneath the ballast layer was time-consuming when a ballast cleaner was used because the rolls of geocomposite had to be manually shortened, and only 12.5 m could be installed at a time. This limitation is compounded by the need to overlap the geocomposites at their intersections. Firstly, this could lead to considerable waste on long sections. Secondly, the geotextiles were bonded to the geogrid, meaning that lower geogrid could induce small gaps at the intersections, through which fines could migrate into the ballast. One can conclude that the logistical aspects of installation should be a preponderant factor when choosing whether to install a geogrid, in which layer it should be installed, and whether to use a simple geogrid and a geotextile or a geocomposite (i.e. a geogrid bonded with a geotextile). 

Minimbah Bank Stage 1 Extension

This trial was explicitly undertaken to address a lack of systematic investigations into the performance of reinforcing (or stabilising) geosynthetics on operating railways [START_REF] Anantanasakul | Field monitoring of performance of ballasted rail track with geosynthetic reinforcement[END_REF]. It was installed, in 2010, on a portion of the third track of the Minimbah Bank Stage 1 Line between Bedford and Singleton (New South Wales, Australia), owned and operated by the Australian Rail Track Corporation (ARTC). The track is mainly used to transport coal from nearby mines at speeds between 40km/h and 80km/h. Preparation for the experiment involved extensive subsurface exploration, which led to the selection of three parts of the proposed track (on different subgrades) to study how the subgrade conditions would affect its performance. The three subgrades were:

-relatively soft general fill and alluvial silty clay deposit over which six monitored sections10 were located, -intermediate siltstone over which two monitored sections11 were located, -a stiff reinforced concrete bridge deck over which one monitored section12 was located. Initial analysis showed that subgrade stiffness influences the transient vertical stresses, with sleeperballast stresses being up to 65% larger on the bridge deck than on the soft alluvial deposit [START_REF] Anantanasakul | Effects of geosynthetic reinforcement on performance of ballasted rail track[END_REF]. As for the settlements, when comparing sections on the soft alluvial deposit, the control section settled 10-37% more than the stabilised sections [START_REF] Anantanasakul | Effects of geosynthetic reinforcement on performance of ballasted rail track[END_REF]. In stabilised sections, average transient strains of the ballast (in both directions) were about 15% smaller than in the control sections, regardless of the geosynthetics employed [START_REF] Anantanasakul | Effects of geosynthetic reinforcement on performance of ballasted rail track[END_REF]. Further analysis, after nearly five years of trafficking, concluded that (Nimbalkar and Indraratna 2016):

-The geogrids and geocomposites decreased the long-term settlement of the ballast by nearly 35%, with the most significant reductions observed on softer subgrades. -In the geogrids, permanent strains were more prominent and developed faster in the transverse direction, where the track is less confined. The transverse strains reached 2.2%, whereas the longitudinal strains hovered around 1.2%. -The geogrids reduced the transient track deformation by 40-65% on the soft alluvial deposit and 15% on hard rock subgrades.

Among others published in this series of studies [START_REF] Anantanasakul | Field monitoring of performance of ballasted rail track with geosynthetic reinforcement[END_REF][START_REF] Anantanasakul | Effects of geosynthetic reinforcement on performance of ballasted rail track[END_REF][START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF]), these three main conclusions provide the most comprehensive view. Although they are specific to use at the ballast-subballast interface, they bode well for the prospects of using geogrids at all other positions within the track structure. The instrumentation was the most extensive encountered during the literature review and provided more relevant data than conventional measurements (track alignment, deflection, etc.).

Finally, one should note that no specific difficulties were encountered during installation because the track was constructed using classic machinery (as opposed to specialised railway equipment). Also, all the geosynthetics were 300 mm below the base of the sleepers, far beyond the reach of a tamping head.

Subballast Applications

There are fewer examples of subballast applications because the work involved is more complex and time-consuming. However, this application merits attention because it addresses a slightly different problem. Whereas placing geogrids under ballast helps increase the time between maintenance cycles, placing geogrids in subballast provides an increased effective bearing capacity by increasing the stiffness of the substructure. Thus this application can be more pertinent in cases where the subgrade is far below standard. Three of the most notable case studies are presented below.

Foligno -Terontola Railway Line Rehabilitation

This case is one of the earliest field trials published for a subballast application. It was conducted near Spello train station sometime in the late 1990s, during the reconstruction of the Foligno-Terontola railway line (Umbria, Italy). The track is constructed on an embankment built in the second half of the 19 th century and is subjected to continuous differential settlements [START_REF] Montanelli | Geogrid Reinforced Railways Embankments: Design Concepts and Experimental Test Results[END_REF].

After finite element method (FEM) analysis and comparisons with contemporary publications, it was decided that the first meter of subballast should be excavated and replaced with free-draining granular fill. The bottom 0.70 m of this granular fill was wrapped in double geogrid-geotextile geocomposite. The geocomposite was composed of a welded biaxial geogrid (40 mm x 27 mm apertures) bonded to a non-woven separation/filtration geotextile. The geogrid ribs were instrumented with strain gauges having a maximum strain limit of 3 % and an accuracy of 0.5% of the measurement range. Eight strain gauges were installed on each reinforcement layer in the transverse direction and at a spacing of about 0.50 m, as shown in Figure 2.8. At 0.30 m under the ballast, the measurements show low peak strains of 0.14% under locomotive axles and 0.08% under the railcar axles (Figure 2.9). For the strain gauges located on the lower reinforcement layer (1 m), the measured strains were around 0.03% [START_REF] Montanelli | Geogrid Reinforced Railways Embankments: Design Concepts and Experimental Test Results[END_REF].

The authors conducted a similar case study with similar results in 1996 in Celje, Slovenia. Although the published results are succinct, they show that the geogrids are effectively confining the subballast event at depths of 1 m. The reduction in measured strain in the lower layer could be correlated with a decrease in induced stresses as they spread deeper into the granular material (excluding the effects of the top geogrid). Thus, one could reasonably assume that the inclusion of geogrids is only effective up to a certain depth, which remains to be determined. 

Rehabilitation of Dolga Gora Embankment

This trail was installed, in 2008, during the rehabilitation of an existing railway embankment near Dolga Gora, Slovenia. Geotechnical investigations indicated that the site had a high water table and was composed of low plasticity clay with a low subgrade modulus (< 10 MPa) [START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF]. Thus, they decided that the rehabilitation should include a geogrid (31mm apertures) and a separation/filtration geotextile, 1 m below the base of the sleepers, in the subballast layer.

Considering the harsh site conditions, including a control section (without geogrid) was deemed imprudent. Eight strain gauges were installed on the geogrid ribs near the central axis of the track. Four were bonded to longitudinal ribs and four to transverse ribs, as illustrated in Figure 2.11. The measurement accuracy of the used strain gauges is in the range of 1µm/m. Horizontal deformations inside the subballast layer were measured by a 5 m wide horizontal extensometer installed approximately 20 cm above the subgrade. The measurements indicate that; strains rapidly developed during the first three months, the geogrid relaxed slightly, and then the strains remained relatively constant for the rest of the observation period [START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF], as illustrated in Figure 2.12. Lenart and Klompmaker concluded that creep deformations could be neglected in this type of application because the strains have remained relatively constant over five years. Transverse strains (maximum of 0.34%) were generally more prominent than longitudinal strains (maximum of 0.27%). This difference can be explained by the fact that the track is less confined in the transverse direction and tends to spread more laterally. When initialised after the subballast had appropriately been compacted, the extensometer measured similar transverse strains in the subballast layer, with values stabilising around 0.25%. The stabilisation of strain after three months and the preponderance of transverse strain are in line with the observations made for the ballast application discussed in section 2.2.4 (Nimbalkar and Indraratna 2016). One can thus assume that the qualitative conclusions of ballast applications can be extended to subballast applications. Unfortunately, this case study does not measure strains where they are expected to be the highest, beneath the rail seat. It also does not include transient strain measurements.

Minas Gerais Railway Trails

This trial was installed on a segment of the Vitoria-Minas railway (Minas Gerais, Brazil) sometime in the mid-2000s. The track, which was constructed in the early 1900s, is responsible for approximately 40% of railway transport (by mass) in Brazil, with around 16 freight trains 13 daily [START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF]. The main objective of the research program was to evaluate the potential use of geosynthetics as reinforcement and separators in railways. It notably emphasized substituting part of the goodquality subballast material with a combination of mining waste and geosynthetic reinforcement. Thus six 25 m long experimental sections were constructed and monitored. Figure 2.13 illustrates the transverse and longitudinal cross-sections. The same ballast material was used in all test sections. Section 1 (the control section) was constructed using good quality subballast material, according to traditional practice. In sections 2 to 5, an alternative subballast material was used in conjunction with a knitted biaxial geogrid (30 mm apertures), in S2 and S3, or a non-woven geotextile, in S4 and S5. Finally, in section 6, the alternative subballast material was used without a geosynthetic layer. The geosynthetics were installed at the subballast-subgrade interface in S2 and S5, whereas they were installed at the ballast-subballast interface in S3 and S4. This configuration was implemented to investigate the influence of the geogrid position on the track's performance.

The alternative subballast material was a mixture of the local subgrade soil (silty sand), a fine mine waste (sandy silt), and the good quality subballast material used in section 1 (sandy gravel). Figure 2.14 shows the particle size distribution curves for the ballast, the good quality subballast and the alternative subballast. The interface friction angle (measured using a direct shear test) was 33° between the nonwoven geotextile and the subballast material; for the geogrid-subballast interface, it was 35° [START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF]. In situ tests, conducted after compacting the subgrade, yielded the results presented in Table 2.2. Unfortunately, the authors did not specify how the maximum dry density and degree of compaction were measured. Therefore, it is assumed that they used a gamma densitometer and compared their readings to a modified Proctor Test (NF P94-093). The elastic modulus was measured using a GeoGauge H414014 . These results show that S5 and S6 are more deformable than the rest; however, S6 is reasonably close to S2. Each section was monitored using special strain gauges (Cf. Figure 2.15) installed at the top and bottom of the ballast layer. Temperature and moisture content gauges were also installed in the ballast and subballast. In addition, Benkelman beam tests15 were carried out to measure the surface deflection of each section, using a truck with a rear axle load of 82kN (for the subballast) and a locomotive weighing 1600 kN with 200 kN/axle (for the complete track structure). Finally, a rain gauge meter allowed for precipitation measurements near each section.

In situ stiffness tests (using a GeoGauge H4140) and Benkelman beam tests were performed after constructing the subballast and yielded the results illustrated in Figure 2.16. One can notice that S2 has a stiffness close to S1 despite the lower subgrade stiffness and use of lower quality subballast. It also performed better than all the other sections where the alternative subballast was used, even considering the difference in subgrade stiffness. Furthermore, S2 presented the lowest deflection, performing even better than the control section. The authors hypothesize that these results are primarily attributable to heterogeneity of the constructed subballast and that Benkelman beam tests should be redone after the track was completed. The Benkelman beam tests performed on the complete track structure (using the locomotive) present a much narrower band of deflections between sections 1 to 5 (Cf. Figure 2.17), thus suggesting that all the geosynthetics have a marked influence. Except for S4, all the reinforced sections present a maximum close to or smaller than those obtained for S1. Unsurprisingly, S6 was the weakest section, and a comparison to S2 shows that the geogrid reduced deflection by nearly 65%. Other results showed that, in general, after 2 million load cycles (i.e. number of axles), the use of geosynthetics reduced the amount of strain in the subballast by about 40% (for horizontal strains) and 25% (for vertical strains), as measured using the apparatus shown in Figure 2.15. The geosynthetics also significantly reduced the amount of ballast breakage when placed at the ballast-subballast interface. However, the geotextile degraded very quickly under the abrasive loads of rail traffic (especially in S4). These results suggest that it is preferable to use a geogrid in subballast applications and couple it with a geotextile (placed beneath the geogrid) if separation/filtration functions are required. It would have been interesting if one of the test sections included a combination of a geogrid with a geotextile.

This case study provided a holistic view of the possible benefits of placing a geogrid at the subballastsubgrade interface. It makes it abundantly clear that this configuration effectively increases the bearing capacity and limits the settlement of the track structure, more so than when the geosynthetics are placed at the ballast-subballast interface. Furthermore, this configuration might be more durable because the geosynthetics are in a less abrasive environment.

Road Applications

As a complement to the previous section, it could be interesting to review a couple of case studies from other applications, including unpaved roads. These structures do not experience the same loads as railways, nor is their performance evaluated in the same way. However, their base courses are constructed using materials similar to granular subballast. Therefore, some of the qualitative conclusions from these applications could be applied to subballast applications.

In a study by the Transport and Road Research Laboratory (TRRL) of the United Kingdom's Department of Transport, various strength subgrades were covered with three different thickness ranges of a compacted crushed limestone subbase. The subgrades had CBR 16 values of 0.4, 1.6, and 4.9, while the subbase had a thickness of 110-220, 150-275, and 200-400 mm [START_REF] Chaddock | Deformation of Road Foundations with Geogrid Reinforcement[END_REF]. For each subgrade strength and subbase thickness combination, a geogrid was placed under half of the section (at the subbase-subgrade interface). The geogrid was positioned so that the reinforced and unreinforced halves could be trafficked simultaneously. The sections were then trafficked with a two-axle truck having its dual-wheel rear axle loaded to about 80 kN until 40 mm ruts were formed on the surface of the subbase. The study concluded that:

-The presence of a geogrid allowed for approximately 3.5 times more traffic before reaching the maximum rut depth for subgrade CBR values between 1.5 and 5. -On average, the presence of a geogrid could allow for a 50mm reduction in subbase thickness.

This reduction amounts to saving 12% to 45% of granular material. -Very little reinforcement of the subbase occurred on the weakest subgrade (0.4 CBR). This lack of improvement was apparently due to the migration of the clay subgrade up through the apertures in the geogrid, preventing geogrid-aggregate interlock. [START_REF] Chaddock | Deformation of Road Foundations with Geogrid Reinforcement[END_REF] points out that the reinforcement might have been more effective if some subbase material had been placed on the subgrade before installing the geogrid. In addition, the use of a separation filtration geotextile might have improved the results.

Dozens of similar studies have confirmed the utility of geogrids in reinforcing or stabilising unpaved roads. In 1985, a literature review led Bonaparte and Giroud [START_REF] Bonaparte | Soil Reinforcement Design Using Geotextiles and Geogrids[END_REF] to develop a design procedure, which was then expanded in 2004 (Giroud and Han 2004a;b). The Giroud-Han design equation is currently the most sophisticated design procedure for incorporating geosynthetics into roads. Unfortunately, this empirical approach cannot be transcribed to railways because it contains constants that have been calibrated using vehicular loads and performance criteria that are significantly different from those used in railways.

Despite this, one can still learn from efforts to improve the Giroud-Han equation. For example, a collaboration between the Montana Department of Transportation and Montana State University [START_REF] Cuelho | Geosynthetic subgrade stabilization -Field testing and design method calibration[END_REF] recently used performance data from full-scale field tests to calibrate the Giroud-Han design equation. These field tests studied the differences in performance of various geogrids under the same conditions (i.e. same subgrade strength and subbase thickness). It also included a few sections where the effects of a variation of subgrade strength could be observed. Ten geogrids and two geotextiles were tested, with the majority placed on a 1.79 CBR subgrade and 27.7 cm subbase. The alternate subgrades had 1.64 and 2.17 CBR, while the alternate subbases were 41.4 and 63.2cm thick. The sections were trafficked using a three-axle dump truck, with 620 kPa tire pressure, at 8 km/h until 75mm ruts developed. The study concluded that geogrid junction stiffness (in the transverse direction) was the primary factor determining performance. The second most crucial factor was tensile strength in the transverse direction. These characteristics are specific to each geogrid. No type of geogrid (punched-and-drawn, welded or woven) was markedly superior.

Conclusions Regarding In Situ Trials

The various case studies presented in this chapter have demonstrated the effectiveness of geogrids and geocomposites in several situations. The main conclusions with regard to rail applications are as follows.

When the track subgrade is moderately weak, placing an appropriate geogrid beneath (or within) the ballast layer helps increase the duration between maintenance operations. Effective interlocking reduces the ballast layer's lateral spreading and thus diminishes its settlement. It also lowers the stresses induced by traffic and reduces ballast breakage. However, it does nothing to increase the overall bearing capacity of the underlying soils. Ballast stabilising geogrids can easily be installed if ballast renewal uses conventional machinery instead of ballast cleaners. There should also be enough ballast thickness to avoid damaging the geogrid during tamping operations.

When the track subgrade is extremely weak, it becomes necessary to increase its bearing capacity. In this case, inserting a geogrid into the subballast layer is a viable solution. Here, the improvements are also accomplished through interlocking, but it has a more significant effect on bearing capacity because it increases the stiffness of the substructure. This increased stiffness allows subgrade reconstruction to be accomplished using fewer materials (thinner layers) or lower-quality materials.

It is thus the ideal solution in cases where the main objective is to lower construction times and costs.

It is also advantageous in cases where vertical space is limited, and the thickness of structural layers needs to be minimised (for example, tunnels or bridge underpasses).

In both applications, performance depends mainly on the geogrids' ability to effectively interlock with the surrounding granular materials and transfer transversal tension along its ribs. The literature suggests that the ratio between the geogrid aperture and the average grain size, the stiffness of the geogrid and its junction efficiency 17 are the physical and mechanical characteristics that have the most significant influence on these mechanisms. In addition, it is essential to ensure that the granular material retains a high friction angle by limiting fouling, especially in ballast. Thus, combining a geogrid with a separation/filtration geotextile is generally recommended.

Combining the insights gleaned from the literature review with knowledge of the preferred maintenance practices at SNCF Réseau, the technical objective of defining the field of use of geogrids within the RFN track structure can be achieved. On the RFN, most ballast renewal is performed using ballast cleaners. It is also standard policy to keep the ballast bed thickness as low as possible, generally around 200 mm. This limited ballast thickness puts the geogrids within reach of the tamping head for the first couple of tamping operations during reballasting. Hence positioning geogrids at the ballastsubballast interface could prove problematic during installation and maintenance.

Furthermore, the main problems the SNCF Réseau wishes to address concern track sections constructed on very weak subgrades where no amount of ballast maintenance has yielded satisfactory long-term results. These portions also often exhibit problems like mud pumping. In these cases, the substructure needs to be renewed, and adjacent drainage systems must be restored (or created). Simultaneously, the maintenance teams are constantly under pressure to complete renewal works quickly to avoid prolonged track closures. Therefore, SNCF Réseau's situation is perfect for applying subballast stabilising geogrids.

Hence, it was decided that the in situ trials conducted during the present study would focus exclusively on the installation and monitoring of geogrids in the subballast layer. The chosen monitoring scheme aims to replicate the results of the referenced case studies and confirm the effectiveness of different geogrids on the RFN. It was mainly inspired by the system designed for the Minimbah Bank Stage 1 Extension [START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF]. Hence the sites instrumented for the present work include measurements of:

-transverse strains on the geogrids to verify the transfer of tension during loading; -traffic-induced stress in the subballast and subgrade to try to determine how much a given geogrid reduces induced loads; -the temperature in the trackbed to correct any seasonal variations in performance and inform the selection of materials relative to their range of operating temperatures; -train axle loads, their velocity and loading frequencies.

Each site instrumentation is different to account for differences in site conditions and logistical challenges encountered during planning. The measurements listed above were complemented using novel methods developed at the University of Southampton, using MEMS accelerometers [START_REF] Pen | A model for the stochastic prediction of track support stiffness[END_REF]. The instrumented sites will be presented in the next chapter, along with their respective installation processes, the initial data and a proposal for their utilisation. 

Chapter 3. Implementation of In Situ Trails

Mise-en-oeuvre des Essais In Situ

Instrumented Sites

Since 2018, geogrids have been used more and more frequently on the RFN, despite the lack of indepth quantitative knowledge of the benefits that they could provide. This early deployment is authorised case by case by SNCF Réseau, based on knowledge gained from the literature review presented throughout the present document. This case-by-case approach ensures that proper materials are used and installed according to manufacturer recommendations. It also ensures that the work is approved using the appropriate geotechnical tests (bearing capacity and in-place density control). In addition, this allows for the compilation of a database of geogrid stabilised track sections, for which the technical characteristics and material properties are adequately documented. Site visits conducted during maintenance work also aided in understanding how to integrate geogrids into the standard process.

In theory, the performance of these geogrid stabilised sections could be monitored using track geometry measurements (taken by measurement trains) and routine maintenance reports. This monitoring method is appealing because it does not require additional measurements, and the data can easily be analysed. However, it poses three problems:

-Track geometry measurements are only performed twice a year on conventional (non-highspeed) lines. This cadence means that it could take years to be confident that the geogrid is being mobilised unless there is some dramatic failure. -Measurement train data is averaged over 200 m stretches. It is possible to retrieve the raw data (measured at 25 cm intervals). However, the position of these measurements is only accurate within a range of ± 200 m. Currently, most geogrid stabilised sections are between 50 m and 100 m long, which is well within the margin of error. -Most trackbed renewal work includes drainage cleaning (or creation) and the installation of a separation/filtration geotextile. Therefore, it would be difficult to confirm that the geogrid is responsible if any improvements were observed.

Hence, the decision to implement a more thorough monitoring scheme was inspired by some of the reviewed case studies, notably the Minimbah Bank Stage 1 Extension [START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF]. However, this type of monitoring cannot be deployed on many sites because it is prohibitively expensive. Therefore, two sites were chosen for this in-depth monitoring. The first site is equipped with a relatively simple system, fit for quasi-static measurements. The second site is equipped with a system that can detect oncoming trains and perform dynamic measurements.

Site 1 (Île-de-France)

The first site consists of a 30m stretch of track located in the greater Paris metropolis in Île-de-France.

The track carries 80,000 to 130,000 equivalent tonnes of daily traffic, mainly consisting of metropolitan passenger trains. Theoretically, the track can be circulated up to 90 km/h; in reality, an average of 30 km/h was measured since monitoring started. These low velocities are because the instrumented portion of the site is at the exit of a train station near a turnout (switch), so the trains do not have enough time to accelerate before reaching the monitored sections.

The site was instrumented during the renewal of approximately one kilometre of track and a scheduled replacement of several turnouts in September 2019. Preliminary investigations, which included dynamic penetration tests, revealed the presence of a weak subgrade composed of silty clay beneath the interlayer (layer consisting of a mixture of old ballast and subballast). The dynamic penetration tests were performed using a PANDA® 218 variable energy lightweight dynamic cone penetrometer produced by Sol Solution.

The replacement of the turnouts required scraping the interlayer, thus weakening the track structure.

The removal of the interlayer could have led to severe structural problems if nothing had been done to improve the subgrade's effective bearing capacity. However, the track is located on a bustling rail line, and it could not be out of service long enough to allow for a sufficient depth of standard subballast renewal. Thus it was suggested that the excavation depth be limited to 550 mm below the base of the sleepers. The new subballast would be 300 mm thick and be stabilised using a geogrid at the subballast-subgrade interface. There were no issues with drainage because the site is located on a small embankment. However, a separation/filtration geotextile was included beneath the geogrid to limit future risks.

The PANDA test consists in driving metallic rods into the track structure using an instrumented hammer. The system measures the amount of force applied by each blow and the corresponding displacement of the rod, as seen in Figure 3.1. It then uses these measurements to calculate tip resistance (Qd). Unfortunately, the actual results of the investigations are confidential, so they cannot be shown in the present document. However, a few dynamic penetration tests were performed near the instrumented site during the renewal works to serve as examples. Figure 3.2 shows the results of some of these tests.

The results are presented as a relation between tip resistance and depth below the ballast head. They are interpreted by first identifying the different layers of material based on the actual tip resistance and the variability of the values. For example, the ballast and interlayer exhibit highly variable tip resistance because they contain large solid particles that the tip can strike. Subgrade generally contains more fine particles, so the tip resistance varies more smoothly. These observations are complemented by endoscopic images taken during penetration [START_REF] Breul | Caractérisation endoscopique des milieux granulaires couplée à l'essai de pénétration[END_REF]. Tip resistance must be above given thresholds, depending on the site conditions and rail line 19 . In this case, a tip resistance of 20 MPa was considered insufficient. The preliminary investigation results were confirmed using a Light-Weight Deflectometer (LWD) to measure the subgrade modulus after excavation, as seen in Figure 3.3. More specifically, the LWD was a Minidyn TM from Rincent ND Technologies. The device consists of a 10 kg mass that can be dropped from a height of 1 m onto an aluminium plate with a 30 cm diameter. The plate is instrumented with a force sensor and a geophone; together, they measure the amount of stress applied to the soil and its corresponding displacement. Then a proprietary algorithm is used to calculate the soil's stiffness. This stiffness can then be converted to an equivalent Ev2 20 or Edyn2 21 or modulus. Note that the model of Minidyn TM that was used can only measure moduli between 10 and 80MPa (Rincent 2017). SNCF Réseau prefers to use the Ev2 modulus 22 . Therefore it will be the modulus mentioned for all instrumented sites. Any subgrade with an Ev2 modulus below 30 MPa is considered insufficient for track support on RFN main lines. In Figure 3.4, one can see that most of the measurements from Site 1 yielded a modulus lower than 30 MPa. Although the progression of site work did not allow for many modulus measurements, the general consistency of the subgrade (observed during site work) enables one to confidently assume that the entire instrumented site is built on weak silty clay. However, it should be noted that the subgrade is a bit heterogeneous. The site was selected for the first attempt at instrumentation because it provided an excellent combination of subgrade conditions and a location close to SNCF Réseau headquarters. However, it is surrounded by highly circulated tracks, and the renewal work was to be conducted on a tight schedule, so site access is complicated. Furthermore, the relatively low train velocities would not produce significant dynamic effects. Therefore, it was decided that the instrumentation should be limited to quasi-static measurements, which are less expensive to implement. This setup allowed us to take valuable, albeit incomplete, measurements and gain practical experience without wasting resources.

The knowledge and experience gained from instrumenting this site proved crucial for improving the design and installation of the second site.

Site 2 (Bourgogne-Franche-Comté)

The site comprises a 50 m stretch located on a line of the Bourgogne-Franche-Comté regional rail network, which carries a daily traffic of 3,500 to 7,000 equivalent tonnes, mainly consisting of regional passenger trains (Transport Express Régional, TER). It comprises two tracks that can be circulated up to 120 km/h, although a few trains have been measured at velocities as low as 20 km/h. The instrumented portion of the site runs parallel to the passenger platform of a small train station on one side (track 1) and a drainage ditch on the other side (track 2). Two trains stop at the train station daily, one in the morning and the other in the evening; all the others pass through at full velocity.

The site was instrumented in conjunction with some modernisation of the rail line during the first semester of 2020. Work started on the subballast in March 2020 but was delayed until May because of the first Covid19 lockdown, and traffic did not resume until August 2020. Preliminary investigations highlighted that several track sections presented drainage problems and weak subgrade consisting of silty sand with pockets of alluvial gravel (rolled gravel). Together, these issues led to mud pumping under traffic loads, thus provoking a rapid deterioration of track geometry. Renovating the superstructure without replacing the substructure could have worsened this situation. However, the renewal budget was insufficient for extensive excavation and subballast construction. Thus, the renewal team proposed to limit excavation to 600 mm below the base of the sleepers and stabilise the new subballast with a geogrid positioned at the subballast-subgrade interface. A separation/filtration geotextile was placed below the geogrid, and a new drainage system was constructed to eliminate mud pumping.

As for the previous site, the actual results of the preliminary investigations must remain confidential. However, the results of Minidyn TM tests23 performed on the subgrade (after excavation) are presented in Figure 3.5. Of the sixty tests performed, forty-five measured an Ev2 modulus below 30 MPa. These results confirm that, without improvement, the subgrade would have been unfit for track support.

Note that there were several abnormally high values (> 30 MPa), especially in the left part of the site. They were caused by pockets of gravel present in the subgrade. Excluding these values, the average Ev2 modulus is 23.9 MPa with a standard deviation of 4.8 MPa. In summary, Site 2 comprised a geogrid stabilised subballast built on a weak subgrade in an area prone to mud pumping with trains circulating at relatively high velocities. Overall this site provided an excellent opportunity to install a sophisticated system capable of detecting on-coming trains and taking dynamic measurements. It was also logistically less challenging than the first site because the work schedule was more flexible than Site 1. In addition, the tracks could be accessed directly from the passenger platform, leaving enough time to thoroughly measure the Ev2 modulus and install more sensors in the trackbed.

Instrumentation and Site Installation

As previously stated, each site was instrumented for a slightly different purpose. The first site is primarily used for quasi-static measurements, while the second performs dynamic measurements. However, they are both instrumented with essentially the same embedded sensors. Each site comprises :

-strain gauges used to measure transverse rib strain on the geogrids. These measurements help ascertain that the geogrids correctly interact with the adjacent subballast grains. Highresolution strain and high-precision strain gauges were selected knowing that geogrids generally operated at less than 2% elongation; -total pressure cells (TPC) used to measure stresses in the subgrade (below the geogrids) and the subballast (above the geogrids). If effective interlocking broadens the angle of load spread, these measurements should eventually be lower in geogrid stabilised sections. The TPCs include integrated thermocouples used to compensate for temperature variations; -temperature probes used to measure temperature variations on the geogrid. These measurements verify the operating temperatures in the subballast and compensate for temperature fluctuations. They were included knowing that the polymeric materials (i.e. geogrids) behave differently at different temperatures.

The specific characteristics of the sensors used for each site are summarised in Table 3.1. In addition, the exact placement of each type of sensor will be detailed in the following sub-sections. Instrumentation also includes sets of full-bridge strain gauges (called Pont-Q) used to measure traininduced strains on the rails. The Pont-Q measurements help to calculate axle loads using the known mechanical properties of the rail-sleeper system and a proprietary fitting algorithm developed by the SNCF Réseau track-side measurement division 24 .

Site 1 Installation

The monitored portion of Site 1 is divided into four instrumented cross-sections, labelled S1 to S4, as illustrated in Figure 3.6 (yellow sleepers). These instrumented cross-sections can be identified relative to a nearby kilometre marker. S1 is a control section with a geotextile and no geogrid, while the other three include the geogrid and geotextile at the subballast-subgrade interface. In addition, sensors were installed in various positions as follows:

-Nine strain gauges bonded to the transverse ribs of the geogrid and positioned, as shown in Figure 3.7. They are labelled DEFi_j, with "i" the cross-section number (1 to 4) and "j" the position relative to the track's central axis (ext, mid, int); -Two temperature probes placed between the geogrid ribs and positioned as shown in Figure 3.7. They are labelled PT100_1 and PT100_2;

-Five total pressure cells to measure soil stresses and positioned as shown in Figure 3.8. They are labelled TPC_iH or TPC_iB, with "H" in the subballast and "B" in the subgrade.

The strain gauges were set in positions where maximum and minimum stresses could be expected below the sleeper (Cf. Figure 1.4). Note that the TPCs were reused on Site 1 following the cancellation of a previous site. Therefore, they are not entirely adequate with regard to the orders of magnitude of our measurements. The sensor specifications are detailed in Table 3.1. The embedded sensors are connected to a CR-1000 25 data logger produced by Campbell Scientific. The data logger samples each sensor every ten minutes. Then, it calculates the hourly average obtained from each sensor (average of 6 samples) and saves this average in an American Standard Code for Information Interchange (ASCII) table. In addition, the data logger is linked to a 4G modem which enables remote access to the recorded data. Thus, the ASCII table is closed every day at midnight and sent to a server located at SNCF Réseau headquarters.

Finally, a pair of temporary Pont-Qs were installed down the track from S1 and connected to a CRONOSflex26 data logger produced by imc Test & Measurement GmbH. They were left in place for nine days following the instrumentation work to detect the passage of trains and measure their axle loads. These train detections helped analyse and interpret the first measurements recorded while maintenance work continued on the track above the instrumentation.

Due diligence ensured that the instrumentation work could adequately be integrated into the maintenance work. This due diligence necessitated three months of negotiation and planning with the maintenance engineers, construction companies, subcontractors and suppliers. The negotiated items notably included the exact position and length of the instrumented portion on the worksite, the control section, and the illustrative PANDA tests (Cf. sub-section 3.1.1). Ultimately, the site work proceeded as follows.

1. Before construction:

i) The sensors and other equipment were purchased, and then Doerler Mesures instrumented the geogrid in Vandoeuvre-lès-Nancy (54500, France); ii) All the equipment was delivered to an SNCF Réseau testing site in St-Ouen (93400, France), where the instrumentation was fully assembled and tested; iii) The instrumentation was disassembled and transported to Site 1, where it was positioned at the proper kilometre markers using a handcar; iv) The illustrative PANDA tests were performed during the intervals between train passages.

During construction:

i) The turnout and track superstructure were removed using specialised construction trains to expose the interlayer; ii) The exposed interlayer was excavated to 550 mm below the base of the sleepers to expose the subgrade; iii) The Pont-Qs were installed in the exposed subgrade while excavation continued down the track; iv) The exposed subgrade was levelled and compacted, then and Minidyn TM tests were performed to verify its stiffness; v) Trenches were dug to bury some of the TPCs in the subgrade while work continued down the track;

A separation/filtration geotextile was placed on the subgrade after all the TPCs had been buried (see vi) Table 3.2 for geotextile characteristics);

The instrumented geogrid was placed on top of the geotextile to cover sections S2 to S4, as shown in Figure 3.7 (Cf.

vii) Table 3.2 for geogrid characteristics); viii) The subballast was poured onto the geogrid, and the final TPC was positioned on a pre-compacted mound of subballast;

ix) The subballast was then compacted into a 300mm thick layer at 97% of the Modified Proctor Optimum27 value (Cf. Table 3.3 for subballast characteristics); x) Electrical work, data logger installation and programming were completed.

Meanwhile, the ballast bed and superstructure were constructed.

After construction:

i) The instrumentation was activated two days after constructing the track section; ii) After obtaining the first measurements, several modifications were made to the code running the station to ensure quality measurements; iii) The Pont-Qs were deactivated seven days after activating the embedded sensors.

Note that the effects of compacting the subballast and tamping the ballast could not be recorded. Therefore, it is presumed that all the geogrid ribs were already in tension when measurements started.

The instrumentation work was completed in mid-September 2019, while the track maintenance continued until October 2019. The observations made during and after installation provided valuable feedback used to improve the design and planning of Site 2. 

Site 2 Installation

Site 2 comprises two tracks. The first track (Track 1) includes two instrumented geogrids, a control section and TPCs embedded in the trackbed, while the second track (Track 2) includes four uninstrumented geogrids and two control sections. Like on the previous site, a separation/filtration geotextile was placed at the subballast-subgrade interface of all sections on both tracks. Both tracks also have permanent Pont-Qs installed at the entrance and exit of the monitored portions of the tracks, as shown in Figure 3.9. They detect oncoming trains, measure their axle loads and trigger data recording. The order in which they are triggered confirms the travel direction, and the time delay enables the calculation of travel velocity.

Track 1 is separated into three zones; GGR1, REF and GGR2. Each zone contains two or three instrumented cross-sections (yellow sleepers) that can be located relative to a nearby level crossing, as shown in Figure 3.9. The lengths of instrumented zones were chosen based on logistical constraints while considering that the load applied by a given axel is generally spread over five sleepers (Cf. Figure 1.3). Hence, a minimum spacing of 1.5 m was required on each side of each instrumented crosssection. This spacing ensures that the measurements of adjacent cross-sections do not overlap. Each zone contains the same types of sensors as those installed on Site 1. However, the strain gauges and TPCs have slightly different specifications (per the expected loads) and allow high-frequency sampling (Cf. Table 3.1). The details are as follows:

-Nine strain gauges are installed on each instrumented geogrid. They are positioned as shown in Figure 3.9. They are labelled GGRx_Sy_z with "x" the geogrid number (1 or 2), "y" the crosssection number (1 to 3), and "z" the position relative to the track's longitudinal axis (1 to 3). Each strain gauge is protected by a layer of resin sandwiched between two sheets of aluminium foil. Doerler Mesures designed this protection to have as little effect on the overall strain measurements as possible. -A temperature probe is placed on the geotextile at each instrumented cross-section. They are labelled PT100_GGRx or PT100_REFx. -TPCs are positioned in the subgrade or the subballast depending on the cross-section (Cf.

Figure 3.10). Two cross-sections have no TPC, two have a TPC only in the subgrade, and the other four have a TPC in both the subgrade and the subballast. They are labelled TPC_GGRx or TPC_REFx, indicating whether it is in the subballast or the subgrade. Each TPC is encased in a bed of fine sand to ensure proper stress distribution on its surface (Cf. Figure 3.11).

The instrumented geogrids are identical, except for their radial secant stiffnesses. These two geogrids were selected to study the influence of a geogrid's stiffness on its performance. The characteristics of the geosynthetics are summarised in Table 3.4.

All the sensors are connected to a CRONOSflex data logger equipped with a 4G modem to enable remote monitoring. The data logger is programmed to continuously samples each sensor at a rate of 2000Hz and store an hour's worth of data in its random access memory (RAM). It also continually monitors the Pont-Q measurements for train-induced strains (equivalent to at least 5 tonnes). When significant strains are detected, the data logger transcribes an interval of data to a table on its hard drive. This interval corresponds to a period starting three seconds before the first trigger (at the entrance of the monitored portion) and three seconds after the last trigger (at the exit of the monitored portion). Hence, each train passage is recorded in an individual table using a proprietary file format. Daily, all the tables are sent to a server at SNCF Réseau headquarters at midnight. As with the previous site, much preparation was required to ensure that the instrumentation work could be integrated into the actual maintenance work. This work amounts to six months of planning with the maintenance engineers, construction companies, subcontractors and suppliers. The site work proceeded much like it did on Site 1. However, the work schedule was less restrictive, so more detailed measurements could be included; notably, more Minidyn TM tests were performed (Cf. Figure 3.5).

The subballast has the same physical and mechanical characteristics as the one used on Site 1 (Cf. Table 3.3). However, the subballast was compacted into a 350 mm layer at 97 to 100% of the Modified Proctor Optimum value. This level of compaction was achieved by laying the subballast in two passes of 200mm and 150mm each.

All the sensors were buried in Track 1 in March 2020. However, the maintenance work was halted immediately after burying the sensors to comply with the lockdowns and restrictions imposed during the first stages of the Covid19 pandemic. The ballast bed and superstructure were installed on Track 1 after restrictions were eased in May 2020. Track 2 was fully disassembled and reconstructed in May 2020 but did not include embedded instrumentation. It is used for the MEMS measurements described in sub-section 3.2.3. The maintenance work was fully completed by August 2020, and traffic resumed on the line. A few test measurements were performed when the line reopened. Unfortunately, a series of malfunctions made it impossible to record train data correctly until November 2020.

MEMS (Micro-Electro-Mechanical Systems) Measurements

The instrumentation presented in sub-sections 3.2.1 and 3.2.2 is robust, extensive and valuable for understanding the effects of geogrids in subballast. However, this type of instrumentation is complicated and costly to install. Hence, it could not be repeated on enough sites to include the variety of site configurations and available geogrids. Also, the end goal for SNCF Réseau is to understand how the inserting of a geogrid improves the entire track system. Thus another form of instrumentation was required. Micro-Electro-Mechanical Systems (MEMS) measurements were chosen after discussing with Prof. William Powrie from the Infrastructure Research Group of the University of Southampton.

The MEMS measurements are performed using accelerometers, as shown in Figure 3.14. MEMS accelerometers are tiny sensors that can measure acceleration in three dimensions. The accelerometers used in this study are X2-529 USB Accelerometer Data loggers produced by Gulf Coast Data Concepts, configured to operate within a ± 8g range and continuously record data at 500Hz. They are packaged into a battery-powered USB flash drive; thus, they have self-logging capabilities, making them easy to deploy for short-term site measurement. Fifty accelerometers were used in the present study, and they were slotted into brackets (glued to sleeper surfaces) positioned on each monitored site, as illustrated in Figure 3.13 The acceleration records for individual sleeper movements can be interpreted using the beam on an elastic foundation model [START_REF] Timoshenko | Methods of analysis of statical and dynamical stresses in rails[END_REF] to evaluate track support stiffness as per the methodology developed by Le Pen et al. [START_REF] Pen | Evaluating railway track support stiffness from trackside measurements in the absence of wheel load data[END_REF][START_REF] Pen | A model for the stochastic prediction of track support stiffness[END_REF]. Louis Le Pen and David Milne interpreted the initial measurements for ongoing research collaboration between the University of Southampton and SNCF Réseau. The work has not progressed enough to be further detailed in the present document. However, some of its preliminary results will be presented to complement the embedded measurement results.

Data Processing and Analysis

Together, both sites produce approximately 10 Gigabytes of data each month. This data arrives on the server in tables containing electrical voltage and current values, which must be pre-processed, converted and filtered. All data recorded using the CRONOSflex data logger are first converted into ASCII tables using a proprietary tool kit provided by imc Test & Measurement GmbH. Overall, the data is processed and analysed as follows:

1. raw data is downloaded from each instrumented site at midnight daily; 2. the data from Site 2 was unpackaged from imc's proprietary format (Cf. sub-section 3.1.2) into ASCII tables to match the data from Site 1; 3. each sensor's data is converted from an electrical voltage or current to the corresponding values in kN, kPa, µm/m or degrees Celsius; 4. the converted data is filtered using a Butterworth filter to eliminate any signal above a determined cut-off frequency for each sensor type; 5. both the filtered and unfiltered data are saved into comma-separated values (CSV) files to ensure that they can easily be accessed using any standard software; 6. the signals are synchronised, then maxima and minima are extracted for each train (from each sensor) to construct a long-term overview of the site behaviour; 7. the CSV files are accessed via Python scripts and used for visualisation or statistical analysis.

The Butterworth filter is a signal processing filter designed to have a maximally flat frequency response in the passband. They are called maximally flat filters because, for a given order, they have the sharpest roll-off possible without inducing peaking in the Bode plot [START_REF] Ellis | Control System Design Guide (Fourth Edition)[END_REF]. First, the frequency range is determined for each type of sensor using the Short-Term Fourier Transform. Then, the central frequency is set as the cut-off frequency for the Butterworth filter; this study used 25 Hz for strain gauges, 40 Hz for TPCs, and 100 Hz for Pont-Qs.

Pham, a Data Science graduate, automated steps 1 to 6 of the process during his final year internship with SNCF Réseau [START_REF] Pham | Amélioration des Plateformes Ferroviaires par Géogrilles Traitement et Analyse de Données Issues des Sites Instrumentés[END_REF]. The rest of the process will be automated based on the results presented in the current document. In the future, modules can be added to the main script to update visualisation options and analysis types.

Results and Discussion

The present section summarizes the observations based on the available embedded sensor data in mid-October 2021. Each site continues to transmit data daily. However, the site conditions have not changed enough for additional data to provide added insight at this stage of analysis. Therefore, the cumulative (for Site 1) and dynamic (for Site 2) behaviours will be presented with a preliminary analysis of their implications. Considering that the benefits of using geogrids are expected to become apparent over the long term, the discussion will primarily be centred around the current state of the monitoring system and future possibilities.

Finally, the embedded sensor data analysis will be complemented by results from an initial interpretation of MEMS measurements (as dynamic sleeper deflections); provided by David Milne and the Infrastructure Research Group of the University of Southampton.

Cumulative and Seasonal Behaviour

The sensors on Site 1 were activated in September 2019 after tamping and installation of the track superstructure (ballast, rail and sleeper assembly). Hence, the recordings do not include the effect of track construction or the initial loading applied by construction equipment. However, the recordings provide insight into the seasonal behaviour of the embedded geogrid and allow one to draw some qualitative conclusions.

The first observation is that since the first recordings, the geogrid has experienced a net contraction (positive strain, according to the geotechnical convention), as shown in Figure 3.15. These strains have reached a plateau at very low values, around 4µm/m for S2 and 1 µm/m for S3 and S4. It is suspected that strains are higher at S2 because it is closest to the edge of the renovated area.

Secondly, the recorded strains result mainly from temperature fluctuations, with thermal contraction compensating for any cumulative extension caused by train loads. This influence is apparent when comparing the temperatures to the strains plotted in Figure 3.15. The seasonal variations are clearer if the strain is plotted against temperature. An example of the seasonal breakdown and its total result is shown, for DEF3_ext, in Figure 3.16. This figure clearly illustrates how the geogrid contracts when the temperature drops and dilates when the temperature rises. This behaviour is the same in all other sections. The thermal sensitivity of the geogrid will be analysed in the lab for both unconstrained geogrids (in the air) and geogrids confined in subballast material. This analysis, coupled with the recorded strain measurements, will facilitate the extraction of the strains that result from mechanical stresses. Thus, providing a better understanding of stress-strain behaviour.

Finally, soil stresses align with expectations, with the upper total pressure cell (TPC_2H) bearing less stress than the others (Cf. Figure 3.17). However, the total pressure cells were initially intended for another site, so their precision is not ideal for identifying changes in the current installation. Despite this, they will be useful for detecting any large shifts within the trackbed over the long term. Not much else can be said concerning Site 1 at present. Over the long term, the monitoring of this site is expected to provide insight into the creep behaviour of the installed geogrid. However, this is not expected to manifest for several years. [START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF] did not observe any creep effects in a similar application over five years. The instrumentation is designed for ten years of service life; therefore, continued observation will provide a definitive conclusion. In the meantime, several punctual campaigns are planned to measure the dynamic behaviour on-site at least once a year.

Dynamic Behaviour

The data presented in the present sub-section illustrates dynamic behaviour at each train's passage on Site 2. Most recordings correspond to passenger train circulation; at velocities between 115 and 120 km/h. These trains have been identified as Bombardier Class B 81500 trains with two locomotives and four passenger cars, as illustrated in Figure 3.18. The figure also shows the most common load profile for these trains. All the data presented in this sub-section come from trains with loads in this range, ±5 kN.

Note that geotechnical convention is used. Thus, positive values represent compression/contraction, while negative values represent traction/extension in all figures. 

Strain measurements

The first observation concerning the strain measurements is that the unfiltered signals were initially extremely noisy. Then they stabilised during the first three months of circulation, as shown in Figure 3.19. An early hypothesis stated that this could result from increased water content in the subballast because the first measurements were recorded after a significant dry spell, which could have hindered proper packing of the subballast, thus amplifying dynamic effects. However, such high amounts of noise have not been recorded since then. Therefore, this phenomenon can be attributed to grain rearrangement in the subballast layer and the initialisation of proper interlocking. The period also matches previously reported time frames for stabilisation [START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF][START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF]). However, they did not report the gross tonnage of traffic during this period, so it should only be considered a general indication. Applying this filtering to all the strains measured for a given train produces the strain profiles presented in Figure 3.21. One notices that the magnitudes of the strains vary more significantly between different sections of the same geogrid than they do between the two geogrids. The transient strains vary between 200 to 600 µm/m for both geogrids. The variation in strain magnitude is probably a result of the variation of the Ev2 modulus of the subgrade. There are smaller strains in the sections located above the stiffest areas; 37 MPa near GGR1_S2 and 28 MPa near GGR1 (Cf. Figure 3.5 for Ev2 moduli). However, this assumption is not as straightforward as it might seem. The effect of the Ev2 modulus must be combined with the heterogeneity of the subballast material (which contains many large grains) and the effect of adjacent train bogies on the soil loads. More insight could be gained by conducting a parametric study using subgrades with various strengths while modifying the confining stress for each subgrade. The following figures will use gauge positions GGR1_S3_3 and GGR2_S3_3 to represent the strains in GGR1 and GGR2, respectively. This choice was made because these two sections presented the most consistent and comparable trends. However, the representative gauge positions could change with further understanding. Over time, the transient strains diminish, as shown in Figure 3.22. While the reduction in transient strain is noticeable in both geogrids (by approximately 100 µm/m for GGR1 and 200 µm/m for GGR2), GGR1 has a markedly greater effect on damping the peak strains produced by each axle. Indeed, the GGR1 strains evolve from two prominent peaks per bogie (one for each axle) in the earliest recordings to a plateau in the last recording. This flattening of its peaks could indicate that loads are now being spread more evenly in the subballast. It is not surprising that this phenomenon is observed in GGR1 but not in GGR2 because GGR1 is stiffer than GGR2. Both geogrids are expected to eventually reach a stable condition, where transient strains will remain consistent until the geogrids begin to experience creep failure. However, the geogrids are well supported and function at small strains, so there is little reason to fear creep in this application. The instrumentation is designed for ten years of service life; therefore, continued observation will provide a definitive conclusion on this topic. Figure 1.4), one would expect all the profiles to resemble the December 2020 profile of GGR1. The maximum tension should be at the rail seats, and the minimum tension should be in the central axis. However, later recordings exhibit the maximum tension in the central axis, and the minimum tension is 538 mm outward (towards the rail seat). One could assume that all the profiles started similar to the theoretical expectation and then evolved into their current and seemingly final state. If true, this would confirm that both geogrids provoke a modification of stress distribution in the subballast. However, the lack of complete data before mid-November 2020 makes it difficult to confirm this for GGR2. Laboratory observations could shed some light on this strain distribution. 

Stress measurements

The stresses applied to the subballast and subgrade are presented in the following figures. These stresses correspond to the trains used for all the figures presented in paragraph 3.4.2.1. Note that the stresses are specifically the surcharges applied by the train's axles and that the signals are smoothed using the Butterworth filter. This adjustment of the stress values simplifies the interpretations of the measurement and will facilitate statistical analysis. Tables [START_REF] Giroud | Tables pour le calcul des fondations[END_REF]) indicated that one should expect approximately 50 kPa of stress in the subballast layer under a 150 kN axle. Of course, the magnitude of this stress depends on the stiffness of the underlying subgrade. Stiffer subgrades produce larger magnitudes of stress. This phenomenon is confirmed in the control sections, with larger subballast stress in REF1 on a stiffer subgrade (56 kPa stress on 30 MPa subgrade) than REF2 on a softer subgrade (38 kPa stress on 17 MPa subgrade). As for the geogrid stabilised sections, GGR1 has a stress response of 36 kPa on 21 MPa subgrade, and GGR2 has 50 kPa on 24 MPa. A similar analysis can be extended to the stress in the subgrade, where 35 kPa was expected. The values indicate that GGR1 produces a noticeable change in the relation and GGR2 does not. However, the exact stress-stiffness relationship is not yet clear for this track configuration. This ambiguity could be clarified with further analysis of train data coupled with a parametric study. A more interesting exercise consists of singling out a bogie and analysing the stresses that it induces in each section. The subballast stress was expected to remain stable in the geogrid stabilised sections and increase in the control sections. This expectation was based on the assumption that effective interlocking had been achieved by December 2020 and that both geogrids would be effective 31 . It has proven true for the control sections but untrue for the others. The subballast stress has decreased for GGR1 and increased for GGR2. The subballast stiffens and diverts some stress away from the TPC as interlocking develops as interface interactions develop. The decreased stress in GGR1 indicates that effective interlocking takes more time than expected. The length of this process might warrant more thorough compacting during subballast construction. The increased stress in GGR2 could indicate that this geogrid does not increase the subballast stiffness enough; thus, stress is concentrated on the TPC. If confirmed, this observation could help determine a minimum required stiffness for geogrids on the RFN.

The subgrade stress was expected to behave similarly to the subballast stress, i.e. stability in the geogrid stabilised sections and increase in the control sections. Surprisingly, the geogrids do not seem to affect subgrade stress evolution. GGR1 and REF1 exhibit stress reduction, while GGR2 and REF2 exhibit no change. If anything, the difference seems to result from the subgrade's initial stiffness. Indeed, GGR1 and REF1 are on the stiffer half of the site, while GGR2 and REF2 are on the softer half.

The subgrade stress reduction in GGR1 and REF1 could be explained similarly to the subballast stress reduction in GGR1, i.e. stiffening of the surrounding soil, albeit to a smaller extent. On the other hand, the stability of the subgrade stress in GGR2 and REF2 is perplexing.

As for the absolute values of subgrade stress, the observations are even more perplexing. Remember that the subgrade of GGR1, REF1, REF2 and GGR2 had initial Ev2 values of 21, 30, 17 and 24 MPa. Also, stiffer subgrades produce larger stress responses to a given load [START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF]. For simplicity, one could assume a linear relationship between Ev2 and subgrade stress and interpolate between the Ev2 values of REF1 and REF2. Hence, if the geogrids do not modify subgrade stress, one could expect stresses of 29 to 30 kPa at GGR1 and GGR2. As of October 2021, the actual responses are 26 kPa for GGR1 and 40 kPa for GGR2. This simplified analysis shows that the results are inconclusive for GGR1 and counterintuitive for GGR2. One cannot exclude the possibility of an abnormal localised stress concentration on the TPC located beneath GGR2. Thus, this data merits further analysis for various trains and axle loads.

To further compare the behaviour between the various zones, the ratio of stress measured in the subgrade relative to the stress measured in the subballast (transfer ratio, equation (3.1) was calculated using the peak stress measured for each train. This stress transfer ratio for each zone was then plotted against the corresponding axle loads, as shown in Figure 3.27. Note that this analysis required the inclusion of all recorded trains. There are three distinct clusters on each graph; the two clusters with axle loads below 160kN are passenger trains (mostly B 81500 trains), and the rest are freight trains.

The weighted averages (aka centroids) of the larger passenger and freight clusters are identified in Figure 3.27 using triangular markers. These values are summarised in Table 3.5.

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 = 𝑇𝑃𝐶 𝑆𝑢𝑏𝑔𝑟𝑎𝑑𝑒 𝑇𝑃𝐶 𝑆𝑢𝑏𝑏𝑎𝑙𝑙𝑎𝑠𝑡

(3.1) Overall, the transfer ratios for GGR1 validate expectations based on the mechanisms described by [START_REF] Perkins | Geosynthetic reinforcement of flexible pavements: laboratory based pavement test sections[END_REF] 32 , who stipulated that the confinement of the aggregate will result in a reduction in the vertical stress above the geogrid. Thus, it results in a higher value for the transfer ratio. On the other hand, GGR2 has a similar transfer ratio to REF1 (which has a similar subgrade Ev2). It is also interesting that, unlike the other zones, the transfer ratio for GGR2 significantly increases for the larger axle loads (Cf. Table 3.5). There seems to be a threshold above which GGR2 is mobilised, meaning that GGR2 may not be stiff enough to be mobilised at small strains. This drawback would limit its utility in locations like Site 2, where most traffic is composed of "light" trains. The transfer ratio encompasses several interacting variables, including the axle load, the subgrade Ev2 and the subballast to subgrade Ev2 ratio (which can be a function of geogrid efficiency). More analysis is required to detangle the relationships between these variables and possibly find a better performance indicator. The final step in comparing the different zones involved plotting the distribution of peak stresses measured in the subgrade at each point. Figure 3.28 presents this distribution for a sample of nearly 2000 trains. One can make two important observations. First, the modal values of peak stress overlap for the points below GGR1 and are quite distinct for the points below the other sections, despite a greater variability of Ev2 modulus below GGR1. Second, the stresses follow a normal distribution; thus, the first observation can be validated using a paired t-test.

The paired t-test is a statistical procedure used to determine whether the mean difference between two sets of observations is zero, i.e. the null hypothesis. In the present case, the pairs are the stress measurements for each monitored zone (GGR1, REF and GGR2). Thus the measurements from GGR1_S2 were compared to those from GGR1_S3 and so on for each train included in the sample. These pairs are illustrated in Figure 3.29. Statistical significance is determined by calculating the pvalue, which gives the probability of observing the test results under the null hypothesis. p-values greater than 0.050, 0.025 and 0.010 were used to validate the null hypothesis. A detailed explanation of the t-test and its procedure can be found in Applied Statistics and Probability for Engineers [START_REF] Montgomery | Applied Statistics and Probability for Engineers[END_REF] or any other engineering statistics textbook. The t-test was thus performed on each train in each zone. If the two sets of stress measurements in the subgrade are statistically the same (i.e. the p-value is greater than the prescribed limit), the null hypothesis was valid. The percentage of trains for which the null hypothesis was validated is summarised in Table 3.6. The results show that no matter the considered p-value, the percentage of cases with a valid null hypothesis is highest for GGR1, followed by GGR2, then REF. This result confirms that the geogrids improve the stress distribution. GGR1 provides the best stress distribution and, despite previously stated apprehensions, GGR2 also provides an improvement.

Note that, even in the best-case scenario, the percentage of cases where the geogrids are shown to improve stress distribution is relatively low. This lacklustre result was expected because the test was performed without segmenting the data (e.g. before and after effective interlocking) or considering any of the many factors that could influence stress distribution (subgrade Ev2 modulus, water content, etc.). Theoretically, the confinement provided by the interlocking of the subballast grains in the geogrid openings will reduce lateral spreading, increase the effective contacts between subballast grains and broaden the angle of load spread. Therefore, the most likely benefit provided by the geogrid will be the reduction of differential settlement and consequently delay the apparition of track misalignments over the long term. Thus, one should not be in a rush to observe a significant and definitive improvement. Initial MEMS measurements performed on both sites seem to support the hypotheses presented in the previous sections. Interpretations of the measured accelerations allow one to derive values for the dynamic deflections of individual sleepers.

Figure 3.30 presents the deflections for Site 1. The deflections are fairly homogeneous in the sections containing the geogrid (sleepers 1 to 34). This homogeneity is remarkable when the heterogeneous nature of the underlying trackbed is considered (Cf. Figure 3.4 for Ev2 values). Therefore, it can likely be attributed to the stabilising effect of the geogrid. This assumption is further corroborated by increased variability of deflections in the control section (sleepers 35 to 39). The difference in deflection between the left and right sides could be linked to the difference in measured Ev2; 17 and 23 MPa, respectively. The final section (sleepers 46 to 50) was not disturbed during site work because prior investigations showed that it is on strong track support. Therefore, the low deflections are not surprising. The deflections on Site 2 are presented in Figure 3.31 (Track 1) and Figure 3.32 (Track 2). Track 1 is near a passenger platform which causes enginemen to brake while circulating on the site. Braking produces vibrations which increase the variability of deflection measurements. This variability is visible in all the measurements except those clustered around sleeper 50. This area corresponds to the track section that contains GGR1. Therefore, one could reasonably assume that the inclusion of GGR1 reduces dynamic effects on the sleepers, considering previous studies had observed a reduction in the dynamic amplification factor (DAF) when geogrids were included in the track structure [START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF]. A similar observation can be made on Track 2. The first control section (sleepers 1 to 9) exhibits more variability than the others. However, the second control section (sleepers 54 to 60) exhibits similar behaviour to the geogrid stabilised sections. This outlier could be explained because the subgrade is significantly stiffer below the second control section (36 MPa) compared to the first control section (20 MPa).

Further interpretation and analysis of these measurements could aid in simplifying the monitoring of geogrid performance. Consequently, it would allow for a larger-scale deployment of geogrid and pseudo-parametric studies in operating conditions. 

Conclusions Regarding Site Monitoring

Overall, both site installations are a success. The instrumentation was adequately integrated into the planning and execution of renovation work on both sites, which fostered proper conditions for efficient installation. A preliminary analysis of available measurements has confirmed that the monitoring system is fully operational and that none of the embedded sensors was damaged after two years of service. This rate of sensor survival is remarkable, considering the difficulties of instrumentation in operating conditions. Some studies report losses of up to 18% of the instruments in test sections despite controlled conditions [START_REF] Warren | Sensor selection, installation, and survivability in a geosynthetic-reinforced flexible pavement[END_REF]. This knowledge motivated the installation of backup units for all the strain gauges and temperature probes. Fortunately, they have not been needed to date.

Pre-processing has been fully automated to facilitate data management. The pre-processing script handles format conversions, data labelling, signal filtering and synchronisation. Thus the precision and reliability of the dataset are ensured. The clean data can then be visualised and analysed using various statistical methods. So far, the analysis has revealed that the instrumented geogrids are both being mobilised during train passages. Each geogrid's stiffness is an important factor in determining its performance, and GGR1 (the stiffer geogrid) seems to be the only one performing as expected. GGR2 appears to be effective only under the highest loads, possibly indicating that it is unsuitable for typical RFN applications. MEMS measurements also suggest that most geogrids reduce the variability of sleeper deflections. In sum, the system is behaving as expected despite a few outliers.

Many of these outliers can be attributed to the inherent randomness caused by many uncontrolled parameters encountered during fieldwork. These parameters include variations in subgrade stiffness, the heterogeneity of the subballast material, localized differences during compacting and tamping, dynamic effects induced by moving trains and changing track support. Monitoring other sites with similar subgrade characteristics over longer stretches would be useful. These longer sites would provide relevant reference points, which could be used to determine the impact of some of the factors mentioned above. However, this type of installation is logistically complex and financially onerous. Thus some of the comparisons will have to be approximated using the physical model developed in the laboratory.

Presently, it is most curial to clarify the understanding of the monitored sites by pinpointing the main causes of each abnormality. This clarification could be achieved by better understanding the geogrid materials (polypropylene, polyester, etc.), notably their creep behaviour and temperature's effect on their performance. Work will soon start on these material aspects. Data analysis could also be improved by adequately segmenting the dataset and running it through several regression models. Therefore, further work is underway to analyse the data and identify the most relevant performance indicators. Over the next few years, continued data acquisition and analysis should provide enough insight into how each geogrid is mobilised under traffic loads and compare the instrumented geogrids' performance. This knowledge could then fuel the development of MEMS interpretation and facilitate the monitoring of un-instrumented geogrids. Eventually, there will be enough high-quality data to implement reliable numerical models. 

Chapter 4. Laboratory Research into Geogrid Applications

Etudes en Laboratoire Concernant l'Utilisation des Géogrilles

Introduction to Laboratory Experiments

It has already been established that geogrids have widely been used to construct stable subgrade foundations and to provide a working platform for construction over weak soils. The utility of geogrids in improving trackbeds is no longer a question. Thus, the focus must turn to understanding how this improvement is produced and identifying the factors that affect it. The best way to go about this is through parametric testing in controlled conditions (i.e. laboratory conditions) because they are cheaper and can be executed faster than in situ trials. When it comes to studying geogrids, this testing usually takes one of two forms:

-loading tests on physical models that aim to replicate a geogrid reinforced/stabilised system and measure its reaction to different loading scenarios; -direct shear tests and pullout tests that can simulate the interface interactions between a geogrid and adjacent aggregates.

A review of research based on these testing methods into geogrid applications (for railways, roads and other working platforms) provides a good understanding of how geogrid performance can be measured and assessed. Although these studies have some drawbacks related to their inability to replicate operating conditions fully, they describe the functional concepts well enough to be helpful in engineering practice.

This chapter will delve into some of the most prominent studies and use their insights to explain the mechanisms that govern the functioning of geogrids in granular materials. Then try to understand the extent to which given parameters could affect the efficiency of geogrids in railway subballast. The chapter will be subdivided as follows:

-first, the mechanisms by which geogrids improve adjacent soils, as observed during some early laboratory tests, will be explained; -then, the main parameters that are considered during the various types of laboratory tests will be described; -finally, the factors affecting geogrid performance will be examined.

Note that most studies mentioned in the present chapter aim to reproduce actual working conditions and measurements accurately. Therefore, they rely on physical measurements using a combination of load cells, pressure sensors, strain gauges and Linear Variable Differential Transformers (LVDT).

Finally, the chapter will summarise the acquired knowledge and its implications for designing and implementing a laboratory testing protocol for geogrids destined to be used on the RFN.

Geogrid Improvement Mechanisms

As stated in sub-section 1.3.2, geogrids can be used to improve trackbeds in one of two ways. First, when inserted within a ballast layer or at the ballast-subballast interface, as shown in Figure 1.10(a), the primary benefit is the extension of the maintenance cycle. When inserted within the subballast or at the subballast-subgrade interface, as shown in Figure 1.10(b), the primary purpose of the geogrids is to increase the effective bearing capacity of an underlying soft subgrade. In both cases, the improvements observed have historically been attributed to the mechanism of lateral restraint resulting from the interlocking of granular materials in the geogrid apertures [START_REF] Carroll | Specifying Geogrids[END_REF][START_REF] Haas | Geogrid reinforcement of granular bases in flexible pavements[END_REF][START_REF] Jewell | Interaction between soil and geogrids[END_REF][START_REF] Love | Model Testing of Geogrids in Unpaved Roads[END_REF].

When an unbound granular base (subballast, road subbase, working platform, etc.) is loaded by vehicular traffic, it reacts as follows :

1. the loads applied to the surface provoke a lateral spreading of the granular base as it tries to dissipate the loads, 2. horizontal tensile strains develop below the applied loads as the granular base spreads outward, 3. permanent vertical strains (settlement) develop as the tensile strains intensify.

Thus it is logical to assume that a geosynthetic improves the granular base by combating lateral spread. However, the process is more nuanced than it seems, especially when the geosynthetic is a geogrid 35 . A comprehensive description of this phenomenon comes from Perkins, who suggested that the improvement, and its associated mechanisms, be defined around a shear-resisting interface [START_REF] Perkins | Geosynthetic reinforcement of flexible pavements: laboratory based pavement test sections[END_REF]. Hence he proposes describing the improvement through four separate mechanisms, as illustrated in Figure 1.11. These mechanisms are :

1. the development of shear interactions between the granular material and the geogrid, 2. an increase in lateral stress within the granular base which leads to an increase in its effective stiffness, 3. improved vertical stress distribution in the subgrade, 4. a reduction of shear stress on the surface of the subgrade.

The following paragraphs will briefly describe these mechanisms and explain how they have been mobilised and measured in laboratory tests. Note that many references will concern ballast and road applications because that is where these phenomena are most frequently studied. However, the physical principles remain the same in subballast applications.

Geogrid-Aggregate Shear Interaction

This first mechanism is directly responsible for reducing the lateral spreading of a granular base. Shear interactions develop between the geogrid and the aggregate as the granular base attempts to spread laterally. As a result, tensile strain increases in the geogrid ribs as lateral loads are transmitted to the geogrid from the aggregate. The relatively high stiffness of the geogrid confines the adjacent aggregates and thus slows the development of tensile strain in the granular base.

Early on, this concept was observed by measuring geogrid strains during model loading tests for road applications [START_REF] Haas | Geogrid reinforcement of granular bases in flexible pavements[END_REF][START_REF] Miura | Polymer grid reinforced pavement on soft clay grounds[END_REF]). Some of their results are presented in Figure 4.1 and Figure 4.2. These early tests showed that the geogrid-aggregate interaction is limited to a radius around the point of load application that depends on many interdependent factors.

Lateral Stress Development

The lateral confinement of the base aggregates by the geogrid leads to an increase in lateral stress within the granular base and an increase in the mean effective stress. Granular materials generally exhibit a positive correlation between their Young's modulus and confining stress. Thus the presence of the geogrid results in increased stiffness of the granular base. However, this behaviour is generally limited to a more or less small area around the point of load application, depending on the thickness of the granular base [START_REF] Sun | Radial stresses and resilient deformations of geogrid-stabilized unpaved roads under cyclic plate loading tests[END_REF].

This increase in stiffness can be measured using footing penetration tests [START_REF] Love | Analytical and model studies of reinforcement of a layer of granular fill on a soft clay subgrade[END_REF], dropweight impact tests [START_REF] Ngo | Improved Performance of Rail Track Substructure Using Synthetic Inclusions: Experimental and Numerical Investigations[END_REF], or any other measure of deformation resulting from an applied load. The testing method must use a load that transfers enough energy to mobilise lateral tension within the geogrid [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]). 

Vertical Stress Distribution

Due to the geogrid, the stiffening of the granular base has a domino effect on the vertical stress on the underlying subgrade. This increased stiffness results in an increase in the number of effective contacts between aggregates and a consequent broadening of the angle of load spread. Therefore the magnitude of vertical stress applied to the subgrade should decrease [START_REF] Gabr | A study of stress distribution in geogrid-reinforced sand[END_REF]. This diminished and more broadly distributed stress should result in smaller and more uniform settlements on the surface of the subgrade.

This mechanism can be measured in model loading tests like those performed by [START_REF] Haas | Geogrid reinforcement of granular bases in flexible pavements[END_REF] or [START_REF] Shin | Stress distribution in reclaimed land under a geogrid-reinforced granular pad[END_REF]. However, few tests went as far as quantifying the change of the angle of load spread (especially in transport applications). Shin proposed an approach for determining this angle change based on load tests conducted on reclaimed land [START_REF] Shin | Stress distribution in reclaimed land under a geogrid-reinforced granular pad[END_REF]. The test configuration is illustrated in 

Subgrade Shear reduction

The final mechanism is the reduction of shear stress on the surface of the subgrade. It is the consequence of a reduction in lateral strain on the surface of the subgrade, as explained in sub-section 4.2.1. Less shear stress, coupled with less vertical stress, results in a less severe state of loading, leading to lower vertical strains in the subgrade. For road applications with cyclic loading, this was first measured by Perkins during model loading tests, as illustrated in 

Parameters of Laboratory Tests

The following sub-sections will discuss the use of model loading tests and interface interaction tests in understanding the performance of granular layers that have been improved with geosynthetics.

Most studies mentioned in the present chapter were conducted at full scale with actual geosynthetics.

Thus their observations can reliably be transposed to the work done for this PhD.

Note that most model loading tests are performed without clamping or anchoring the geosynthetics, whereas most interface interaction tests require some form of clamping. Depending on the application, clamping can lead to overestimating a geosynthetics performance. Subgrade stabilisation is one such application because it rarely involves large strains, and the geosynthetics are usually anchored only by the weight of the overlying soil. Therefore the interface interaction tests are included only to complement the modelling loading tests.

Model Loading Tests

More often than not, laboratory testing of geogrids for transport applications takes the form of model structures in rigid tanks of varying sizes. Depending on the application, these structures can be composed of several layers of natural or analogous materials representing subgrade, subballast, ballast, rail-sleeper assemblies or even asphalt [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Horton | Rail Trackbed and Performance Testing of Stabilised Sub-ballast in Normal and High-speed Environments[END_REF][START_REF] Hussaini | A laboratory investigation to assess the functioning of railway ballast with and without geogrids[END_REF][START_REF] Matharu | Geogrids cut ballast settlement rate on soft substructures[END_REF][START_REF] Perkins | Geosynthetic reinforcement of flexible pavements: laboratory based pavement test sections[END_REF]). 39

37 The strain was measured using strain cells, constructed from LVDTs fitted with steel end plates. 38 The load plate is 25 mm and has a 305 mm diameter.

Scale is the first parameter considered when designing a model loading test because it conditions all other choices. Indeed, the loading test can be performed at a reduced or full scale (also called largescale). Small-scale models have the advantage of being generally easier to install and more costefficient [START_REF] Love | Model Testing of Geogrids in Unpaved Roads[END_REF]). However, they can suffer from scale effects linked to the fact that the fundamental physics of a system changes with scale. When dimensions are reduced, other properties (strength, stiffness, etc.) must also be reduced; this could go as far as modifying gravitational forces using a centrifuge. Therefore care must be taken to ensure the use of proper scaling laws for both the design of the experiment and the interpretation of its results. Large-scale models are more expensive and difficult to assemble. However, they have the advantage of not being subject to scaling laws. Therefore natural materials can be used, thus simplifying the interpretation of experimental results.

That is why most of the studies referenced in the present work were conducted on a large scale.

Once the scale has been chosen, the actual dimensions of the experiment can be considered. These dimensions should be selected considering the magnitude loads that need to be applied (or viceversa). In most cases, the magnitude of the loads is imposed by the structure that one is trying to model. For example, at the sleeper ballast interface, one can reasonably expect dynamic stresses up to:

-370 kPa on a classic track with a modulus between 14 and 84 MN/m/m of rail [START_REF] Raymond | Track support must be right if concrete sleepers are to survive[END_REF]; -545 kPa on a high-speed track built on a well-supported trackbed [START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF].

Knowledge of the required stress level can thus inform the choice of a loading mechanism depending on one's technical options. This mechanism is generally composed of an actuator or press (with a loading capacity in terms of amplitude and frequency) and a loading surface. The loading surface can be:

-a standard sleeper made of wood [START_REF] Hussaini | A laboratory investigation to assess the functioning of railway ballast with and without geogrids[END_REF][START_REF] Kennedy | A full-scale laboratory investigation into railway track substructure performance and ballast reinforcement[END_REF], concrete [START_REF] Matharu | Geogrids cut ballast settlement rate on soft substructures[END_REF] or prestressed concrete [START_REF] Göbel | Effectiveness of a reinforcing geogrid in a railway subbase under dynamic loads[END_REF]); -a rigid plate made of aluminium [START_REF] Raymond | The effect of geogrid reinforcement on unbound aggregates[END_REF][START_REF] Raymond | Reinforced ballast behaviour subjected to repeated load[END_REF], steel [START_REF] Bathurst | Geogrid reinforcement of ballasted track[END_REF][START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF][START_REF] Thom | Rail Trafficking Testing[END_REF] or concrete [START_REF] Horníček | Mechanically Stabilized Granular Layers An Effective Solution for Tunnel Projects[END_REF].

Of course, the dimensions of the loading surface should be such that it can produce the required stress using the actuator's loading capacity. For example, Brown used a rectangular hollow steel beam measuring 0.70m x 0.25 m to simulate stress equal to 114 kPa, by applying a load of 20 kN [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]). Similarly, Sun used a circular plate with a diameter of 0.15 m to simulate stress equal to 700 kPa, by applying a load of 50 kN [START_REF] Sun | Radial stresses and resilient deformations of geogrid-stabilized unpaved roads under cyclic plate loading tests[END_REF].

Depending on the application, the load can be monotonous or cyclical. Cyclical loads, within a range of 1-3 Hz, are generally used when simulating transport infrastructure such as roads and railways [START_REF] Bathurst | Geogrid reinforcement of ballasted track[END_REF][START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Kennedy | A full-scale laboratory investigation into railway track substructure performance and ballast reinforcement[END_REF][START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF]. However, higher frequencies (up to 60Hz) have occasionally been used to simulate higher-speed railways [START_REF] Göbel | Effectiveness of a reinforcing geogrid in a railway subbase under dynamic loads[END_REF][START_REF] Indraratna | The lateral displacement response of geogridreinforced ballast under cyclic loading[END_REF][START_REF] Indraratna | Current research into ballasted rail tracks: model tests and their practical implications[END_REF]. For example, Shin [START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF] began his experiments by applying monotonous loads and progressively ramped up to 3.5 Hz, as shown in Figure 4.7.

Although static cyclic loading is not truly representative of an actual moving vehicle (especially a train), it is generally a good enough approximation for physical modelling. Some researchers have tried to mitigate the drawbacks of a static cyclic load by using rolling load rigs [START_REF] Matharu | Geogrids cut ballast settlement rate on soft substructures[END_REF]. Finally, some exceptionally well-equipped facilities can perform fully dynamic tests. Test from one such facility exists at Zhejiang University in Hangzhou, where they can simulate dynamic loads corresponding to trains moving at various velocities, as illustrated in Figure 4.8 [START_REF] Li | Full-Scale Model Testing on Ballasted High-Speed Railway: Dynamic Responses and Accumulated Settlements[END_REF]. Finally, the size of the tank should be considered. The tanks must be of sufficient size to limit the influence of boundary effects on the experiment; i.e. the tank should be large and wide enough to prevent applied loads from reaching its walls and provoking shear interactions during tests. One can use the Boussinesq elastic theory [START_REF] Boussinesq | Applications des potentiels à l'étude de l'équilibre et mouvement des solides elastiques[END_REF] or the 2H:1V method [START_REF] Holtz | An Introduction to Geotechnical Engineering[END_REF] to estimate the necessary dimensions. It is generally preferable to have a tank with sides that are at least twice the size of the corresponding dimension of the loading surface. The depth of the tank depends on the geometry of the layers that one wishes to model. For example:

-The University of Inchon uses a 1400 mm long by 1000 mm wide tank for an 800 mm by 270 mm steel plate, with a depth of 2000 mm, as illustrated in Figure 4.9 [START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF]). -Nottingham University uses a 1400 mm long by 700 mm wide enclosure for a 700 mm by 250 mm steel beam, with a depth of around 500 mm, as illustrated in Figure 4.10 [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]).

-Zhejiang University uses a rig, 15 m long by 5.50 m wide, capable of housing standard sleepers and layered track structures up to 3.50 m deep [START_REF] Li | Full-Scale Model Testing on Ballasted High-Speed Railway: Dynamic Responses and Accumulated Settlements[END_REF].

It is also advisable to line the tank walls with a smooth liner or double plastic sheets to reduce skin friction [START_REF] Abadi | Measuring the Area and Number of Ballast Particle Contacts at Sleeper-Ballast and Ballast-Subgrade Interfaces[END_REF].

Figure 4.9. Model test arrangement is used to investigate the effect of multiple geogrid layers on a granular assembly. [START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF] Figure 4.10. Arrangement of composite element tests for phase 1, with low overburden stress (left) and phase 2, with high overburden stress (right). [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] Note that the order in which this sub-section presented the design of the experimental apparatus is idealised. In reality, most research teams are constrained by their existing facilities' technical and logistical capabilities. Therefore it is crucial to understand how any given technical decision affects the intended experiments and remain flexible during the design process. Ultimately one must remember to incorporate the consequences of the experimental design into the interpretation of the produced results. For example, [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] proposed a phase 2 configuration, as illustrated in Figure 4.10, based on their understanding of phase 1 results.

Interface Interaction Tests

Studies specifically interested in geogrid-aggregate interface behaviour focus on direct shear and pullout tests. These tests usually aim to link some sort of interface interaction coefficient to geogrid properties, such as materials, shape, stiffness or junction strength, or aggregate properties, such as grain size distribution, density or moisture content [START_REF] Farrag | Pull-out resistance of geogrid reinforcements[END_REF][START_REF] Jewell | Interaction between soil and geogrids[END_REF][START_REF] Selig | Laboratory Pull-Out Testing of Grid Reinforcements in Sand[END_REF][START_REF] Tang | Evaluation of geogrids for stabilising weak pavement subgrade[END_REF]. The design of the experimental apparatus is less of a concern for these types of tests because they can be performed according to existing standards, such as NF P94-512-10 40 or ASTM D3080 41 (for the direct shear test) and NF P94-222 42 or ASTM D6706 43 (for the pullout test).

Direct shear tests result in determining the friction angle of the shearing plane. When the friction angle is determined, with and without the presence of a geosynthetic, the interface efficiency factor can be calculated as follows [START_REF] Koerner | Designing with Geosynthetics[END_REF]:

𝐸 𝜑 = tan 𝛿 tan 𝜑 (4.1)
Where,

-𝜑 is the friction angle with the geosynthetic, -𝛿 is the friction angle without the geosynthetic.

The efficiency factor for geotextiles varies from 0.6 to 1 but can be greater than 1 for geogrids [START_REF] Juran | Pull-out response of geotextiles and geogrids (synthesis of available experimental data)[END_REF]. Later studies confirmed this range of values specifically for geogrids, as summarized in Table 4.1 [START_REF] Tang | Evaluation of geogrids for stabilising weak pavement subgrade[END_REF]. They conclude that a properly chosen geogrid can increase interface friction angle, while a poorly chosen one can decrease it. Figure 4.11 illustrates an example of this relationship when considering the ratio of geogrid aperture to nominal grain size for a uniaxial geogrid [START_REF] Deng | Study On Direct Shear Test On Interface Performance Of Geogrid And Coarse-Grained Soil[END_REF]). However, these results are not directly applicable to railway subballast because they usually involve small strains. In contrast, direct shear tests are conducted at large relative displacements (up to 10%), and the shear stress mobilised at low relative displacements is difficult to measure accurately. Pullout tests result in the determination of a maximum pullout load under a given set of conditions. When pullout tests are performed, the interaction coefficient can be calculated as follows [START_REF] Bergado | Pullout force/displacement relationship of extensible grid reinforcements[END_REF][START_REF] Tatlisoz | Interaction between Reinforcing Geosynthetics and Soil-Tire Chip Mixtures[END_REF].

𝐶 𝑖 = P 2WL • (𝑐 + 𝜎 𝑛 • tan 𝜑) (4.2)
Where, -𝑃 is the maximum pullout load in kN, 40 "Reconnaissance et essais géotechniques -Essais de laboratoire des sols -Partie 10 : Essai de cisaillement direct". This standard, proposed by AFNOR, is the most commonly used in France and Europe.

41 "Standard Test Method for Direct Shear Test of Soils Under Consolidated Drained Conditions". This standard proposed by ASTM International, is the most commonly used in the United States. -𝑊 is the width of the geosynthetic in m, -𝐿 is the embedded length of the geosynthetic in m, -𝜎 𝑛 is the applied normal pressure in kPa, -𝑐 is the cohesion of the tested soil in kPa, -𝜑 is the friction angle of the aggregate.

The interaction coefficient is a function of frictional characteristics between the geogrids and the surrounding unbound materials, the strength of the geogrid junctions, the flexural stiffness of the transverse ribs and the geogrid per cent open area [START_REF] Tang | Evaluation of geogrids for stabilising weak pavement subgrade[END_REF]). In the literature, studies of pullout response for similar constituent material properties (soil and reinforcement) have shown very different results. Much of the difference may be attributed to differences in test procedures, the experimental devices, and associated boundary effects [START_REF] Farrag | Pull-out resistance of geogrid reinforcements[END_REF][START_REF] Juran | Pull-out response of geotextiles and geogrids (synthesis of available experimental data)[END_REF][START_REF] Moraci | Deformative behaviour of different geogrids embedded in a granular soil under monotonic and cyclic pullout loads[END_REF]. Such studies are more often oriented toward the design of reinforced earth structures (retaining walls, slopes, etc.). Hence, they are of less interest to the present work. However, they provide some fascinating insight into the complexity of determining the influence of any given factor on geogrid performance [START_REF] Moraci | Factors affecting the pullout behaviour of extruded geogrids embedded in a compacted granular soil[END_REF][START_REF] Palmeira | Soil-geosynthetic interaction: Modelling and analysis[END_REF], especially when scale effects are considered [START_REF] Mehrjardi | Scale effect on the behaviour of geogrid-reinforced soil under repeated loads[END_REF]. Note that either of the tests mentioned in this sub-section can be modified (relative to the standards) to consider special situations to enable case-specific measurements. For example, a team at the University of Texas at Austin, led by Jorge Zornberg, has pioneered pullout rigs that allow one to visually observe pullout mechanisms using laser illumination [START_REF] Peng | Evaluation of soil-geogrid interaction using transparent soil with laser illumination[END_REF]. They have also developed a large pullout rig to measure a geogrid layer's effect on others in multi-layered geogrid inclusions [START_REF] Morsy | A new generation of soilgeosynthetic interaction experimentation[END_REF].

Factors Affecting Geogrid Performance

Many factors could affect the performance of a given geogrid within a granular base44 . These include variables such as the initial stiffness of the subgrade, the thickness of the granular base, the position of the geogrid within the granular base [START_REF] Barksdale | Potential Benefits of Geosynthetics in Flexible Pavement Systems[END_REF][START_REF] Haas | Geogrid reinforcement of granular bases in flexible pavements[END_REF][START_REF] Indraratna | The lateral displacement response of geogridreinforced ballast under cyclic loading[END_REF][START_REF] Miura | Polymer grid reinforced pavement on soft clay grounds[END_REF][START_REF] Moghaddas-Nejad | Effect of Geogrid Reinforcement in Model Track Tests on Pavements[END_REF][START_REF] Webster | Geogrid Reinforced Base Courses For Flexible Pavements For Light Aircraft[END_REF], the stiffness of the geogrid, the geogrid aperture to nominal grain ratio [START_REF] Biabani | An evaluation of the interface behaviour of rail subballast stabilised with geogrids and geomembranes[END_REF][START_REF] Brown | Optimising the geogrid reinforcement of rail track ballast[END_REF][START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Wang | Effect of aperture ratio on the cyclic shear behavior of aggregate-geogrid interfaces[END_REF]) and the magnitude of vehicle loads.

Considering the mechanisms described in the previous sections and the results of the many studies conducted over the years, one can conclude that these variables are all interdependent. Thus, it is illadvised to draw meaningful conclusions based on observations of any single parameter. For example, the optimal placement of a geogrid depends on the thickness of the granular base and the magnitude of applied loads; the optimal depth of the geogrid increases as the load and thickness increase [START_REF] Perkins | A Synthesis and Evaluation of Geosynthetic-Reinforced Base Layers in Flexible Pavements-Part I[END_REF]. Despite their interdependency, it is essential to isolate and observe each controllable variable to understand how they affect performance. One could easily identify dozens of such variables, but few are likely to have a significant impact on testing results.

The following sub-sections will present the most prominent variables that could affect overall performance, assuming that, for a given application, the characteristics of the granular base are imposed (i.e. grain size distribution, angularity, maximum dry density, thickness, etc.).

Subgrade Stiffness

Studies into the influence of subgrade stiffness have yielded seemingly contradictory results. Some found the geogrid performance decreased with an increase in subgrade stiffness [START_REF] Bathurst | Geogrid reinforcement of ballasted track[END_REF], while others found the opposite [START_REF] Webster | Geogrid Reinforced Base Courses For Flexible Pavements For Light Aircraft[END_REF]). However, Webster specifically studied flexible pavements for light aircraft. Later studies involving ballast at rail traffic loads [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Matharu | Geogrids cut ballast settlement rate on soft substructures[END_REF]) agree with Bathurst and Raymond.

Figure 4.12 presents the variation of permanent deformation (settlement) for subgrades of various stiffness, with and without a geogrid. This figure makes it evident that the inclusion of a geogrid in the ballast reduces the settlement (for any given cumulative axle tonnes) and that the effect becomes more pronounced with the decrease in subgrade stiffness [START_REF] Bathurst | Geogrid reinforcement of ballasted track[END_REF]. Figure 4.13 shows similar results produced at Nottingham University [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]). 

Geosynthetic Properties

This sub-section concerns the geogrid's properties (stiffness, geometry and coupling with other geogrids or geotextiles) in relation to the adjacent aggregates. Nearly all the studies referenced in this chapter agree that the characteristics of most commercially available geogrids are sufficient, so long as they are used with a suitable aggregate.

Stiffness

Most geogrid manufacturers characterise their products using the nominal tensile strength in kN/m at 2%. However, this cannot be effectively used to compare different products under cyclic loading. Therefore, Brown et al. [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]) suggest using a resilient tensile stiffness, calculated as follows:

𝑅 = F d (4.3)
Where,

-𝐹 is the amplitude of cyclic load per metre (kN/m), -𝑑 is the amplitude of tensile strain (m/m).

F and d are determined by performing a large band tensile test with cyclic loading at a frequency corresponding to the intended use, with an amplitude of cyclic load below 10% of the nominal tensile strength [START_REF] Brown | Optimising the geogrid reinforcement of rail track ballast[END_REF]. The graphs show a non-linear relationship between tensile resilient stiffness and nominal strength. However, counter-intuitively, they also indicate that performance deteriorates for the higher stiffness geogrids. The authors explained this disparity by assuming that the loads applied during the tests were not large enough to mobilise tension in the stiffest geogrids. This assumption instigated the phase 2 configuration illustrated in Figure 4.10 [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF].

The results of one of these phase two experiments are presented in Figure 4.15. Significantly lower levels of settlement were recorded relative to comparable phase 1 experiments, including the control test. Furthermore, a lower settlement was recorded as the geogrid stiffness increased because the phase 2 overburden was large enough to mobilise shear interaction between the geogrid and the aggregate. Given the nature of the geogrids, Brown et al. conclude that bending stiffness in the plane of the geogrid may be an essential factor. Under low overburden, the geogrid would resist the compaction process inhibiting the development of suitable interlock with the ballast particles [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]. At Siddaganga Institute of Technology (India), a study on the effectiveness of geogrids in unpaved roads reached similar conclusions (Mamatha and Dinesh 2019). 

Aperture Size

The effectiveness of interlocking is determined by geogrid aperture size relative to the nominal grain size of adjacent aggregates. Logically, this makes sense because:

-if its aperture is too small, the aggregate will not penetrate the geogrid; -if its aperture is too large, the aggregate will pass through the geogrid.

In both cases, the aggregate will not be locked in place and, therefore, will not develop effective shear interaction with the geogrid. Thus the ratio between aperture and grain size must remain within an optimum range, which is suggested to be around 1.4 for ballast [START_REF] Mcdowell | Discrete element modelling of geogrid-reinforced aggregates[END_REF]. This assertion was validated by a series of model loading tests presented in Figure 4.16(a). They show that an optimum aperture for minimising settlement of Glensanda ballast, which has a d50 of approximately 40mm, is 60 to 80 mm; this corresponds to a ratio of 1.5 to 2 [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]).

Figure 4.16(b) compares the settlement of the unreinforced case with those of two grids of the same tensile strength but with different aperture sizes. The 65 mm aperture effectively reduces settlement, whereas the 38 mm aperture shows little improvement over the unreinforced case. Observations during the dismantling of the test specimens indicated the formation of a shear plane at the level of the geogrid, suggesting a lack of interlock with the aggregate particles because of the relatively small aperture size [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]). 

Combination with a Geotextile

Most real-world railway applications require that geogrids be combined with geotextiles to separate the subgrade from the overlying layers and prevent fines from migrating into the subballast or ballast. In these cases, the geogrid and geotextile can be separate or bonded (then referred to as a geocomposite). However, despite this frequent coupling of geogrids and geotextiles, there are almost no published results concerning the effect of this coupling on performance. Fortunately, [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] provided some insights in their study. Their results are summarised in Table 4.2. When the geogrid was placed 50 mm above the subballast, exposed to ballast particles on both sides, the bonded geotextile worsened performance. This deteriorated performance implies that the bonded geotextile prevents interlocking. When placed directly on the subballast:

-the geogrid alone was less effective than when it was placed 50 mm above the subballast, most likely because the relatively compact and smooth subballast surface reduced interlocking; -the geogrid with a non-bonded geotextile shows almost no change compared to the unreinforced case.

No repeatability tests were performed. Therefore, these results need to be treated with caution, but they seem to reemphasize the importance of effective interlocking [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]. They also open the door to a discussion on the vertical placement of the geogrid.

Geosynthetic Placement

Depth of the Geogrid Layer

Several studies have shown that a geogrid's performance varies with its vertical distance from the point of load application.

Early on, Bathurst and Raymond [START_REF] Bathurst | Geogrid reinforcement of ballasted track[END_REF]) demonstrated that the depth of the geogrid has to be within the upper half of the ballast layer and such that aggregates surround it on both sides. Figure 4.17 presents their results as the relationships between cumulative tonnes of traffic, permanent deformation, and reinforcement depth (Dr) for tests conducted on a ballast with 200 mm depth below the footing. The results suggest an optimum value of Dr between 50 and 100 mm. However, this depth may be unsatisfactory from practical considerations, i.e. construction and maintenance. Hence the study concluded that placing the geogrid 200 mm below the base of the sleeper is probably more acceptable [START_REF] Bathurst | Geogrid reinforcement of ballasted track[END_REF].

In their investigations, Indraratna et al. [START_REF] Indraratna | The lateral displacement response of geogridreinforced ballast under cyclic loading[END_REF]) determined an optimum position around 195 mm below the base of the sleepers (130 mm above the subballast). They suggested that the most practical placement, relative to construction and maintenance, would be 260 mm below the base of the sleepers (65 mm above the subballast). Bathurst and Raymond's results, presented in Figure 4.18, also show that the geogrid influences a band of aggregate that stretches up to 100 mm and 100 mm below its position. The differences in the optimum positions reported by these studies can be attributed to the differences in testing conditions. Indraratna et al. applied 460 kPa of vertical stress, Bathurst and Raymond applied 370 kPa, whereas Brown et al. applied 114 kPa; there were also differences in geogrid stiffness and aperture size. In general, the optimum geogrid placement remains very case-dependent. The only consensus is that the geogrid is best utilised when aggregates surround it on both sides and that higher applied loads allow for deeper geogrid placement [START_REF] Barksdale | Potential Benefits of Geosynthetics in Flexible Pavement Systems[END_REF][START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Indraratna | Current research into ballasted rail tracks: model tests and their practical implications[END_REF][START_REF] Matharu | Geogrids cut ballast settlement rate on soft substructures[END_REF]). 

Number of Geogrid Layers

The number of geogrid layers could also have an impact on performance. Multi-layered geogrid arrangements are not commonly used in applications that concern the scope of the present study. These arrangements are usually employed in void spanning, slope stability and large embankments, all of which mobilise large strains.

Note that a two-layer system is presented in Figure 4.19, but it does not provide any benefits compared to the single-layer cases. Ineffectiveness is likely because, in this configuration, the overburden is not large enough to mobilise both geogrids. On the other hand, tests performed by Shin et al. [START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF] on geogrids embedded at depths from 550 mm to 950 mm (Cf. Figure 4.9) show that additional layers improved performance. The testing sequence and corresponding results are summarized in Table 4.3. 

Conclusion Regarding Laboratory Experiments

Most studies concerning geogrid inclusions in granular media take the form of full-scale model loading tests because they allow for performance measurement at the system scale. This approach is preferable because many interdependent factors can affect geogrid performance, including the mechanical characteristics of each element, the geogrid placement within the layered assembly, and the number of geogrid layers. Thus it is easier to make conclusions when the entire geogrid-aggregate assembly is tested. The many studies conducted over the years have focused on measuring variables such as lateral strains in the geogrids, soil stresses, and soil deformations (in both the horizontal and vertical directions). These measurements have produced an explicit understanding of the mechanisms involved in the functioning of geogrids. Notably, these are:

-shear interaction between geogrids and adjacent aggregates, -the development of lateral stress within the aggregates, -the broadening of vertical stress distribution below the geogrid-aggregate interface, -the reduction of shear stress below the geogrid-aggregate interface.

These mechanisms are enabled by the effective interlocking of adjacent aggregates within geogrid apertures. Once the mechanisms mentioned above had been identified and understood, interface interaction tests were used to complement the results of model load tests. They highlighted geogridaggregate shear interactions and improved understanding of how loads are transferred from aggregates to geogrids.

In general, laboratory studies have shown that geogrids significantly improve the performance of ballast granular base layers. However, the reported amounts of improvement vary considerably from one study to another. The variability of these results calls back to the complexity of the considered systems (aggregate properties, geogrid properties, positioning, loading, etc.). It suggests that relevant variables should be optimised on a case-by-case basis. Furthermore, most published studies deal with ballast or road subbase, making it difficult to assert that the same results will be produced in subballast.

Therefore, a model track loading apparatus was developed to test geogrids intended for use on the RFN in a 2m 3 tank with rigid sides. This apparatus was designed considering the context mentioned in the conclusion of Chapter 2 using information obtained during the initial phases of the in situ trials presented in Chapter 3. Thus, the experimental protocol was designed to replicate site conditions as much as possible with real subballast and geosynthetics, an analogous subgrade and measurements of geogrid strain, subballast and subgrade settlement, and subgrade stress. It also includes cyclic loading that replicates 3 to 4 years of B 81500 traffic. The following chapter will detail the design of this model track loading apparatus, explain the accompanying experimental protocol and present the results of the initial experimental campaign.

Chapter 5. Implementation of Model Loading Tests

Mise-en-oeuvre des Essais sur Modèle Physique 

Materials

The objective of the laboratory tests is to conduct a parametric study to identify the most efficient configurations for subballast stabilisation on the RFN. Initially, these tests were planned on small-scale models representing the entire track structure, i.e. subgrade, subballast, ballast, rails, sleepers, etc. However, this poses several challenges, the most significant of which is the scaling down of the geogrids. Model geogrids could be 3D printed, and a few prototypes were produced. Unfortunately, it was impossible to accurately scale the geometric, physical and mechanical properties of these 3D printed geogrids without significant investment in specialised printing processes.

Furthermore, additive manufacturing could not replicate the specificities of the actual geogrid manufacturing processes, i.e. molecular reorientation for punched-and-drawn geogrids, junction bonds for welded geogrids, and complex weave topped with a coating for knitted geogrids. Discussions with several geogrid manufacturers concluded that using 3D-printed geogrids would only have academic value. However, SNCF Réseau is interested in the interaction between its standard subballast material and commercially available geogrids. Therefore, it was decided that the laboratory tests should be performed at full-scale, using authentic materials.

The decision to perform the full-scale test simplified the choice of subballast and geosynthetic materials. However, the subgrade remained an issue. Most of the weak subgrades encountered on the RFN are moist silty clay. These materials are sensitive to water content. Thus it is difficult for them to maintain constant characteristics. The challenge was then to find an analogous material that could reasonably reproduce the compressibility of silty clay without its sensitivity to water content. Ultimately, a mixture of sand and polystyrene was selected based on its effectiveness in previous model tests [START_REF] Dinh | Étude sur modèle physique des mécanismes de transfert de charge dans les sols renforcés par inclusions rigides. Application au dimensionnement[END_REF][START_REF] Houda | Comportement sous chargement cyclique des massifs de sol renforcés par inclusions rigides : expérimentations en laboratoire et modélisation numérique[END_REF]. Thus, the experimental set-up consists of a 2 m 3 rectangular tank in which a standard railway substructure is constructed. This substructure includes:

-the subgrade, which is a weak compressible soil that is unfit for track support, -a geosynthetic layer composed of a separation/filtration geotextile and a geogrid, -a subballast composed of the standard unbound aggregate used by SNCF Réseau.

In the initial tests, these elements were assembled in a configuration similar to those of the monitored sites. This configuration was prioritised so that the model could be used to understand the data obtained from site monitoring. The following sub-sections will detail each layer's physical and mechanical characteristics and explain how they factor into the overall experimental procedure.

The track superstructure is not physically included due to the practical and technical limitations of performing the full-scale tests. However, a compressive load is maintained on the subballast to simulate the presence of the superstructure during loading tests. This load is such that it applies a stress equivalent to that of the ballast, rail and sleeper assembly on a standard track. In addition, traininduced loads were derived from those measured in the subballast on Site 2.

Subgrade

The subgrade is the existing natural soil that supports the track structure. As we learned in Chapter 4, the stiffness of the subgrade plays a significant role in determining the pertinence of geogrid installation. This stiffness is usually characterised by its Ev2 modulus, and geogrids are more effective when used on softer subgrades. SNCF Réseau considers that a subgrade with an Ev2 value below 30 MPa is unfit for track support 48 . Several geogrid manufacturers have also confirmed that they have observed their best results with subgrades with Ev2 values below 30 MPa. Hence, it was decided that a subgrade with an Ev2 modulus between 10 to 20 MPa would be the most appropriate for the laboratory experiments. This modulus corresponds to the lower range of values measured on-site (Cf. Figure 3.4 and Figure 3.5). One possibility was to procure natural cohesive soils like the ones encountered on site and use them to perform the experiments.

The silty clay encountered on-site is challenging to work with, notably because its characteristics could not reliably be reproduced from one test to the next. It is also challenging to prepare, instal and remove after each test. Therefore, it was necessary to select an analogous material to represent the subgrade. A review of existing literature aided this choice. Most experimenters used various rubber sheets to simulate the subgrade, for example, Brown et al. [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] or Abadi et al. [START_REF] Abadi | Measuring the Area and Number of Ballast Particle Contacts at Sleeper-Ballast and Ballast-Subgrade Interfaces[END_REF]. However, these rubber sheets have a predominantly elastic behaviour, which cannot reproduce the irreversible deformations accumulated in a subgrade under cyclic loading.

Some experimenters used a mixture of natural soils. For example, Khoueiry (Khoueiry 2020) used a 20% kaolinite clay mixture with 80% Hostun sand (HN34). This mixture's physical and mechanical characteristics were reliably reproducible, but it was not easy to manipulate. Finally, a few experimenters used natural materials and rubber sheets simultaneously. For example, Göbel et al. [START_REF] Göbel | Effectiveness of a reinforcing geogrid in a railway subbase under dynamic loads[END_REF]) placed 240 mm of natural subgrade on a 60 mm rubber sheet. This combination allowed them to limit the quantity of natural soil they had to work with while maintaining the ability to accumulate deformations. However, this did not eliminate the issues involved with natural cohesive materials. Eventually, this study used 470 mm of an analogous material composed of sand and polystyrene on the 30 mm foam mattress shown in Figure 5.1. Specifically, the analogous material comprises Fontainebleau sand NE34, expanded polystyrene pellets and water (for binding the solids). The role of polystyrene in this mixture is the same as the clay used by Khoueiry [START_REF] Khoueiry | Study of granular platforms behaviour over soft subgrade reinforced by geosynthetics: Experimental and numerical approaches[END_REF]; it increases the compressibility of the material and consequently reduces the Ev2 modulus. This mixture has the added advantage of being relatively easy to manipulate and insensitive to water. Such a sand-polystyrene mixture could contain up to 10% water (by mass) without changing its compressibility [START_REF] Dinh | Étude sur modèle physique des mécanismes de transfert de charge dans les sols renforcés par inclusions rigides. Application au dimensionnement[END_REF]. Furthermore, the material settles at a constant rate under static loading, i.e. no difference between primary and secondary consolidation [START_REF] Houda | Comportement sous chargement cyclique des massifs de sol renforcés par inclusions rigides : expérimentations en laboratoire et modélisation numérique[END_REF]. Therefore, there is no need to worry about changes in settlement behaviour due to this transition.

The polystyrene pellets range from 2 mm to 3 mm in diameter, and the grain size distribution of the NE34 sand is shown in Figure 5.2. The grain size distribution curves clearly show that the size distribution is uniform and repeatable. They were obtained using the standard sieve test 49 on four random samples. Several sand-polystyrene (SP) mixtures were tested, and one containing 40% polystyrene (by volume) and 10% water (by mass) was retained [START_REF] Abeid | Improvement of Railway Trackbed using Geogrids : Design and Implementation of a Physical Model for Experimentation[END_REF]. This mixture, called SP40, has an Ev2 modulus of approximately 17 MPa when compacted into the tank at a density of 1200 kg/m 3 (Cf. Figure 5.3). The percentage of polystyrene in an SP mixture is termed volumetric fraction, 𝑓 𝑣 , expressed as follows:

𝑓 𝑣 = 𝑣 𝑝 𝑣 𝑠

(5.1)

Where, -𝑉 𝑝 is the volume of polystyrene, -𝑉 𝑠 is the volume of sand.

Equation (5.1) should be expressed in terms of masses because, in practice, measuring the masses of sand and polystyrene is more straightforward than measuring their volumes. Thus one obtains equation (5.2).

𝑓 𝑣 = 𝑀 𝑝 • 𝜌 𝑠 𝑀 𝑠 • 𝜌 𝑝 (5.2)
Where,

-𝑀 𝑝 and 𝜌 𝑝 are mass and density (35 kg/m 3 ) of polystyrene, respectively, -𝑀 𝑠 and 𝜌 𝑠 are mass and density (2650 kg/m 3 ) of sand, respectively.

The mass of the sand can be estimated based on the volume required to fill the tank (1300 kg in this case). Then, by making 𝑀 𝑝 the subject of equation ( 5.2), the required polystyrene mass can be calculated.

𝑀 𝑝 = 𝑀 𝑠 • 𝜌 𝑝 𝜌 𝑠 • 𝑓 𝑣 (5.3)
Thus the composition of each SP mixture can be determined depending on the desired volumetric fraction. Finally, 10% water content (by total mass) is added to the mixture to bind the polystyrene pellets to sand grains and maintain the homogeneity of the mixture. Table 5.1 summarises the composition of all the SP mixtures prepared during this study.

Each SP mixture was poured into the tank and compacted using a 70 kg static mass. Initially, the SP mixture was compacted, without the foam mattress, in two 200 mm thick layers and one 100 mm thick layer. This compaction method was the most adequate among those tested, and it always produced a 500 mm subgrade layer with a density of approximately 1200 kg/m 3 . Once the layer was compacted and levelled, eighteen Minidyn TM tests50 were performed. The Minidyn TM impact positions are shown in Figure 5.4. In addition, the average Ev2 values obtained from the Minidyn TM test are presented in Table 5.2.

The trials started with the SP10 mixture (i.e. 10% volumetric), with an average Ev2 of 35 MPa. The Ev2 dropped to 25 MPa for the SP20 mixture, then barely changed for SP30 and SP40 despite several repeatability tests. For SP50 and SP60, the subgrade was too soft; thus, the Minidyn TM sank approximately 10 cm into the subgrade layer after several impacts. Then, the subgrade was so compact that the Ev2 jumped to values of 28 to 32 MPa. One could deduce that the SP mixture's compressibility follows a step function with a threshold somewhere between 40 and 50% volumetric fraction. This step-change causes the Ev2 to drop below 10 MPa (the Minidyn's declared limit). On the other hand, the plateau in Ev2 from SP20 to SP40 was caused by the tank's rigid bottom. This realisation was surprising because previous research conducted on NE34 sand using the same tank concluded that 500 mm of soil could mask the effect of the rigid bottom [START_REF] Mohamed | Experimental Comparison between Light Weight Deflectometer (LWD) and Westergaard Coefficient[END_REF]. Therefore, 500 mm was assumed to be more than sufficient because the SP mixtures are more compressible and thus more diffusive than pure NE34 sand. However, this seems not to be the case, and a thicker layer of SP mixture would be required. However, the thickness of the subgrade could not be increased because of the tank's limited height. Hence, the foam mattress was added, and the thickness of the SP mixture was adjusted. This modification resulted in an average Ev2 of 18 MPa.

Subballast

The subballast materials are the coarse-grained materials confined between the ballast and subgrade. The primary purpose of the subballast layer is to form a transition zone between the ballast and subgrade to avoid soil migration into the ballast and reduce the stresses applied to the subgrade. For maximum efficiency, subballast nominal grain size (D50) should be approximately 50 to 70% of the geogrid aperture size [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Mcdowell | Discrete element modelling of geogrid-reinforced aggregates[END_REF]). However, SNCF Réseau has standards that require using a specific type of aggregate to construct subballast layers on the RFN (Cf. Table 3.3).

The subballast used in the present study was sourced from an SNCF-approved quarry. Tests were performed to characterize the material according to the French specifications51 . These tests include:

-the standard sieve test 52 , which confirmed that the aggregate size distribution fits within the range as required by SNCF Réseau, as shown in Figure 5.5; -the Methylene Blue test 53 to ensure that the material does not contain too many fine particles; -the Micro-Deval 54 and Los Angeles 55 Abrasion tests to ensure that the material is durable enough to sustain railway traffic; -the Normal and Modified Proctor tests 56 used to determine the Proctor parameters, as shown in Figure 5.6.

These tests led to the observation that the subballast material is a well-graded silty gravelly soil that is generally not sensitive to water. Therefore, it is classified as a B31 soil according to AFNOR NF P 11-300 classification. All the measured characteristics are summarised in Table 5.3. Typically, SNCF Réseau requires that the subballast be prepared at the Modified Proctor water content and compacted to 97-100% of maximum dry density. However, the tank could not sustain the vibrations needed to obtain high-quality compaction. Therefore, the subballast layer was prepared by mixing the aggregate at approximately 4% water content (Normal Proctor water content) and compacting it to around 2000 kg/m 3 (85% of Normal Proctor maximum dry density). This choice results in a less stiff subballast, which can develop larger settlements during cyclic loading. The lower compaction energy could also produce sub-optimal interface interaction between the subballast and geogrids during the initial loading cycles. Thus, these tests will likely underestimate the geogrids' effectiveness. However, this does not significantly hamper the test result analysis because all the tests will be performed under the same conditions. 

Geosynthetics

The geosynthetics are placed at the interface between the subgrade and the subballast because it is the most suitable position (as discussed in Chapter 2). This layer consists of a non-woven geotextile (reference case) or a geogrid on top of the geotextile (stabilised case). In practice, the geotextile provides separation/filtration to avoid subballast and ballast fouling. Considering that weak soils generally contain a high percentage of fine particles, the geotextile is almost always present (hence its use in the reference case). The characteristics of the non-woven geotextile are summarised in Table 5.4. Note that this type of geotextile is meant for use directly beneath the ballast layer, hence its thickness. However, it is frequently placed beneath geogrids in subballast because there is usually a surplus of this geotextile on site. One might assume that this thick geotextile could hinder effective interlocking, as suggested by Brown et al. [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF]. Therefore thinner, more flexible geotextiles are recommended for use with geogrid. The thicker, more rigid geotextile was used in the present work to observe the worst-case scenario. Most commercially available geogrids do not meet the optimal aperture to D50 ratio (1.4 to 2) relative to the standard SNCF subballast. However, some prior research has shown that said geogrids provide improvements even if this ratio is not respected [START_REF] Horton | Rail Trackbed and Performance Testing of Stabilised Sub-ballast in Normal and High-speed Environments[END_REF]). Thus, a range of commercial geogrids was selected for this study. A set of common characteristics has been used to describe each geogrid in Table 5.5. A woven reinforcement geotextile was also tested during the experimental campaign. It was not paired with the non-woven geotextile because it already fills the separation/filtration function. Note that the initial experimental campaign does not aim to compare the geosynthetics but to demonstrate their general effectiveness for use on the RFN.

During his final year internship at 3SR Laboratory, Abeid [START_REF] Abeid | Improvement of Railway Trackbed using Geogrids : Design and Implementation of a Physical Model for Experimentation[END_REF]) performed direct shear tests to determine the interface efficiency factor for some of the geosynthetics used in the present study. The tests were conducted on pure subballast and subballast containing geogrids, the non-woven geotextile or both. The details of these tests and their results can be found in Annex 1. In all cases, the interface efficiency factor was in the range of 1 to 1.08. Therefore, one can conclude that the thick geotextile does not significantly modify the interface interaction between the subballast and the geogrid, and it could be used in the loading tests. 

Cyclic Loading Tests

Cyclic Loading Apparatus

The experiments were performed in a rigid rectangular tank, 2.00 m long, 0.95 m wide and 1.00 m high. These dimensions are in line with those of tanks used by other researchers [START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF][START_REF] Göbel | Effectiveness of a reinforcing geogrid in a railway subbase under dynamic loads[END_REF][START_REF] Horníček | An investigation of the effect of under-ballast reinforcing geogrids in laboratory and operating conditions[END_REF][START_REF] Perkins | Geosynthetic reinforcement of flexible pavements: laboratory based pavement test sections[END_REF][START_REF] Suku | Effect of geogrid-reinforcement in granular bases under repeated loading[END_REF]) and large enough to limit the impact of boundary effects on experimental results. The boundary conditions were verified using numerical simulations performed on FLAC3D (Khan 2020). Some of their results can be found in Annex 2. In addition, the sides of the tank are lined with a smooth PVC film, used to reduce skin friction on the boundaries and further mitigate the risk of boundary effects. 62 Starred values are estimated based on other characteristics provided by manufacturers.

63 Longitudinal direction x transversal direction or equivalent. 64 Longitudinal direction. 65 Transversal direction.

The tank is equipped with an electromechanical actuator with integrated force and displacement sensors. The actuator is used to load a 300 mm circular plate. The displacement of the loading plate is measured using four Linear Variable Differential Transformers (LVDT), positioned as shown in Figure 5.8. The setup allows for the actuator and loading plate to be moved such that two consecutive tests can be performed before emptying the tank, first on the right side and then on the left side.

Geogrid rib strain was measured for GGR2 and GGR4, as illustrated in Figure 5.9. In addition, subgrade stress was also measured during some tests with pressure sensors positioned, as shown in Figure 5.10. Although these measurements are not present in every test, they provide a qualitative understanding of the interactions between each system element. They also confirm the presence of the mechanisms by which the geogrid is expected to improve trackbed performance (as presented in Chapter 4). 

Cyclic Testing Procedure

Each test consists of several phases, including installing the model trackbed and measuring the Ev2 modulus on the subballast surface, applying cyclic loading on each side of the tank, and measuring the Ev2 modulus after loading, followed by the dismantling of the trackbed.

The installation phase starts with weighing a prepared SP40 mixture (approximately 1026 kg) and the subballast material (about 1075 kg at 4% water content) such that the desired densities can be achieved. Next, the SP40 mixture is placed in the tank and compacted, in two layers, using a 70kg static mass. Then, the surface of the subgrade is levelled to the top of the LVDTs, and pressure sensors are installed on the levelled surface (if need be). The geotextile is then laid, followed by a geogrid (if needed). Care is taken that the geosynthetics are not in contact with the sides of the tank. If they are in contact, friction between the stiff geosynthetics and the sides of the tank can significantly skew test results. The subballast is then placed on the geosynthetics and compacted using a vibratory-plate compactor 66 in a single layer.

After the trackbed has been assembled, the Ev2 modulus is measured in three positions, shown in Figure 5.11. After this, the actuator and loading plate is placed at position 3 and LVDTs 1 to 4 (Cf. Figure 5.8). Cyclic loading is applied at similar amplitudes to those produced by trains on the field, with a maximum average surcharge of 70 kPa. A minimum load of 15 kPa is maintained between cycles. This load is equivalent to the stress applied by the ballast, sleepers and rails on the field. Hence the load is applied in cycles with magnitudes ranging from 15 to 85 kPa, at approximately 1.5 Hz. Although it does not accurately represent real traffic, this loading frequency was chosen, after testing several other options, because it provides the best compromise between test duration and process control. During loading, data from the sensors are recorded with a sampling frequency of 20 Hz (> 2 times the signal frequency) as proposed in the sampling theorem [START_REF] Shannon | Communication in the Presence of Noise[END_REF]. The final parameter is the number of loading cycles, fixed at 250,000. This number of cycles is the equivalent of 25,000 Bombardier B 81500 4-car trains (Cf. section 3.4) or approximately 3 to 4 years of typical traffic on most rural rail lines. This loading protocol also results in around three days of loading for each side of the tank (i.e. position 3, then position 1 of Figure 5.11) or two weeks for a complete test; after factoring in the time required for installation, repositioning of the actuator (with the loading plate and its LVDTs), dismantlement and data processing.

66

Specifications and resources available at: https://shop.evolutionpowertools.com/products/hulk_electro.

Once the 250,000 load cycles are completed (for each side of the tank), the actuator, loading plate and LVDTs are removed. The Ev2 modulus is again measured in positions 1, 2 and 3. These provide an indirect measure of subballast densification at each position, allowing one to hypothesize the amount of load spread for any given test relative to another. Then, several dynamic penetration tests are performed using a PANDA® 3 67 . The test results allow one to verify that the subballast was homogeneously compacted. Finally, the model is carefully deconstructed to make qualitative observations and samples are retrieved to measure their water content. Each complete test produces 8 to 9 Gigabytes of raw data that is cleaned, processed, and visualized using Python scripts developed specifically for this study. The processing consists of converting the raw data (millivolts, ohms, milliamps) to mechanical values (mm, µm/m, kPa), separating the loading sequences applied to each side of the tank, isolating each loading cycle and extracting various indicators. It takes 24 to 36 hours to process each full test, depending on whether or not geogrid rib strain and subgrade stress are recorded.

Cyclic Testing Campaign

Ten pairs of cyclic loading tests were performed after all the initial verifications and the validation of the experimental protocol. They are summarised in Table 5.6. Each test is identified according to the following nomenclature :

Geosynthetic_Subballast_Number/Side 67 A prototype for the next generation of variable energy lightweight dynamic cone penetrometer produced by Sol Solution.

Where, -The geosynthetic value can be NGGR (non-woven geotextile only), GGR1 to GGR4 (non-woven geotextile and geogrid) or GTX1 (woven geotextile only); -The subballast value is the target thickness of the subballast layer, i.e. SS25 (250 to 300 mm) or SS35 (350 to 400 mm); -The number value indicates whether the test is first in its configuration or a repeatability test, i.e. 1, 2, 3, etc.; -The side value is L (load on position 1) or R (load on position 3).

For example, test NGGR_SS25_1R is a test performed:

-with only the non-woven geotextile; -on a 250 to 300 mm thick subballast; -in the first tank configured as described; -finally, the R means that the load is applied at position 3 (Cf. Figure 5.11). 

Test Identifier Position 1 Loaded Position 3 Loaded

Geogrid Strain Measurements

Subgrade Stress Measurements

NGGR_SS35_1 N Y N N NGGR_SS25_1 N Y N N NGGR_SS25_2 Y Y N Y NGGR_SS25_3 Y Y N N GGR1_SS25_1 Y Y N Y GGR2_SS25_1 Y N Y Y GGR2_SS25_2 Y Y N N GGR3_SS25_1 Y Y N Y GGR4_SS25_1 Y Y Y Y GTX1_SS25_1 Y Y N Y

Results and Discussion

The present section summarizes observations based on the initial loading tests performed in the tank. Most configurations were only tested once. Therefore, the analysis of these results only aims to verify that stabilisation/reinforcement geosynthetics68 generally provide a marked improvement in RFN track performance. There is no intention to compare the performance of specific geosynthetics, although some are singled out as examples.

Presently, these tests provide limited insight into the dynamic behaviour observed on-site. Thus, the benefits of geogrid inclusion for settlement reduction will be presented in the following subsections, followed by an analysis of strain development in the geogrid's transverse ribs. Finally, the effect of geogrid inclusion on the subballast Ev2 modulus will be explained. Note that the analysis is often limited to 100,000 cycles because there is no marked change in tendencies after this number of cycles.

The graphs are extended beyond 100,000 cycles when necessary.

Settlement Reduction

Analysis of the preliminary results starts with an observation of settlement reduction. Figure 5.13 presents the settlement relative to the number of load cycles. It shows that the geosynthetics provided a marked reduction in settlements after 100,000 loading cycles in most cases. The left side (Position 1) consistently exhibits a smaller settlement than the right side (Position 3). Position 3 is always loaded before Position 1. Therefore, this difference is likely the result of increased subballast stiffness caused by loading on the right side. This assumption has yet to be formally verified. Until it is verified, the results of Position 1 will only be compared to each other, and the same will be done for Position 3. After comparison, tests NGGR_SS25_1, GGR1_SS25_1 and NGGR_SS25_2 were identified as outliers.

For NGGR_SS25_2, the abnormality resulted from friction between the non-woven geotextile and the tank boundaries. This issue punctuates the importance of a clearly defined and methodical installation process because small differences can cause large variations.

The small settlement of NGGR_SS25_1 (compared to most other tests) is because a static plate load test 69 was performed on the subballast before cyclic loading. Loads up to 250 kPa were applied during the static plate load test, leading to the pre-consolidation of the trackbed. This consolidation was evidenced by a notable depression on the subballast surface before the start of cyclic loading. The same static plate load test was performed on GGR1_SS25_1 but not on the other tests. Thus it is the only test that can be compared to NGGR_SS25_1.

Figure 5.14 presents the settlement curves for NGGR_SS25_1 and GGR1_SS25_1, revealing that the settlement rate diminishes after approximately 100,000 cycles. Some studies suggest that this is the critical number of loading cycles, after which the track structure enters a form of secondary consolidation [START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF]. However, this study found that the change in settlement rate was primarily due to a progressive loss of water content via evaporation. Therefore, a thin protective plastic sheet was placed on top of the subballast in all subsequent tests, and the settlement rate remained constant from 10,000 cycles to the end (Cf. Figure 5.15). Figure 5.15 also confirms that loading on one side of the tank does not provoke any settlements on the other side. It presents the settlement curves for two tests (one with geogrid and the other without) when Position 3 of the tank is loaded, i.e. above Interface_R. The LVDT below the loading plate (Interface_R) settles during both tests while the other does not. By coupling this observation with the assumption that loading one side increases the stiffness on the other side, one could conclude that the increase in lateral stress has a more significant effect than the broadening of load spread. Of course, the effect of increased lateral stress could be magnified by the rigid boundaries of the tank. This increase in lateral stress could be investigated by adding load cells to the tank's walls. Finally, the percentage reduction in total settlement (Cf. Table 5.7) and settlement rate (Cf. Table 5.8) were determined for each geosynthetic at logarithmic intervals. Subgrade settlement was not recorded for GGR1 because the measurement apparatus was not operational during the test. All the geosynthetics provide significant improvements after the first thousand loading cycles. Thus 1000 cycles could be the threshold beyond which subballast-geogrid interactions are effectively mobilised. Before this threshold, each geosynthetic behaves differently. The differences are likely due to differences in stiffness and manufacturing methods. More tests are required to explain each geosynthetic's mechanical behaviour under cyclic loading. 

Geogrid Strain and Subgrade Stress

The geogrid rib strains develop as expected. Each loading cycle produces a strain with a maximum amplitude of approximately 350 µm/m, and small residual strains accumulate, as shown in Figure 5.16. However, the amplitude of each cycle is lower than those observed on the field for the same geogrid (800 µm/m). This difference in amplitude could be the result of several factors. For example, actual traffic loads are dynamic and thus produce a higher impulse, i.e. the time integral of the resultant force. There is also the rotation of principal stresses, which can increase solicitations in an actual trackbed. These factors must be investigated by comparing site data with the model loading data. Figure 5.17 presents a more interesting visualisation of strain accumulation. The transverse strain profile resembles the one suggested by [START_REF] Perkins | Geosynthetic reinforcement of flexible pavements: laboratory based pavement test sections[END_REF], as shown in Figure 1.11. The tensile strain develops from the centre of the load and spreads outward. It eventually cancels out and inverts. In the present case, the geogrid seems to influence an area that has approximately 6 to 7 times the radius of the loading plate. Note that the strain profile is not symmetrical because the load is off-centre; thus, the geogrid is not anchored in the same way on either side of the load. However, this proves previous assumptions that loading on one side of the tank stiffens the subballast on the other side. Further tests should be performed with loading in the centre of the tank to characterise the geogrid's area of influence more adequately.

Figure 5.17. Evolution of tensile strain profile at logarithmic intervals for GGR4 with loading on the right side of the tank, where negative strain indicates extension.

Figure 5.18 presents raw stress sensor data from the same test as the previous (GGR4_SS25_1R). The stress sensors and the interpretation of their data have been described in previous research from 3SR Lab [START_REF] Zhu | The use of miniature soil stress measuring cells in laboratory applications involving stress reversals[END_REF]. These existing methods failed to provide reliable calibration and interpretation of stress signals in the present study. Therefore, the data can only provide qualitative information. In each case, the recorded values (mV/V) were initialised after the subballast was compacted; thus, 0 mV/V is equivalent to the stress applied by the compacted subballast. A reduction of voltage indicates an increase in stress and vice versa. At position R1, vertical stress accumulates in the subgrade until 200 cycles, and then it starts to dissipate. By the thousandth cycle, the stress has dropped below its initial value. Note that tension develops in the geogrid around the same time. At position R2, the behaviour is similar but less pronounced. Position R3 should behave like R2, but it does not. Position L1 is so distant from the load that there is almost no stress response.

The stress data from other tests behave similarly. The stress inversion occurs between 100 and 1000 cycles when a geogrid is included. Without the geogrids, the inversion occurs around 50k cycles.

Overall, this data is encouraging, but much work is required to interpret it reliably. Until then, not much else can be said. Finally, the inclusion of the woven geotextile (GTX1) results in a smaller increase of Ev2 modulus at the loaded points, accompanied by a decrease of Ev2 modulus in the centre of the tank. This decrease is likely because the woven geotextile has less flexural rigidity than the non-woven. Thus the geotextile can deform more under the cyclic loads, and the subballast is not compacted as effectively. Furthermore, the deformation of the geotextile probably results in tensile strain in areas where a geogrid would have produced compressive strain. This tension could feasibly reduce the subballast stiffness in the centre of the tank. However, despite this seemingly negative performance, the woven geotextile effectively reduced settlement. Interestingly, settlement reduction was better in the subballast (26%) than in the subgrade (22%), which is the inverse for the geogrids (Cf. Table 5.7). This inversion suggests that the woven-geotextile deforms more under the cyclic loads and recovers most of its shape, thus leaving a small void beneath it.

Conclusion Regarding the Model Loading Tests

The study has led to designing an experimental apparatus for physically modelling geogrid stabilised railway trackbeds and a viable testing protocol. Furthermore, the apparatus and the testing protocol have been validated by performing several model loading tests with and without stabilisation/reinforcement geosynthetics. Presently, the model loading test results could aid in deciding whether to approve a geosynthetic for trackbed improvement on the RFN.

A preliminary analysis of the test results provided a glimpse of the mechanisms that govern geosynthetic behaviour in a standard RFN trackbed. Initial results confirm that inserting stabilisation/reinforcement geosynthetics can effectively reduce the settlement of the trackbed. This confirmation is the first step towards quantifying geogrid performance on the RFN. Similarly, observations suggest that geogrids help to increase subballast stiffness by confining aggregates, thus increasing lateral stress. These improvements appear when tension rises in the geogrids after several hundred loading cycles. However, some key factors remain a mystery. Notably, the present study has yet to quantify the stress distribution in the subgrade. Further interpretation of existing data will shed some light on these factors, but it is also necessary to improve the experiment and perform more tests.

The experimental apparatus can be improved by upgrading its instrumentation. First, additional LVDTs could be used to map subballast and subgrade settlements. Then, strains could also be measured using a two-dimensional network of optical fibres instead of individual strain gauges. The optical fibre network would provide continuous strain measurements and could be positioned at the subballastsubgrade interface even without a geosynthetic. Furthermore, they are so thin that they are unlikely to disrupt the subballast-geogrid interaction. The use of optical fibres has already been planned and prepared for the next experimental campaign. In addition, load cells could be added to the sides of the tank to measure lateral stress during the experiments. Finally, time must be devoted to developing a method to calibrate the pressure sensors and interpret their data.

Future experimental campaigns will yield more reliable results if the cyclic loads are applied in the centre of the tank. These campaigns will also need to test several variables. The most important ones are the subgrade stiffness, using a less stiff non-woven geotextile (or no geotextile), and the subballast layer's thickness. Other variables can be tested once the influence of these three has been understood and quantified. Eventually, SNCF Réseau will be able to develop a method for designing their geogrid improved trackbeds by coupling the laboratory test results with site data. un déploiement massif de mesures de déflexion en partenariat avec le Groupe de Recherche Infrastructures de l'Université de Southampton, l'instrumentation d'un autre site sur plusieurs centaines de mètres pour permettre des mesures sur plus de géogrilles,
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la mesure du tassement in situ à l'aide de capteurs de tassement hydraulique développés à l'INSA de Lyon [START_REF] Khoueiry | Study of granular platforms behaviour over soft subgrade reinforced by geosynthetics: Experimental and numerical approaches[END_REF],

la mesure localisée de la raideur d'une sous-couche améliorée, à l'aide du système de Bender Elements développé à l'Université de l'Illinois Urbana-Champaign [START_REF] Byun | Horizontal stiffness evaluation of geogrid-stabilized aggregate using shear wave transducers[END_REF][START_REF] Byun | Local Stiffness Quantification of Geogrid Stabilized Aggregates in Relation to Deformation Behavior[END_REF].

La SNCF espère également comprendre le comportement à long terme des matériaux polymères qui constituent les géogrilles (polypropylène, polyester, etc.). Notamment le comportement au fluage, l'influence des variations de température sur les performances et la recyclabilité en fin de vie. Cette compréhension permettra de réaliser une analyse complète (coûts financiers et environnementaux) du cycle de vie des géogrilles sur le RFN.

General Conclusion

Before the present study, geogrids had been used to respond to urgent requirements on the RFN to guarantee a track deformation modulus above a critical threshold. However, the few sites concerned had not been the subject of any special monitoring or usable feedback analysis. This situation could not continue because of an ever-increasing need to improve trackbeds during maintenance and renewal. Therefore, SNCF Réseau decided to thoroughly investigate the implications of using geogrids for improving trackbeds considering the specific context and requirements of the RFN.

This PhD thesis set out to answer SNCF Réseau's questions by attaining the following objectives:

1. Scientific objectives:

• To understand the interaction phenomena between elements of the track structure and geogrids.

• To collect enough experimental data to be able to propose numerical modelling strategies.

Technical objectives:

• To define the field of use of geogrids within the RFN track structure.

• To quantify the benefits of using geogrids, i.e. increased track modulus and reduced differential settlements.

Operational objectives:

• To propose configurations that are quick and easy to implement. • To ensure that the proposed configurations are cost-effective and durable.

To achieve these objectives, the work was split into two complementary components (in situ trials and model loading tests). Each component was researched and planned via a literature review and implemented via practical experiments. The literature review concluded that the study should focus exclusively on installing and monitoring geogrids in the subballast layer.

Two sites were instrumented for the in situ trials. They each include measurement of transverse strains on the geogrids, traffic-induced stress in the subballast and subgrade and temperature in the trackbed. In addition, site 2 includes sensors for measuring train axle loads and is capable of highfrequency sampling. Overall, both site installations are a success. The instrumentation was adequately integrated into the planning and execution of renovation work on both sites, which fostered proper conditions for efficient installation. A preliminary analysis of available measurements has confirmed that the monitoring system is fully operational and that none of the embedded sensors was damaged after two years of service. A pre-processing script was developed to automate the initial stages of site data analysis. The pre-processing script handles format conversions, data labelling, signal filtering and synchronisation. Thus the precision and reliability of the dataset are ensured. The clean data can then be visualised and analysed using various statistical methods.

So far, the analysis has revealed that the instrumented geogrids are both being mobilised during train passages. Each geogrid's stiffness is an important factor in determining its performance, and GGR1 (the stiffer geogrid) seems to be the only one performing as expected. On the other hand, GGR2 appears to be effective only under the highest loads, possibly indicating that it is unsuitable for typical RFN applications. MEMS measurements also suggest that most geogrids reduce the variability of sleeper deflections. In sum, the system is behaving as expected despite a few outliers. Many of these outliers can be attributed to the inherent randomness caused by many uncontrolled parameters encountered during fieldwork. These parameters include variations in subgrade stiffness, the heterogeneity of the subballast material, localized differences during compacting and tamping, dynamic effects induced by moving trains and changing track support.

A model track loading apparatus was developed to test geogrids intended for use on the RFN in a 2m 3 tank with rigid sides. This apparatus and its accompanying experimental protocol were designed to replicate site conditions as much as possible with real subballast and geosynthetics, an analogous subgrade. Experiments were conducted by applying 250k load cyclic (between 15 and 85 kPa) on the model track structure while measuring geogrid strain, subballast and subgrade settlement, and subgrade stress. The apparatus and the testing protocol have been validated by performing several model loading tests with and without stabilisation/reinforcement geosynthetics. As is, the model loading test results could aid in deciding whether to approve a geosynthetic for trackbed improvement on the RFN.

A preliminary analysis of the test results provided a glimpse of the mechanisms that govern geosynthetic behaviour in a standard RFN trackbed. Initial results confirm that inserting stabilisation/reinforcement geosynthetics can effectively reduce the settlement of the trackbed. This confirmation is the first step towards quantifying geogrid performance on the RFN. Similarly, observations suggest that geogrids help to increase subballast stiffness by confining aggregates, thus increasing lateral stress. These improvements appear when tension rises in the geogrids after several hundred loading cycles. However, some key factors remain a mystery. Notably, the present study has yet to quantify the stress distribution in the subgrade. Further interpretation of existing data will shed some light on these factors, but it is also necessary to improve the experiment and perform more tests.

The literature review helped narrow the use of geogrids to subballast applications, considering SNCF Réseau's maintenance practices and requirements. The in-situ trials and model loading tests have confirmed several hypotheses concerning geogrid-subballast interaction and provided a cursory understanding of geogrid performance. Both experimental aspects have produced (and will continue to produce) large amounts of data that can be interpreted and used to validate numerical models. Overall, the results obtained have bolstered SNCF Réseau's confidence in the usefulness of geogrids on the RFN, leading to more frequent integration of geogrids during subballast renewal. Thus, one can conclude that the initial objectives have largely been met, even though more work is required to consider that they are truly achieved. Furthermore, many improvements can be made to the tools and procedures developed during the PhD.

Perspectives

Both SNCF Réseau and 3SR Laboratory are committed to continuing the study of geogrid stabilised subballast. Thus, there will be time to develop ideas that could not be implemented during the PhD. Naturally, a more in-depth analysis of existing data is necessary; however, several new avenues could also be explored.

One of the biggest drawbacks of the in situ trials is that both sites comprise very short sections constructed on heterogeneous subgrades. These two factors complicate the interpretation of site data because it is nearly impossible to dissociate the effects of subgrade stiffness from the dynamic effects induced at the start of each instrumented section. These issues are being partially addressed by deploying MEMS measurements in partnership with the University of Southampton's Infrastructure Research Group. Hopefully, these measurements will help to clear some existing doubts. In addition, it would be interesting to instrument another site. Ideally, this site should be several hundred meters long to allow more measurements on more geogrids and further from transition zones. The larger sample size could compensate for subgrade heterogeneity, and the further distance from transition zones could reduce dynamic effects. Furthermore, new measurements could be added, including:

-settlement measured using the same hydraulic settlement sensors developed at INSA Lyon (Khoueiry 2020); -local stiffness measured using the bender element system developed at the University of Illinois Urbana-Champaign [START_REF] Byun | Horizontal stiffness evaluation of geogrid-stabilized aggregate using shear wave transducers[END_REF][START_REF] Byun | Local Stiffness Quantification of Geogrid Stabilized Aggregates in Relation to Deformation Behavior[END_REF];

Both measurements were planned but ultimately could not be integrated into either site instrumentation. There is still hope for future collaboration with both research teams.

SNCF also hopes to understand the long-term behaviour of geogrid materials (polypropylene, polyester, etc.). Notably, creep behaviour, how temperature variations affect performance and recyclability at the end of service life. This understanding will allow for a complete financial and environmental life cycle cost analysis of geogrid use on the RFN.

The model loading apparatus can be improved by upgrading its instrumentation. First, additional LVDTs could be used to map subballast and subgrade settlements. Then, strains could also be measured using a two-dimensional network of optical fibres instead of individual strain gauges. The optical fibre network would provide continuous strain measurements and could be positioned at the subballast-subgrade interface even without a geosynthetic. Furthermore, they are so thin that they are unlikely to disrupt the subballast-geogrid interaction. The use of optical fibres has already been planned and prepared for the next experimental campaign. In addition, load cells could be added to the sides of the tank to measure lateral stress during the experiments. Finally, time must be devoted to developing a method to calibrate the pressure sensors and interpret their data.

Conducting a complete parametric study with several repeatability tests is also necessary. The most important variables will be the subgrade stiffness, non-woven geotextile and subballast thickness.

Other variables can be tested once the influence of these three has been understood and quantified. Eventually, SNCF Réseau will be able to develop a method for designing their geogrid improved trackbeds by coupling the laboratory test results with site data.

Annex 1. Direct Shear Test (Abeid 2021) [START_REF] Abeid | Improvement of Railway Trackbed using Geogrids : Design and Implementation of a Physical Model for Experimentation[END_REF] performed direct shear tests largely based on the NF P94-512-10 standard with slight modifications regarding the compaction of the sample and the fixation of the geogrid. When present, the geogrid is solely confined by the subballast material such that the only way for it to receive tension is through interlocking with the subballast grains. Therefore, the test should be conducted as follows.

Direct shear Test Without Reinforcement 1. Measure 27kg of dry subballast material with the desired 𝐷 𝑚𝑎𝑥 (20mm, 25mm, and 31.5mm were used).

2. Divide the mass into three equal portions and add the water content (5.5% in this case). Thus, add 495g of water for 9kg of dry soil.

3. Introduce the first portion into the shear box and spread it evenly.

4. Compact this first layer using a modified Proctor rammer by applying five impacts in a 6x6 grid.

5. Introduce the next two portions and compact them the same way as the first one.

6. After the compaction of the third layer, prepare the soil surface for loading by making sure that it is horizontal and flat. If necessary, scratch the surface and redistribute the soil particles.

7. Use the hydraulic press to compact the loose particles and attain the horizontal flat surface (20kN on the scale for about 1 minute).

8. Measure the height of the space between the soil's surface and the top of the box at different points to obtain an average, then calculate the volume of the sample and its density. 9. Apply the desired normal stress using the hydraulic press, then shear the sample at a 1 mm/min velocity.

Direct shear Test With the Geogrid Below the Interface

The geogrid was installed at two different positions, 2 mm and 10 mm, below the interface separating the two boxes. The sample preparation is the same as above except that:

1. After compacting the second layer, the soil is scratched to obtain 2 mm or 10 mm below the interface, and then the geogrid is installed; 2. The scratched soil is mixed with the soil for the third layer, and then we proceed as in the previous case.

Note:

-A loading plate controlled by the hydraulic press is used to apply the desired normal stress. -The normal stress is detected by a pressure membrane half-filled with water installed below the loading plate. -A geomembrane is installed between the soil and the pressure membrane for protection.

-Two LVDTs separated by a distance of 19cm are placed on top of the loading plate to measure the vertical movement of the soil. -All the data is monitored by an acquisition system connected to a computer.

Annex 2. Numerical Model of the Experimental Tank (Khan 2020)

Khan (2020) numerically modelled the tank in FLAC3D (Fast Lagrangian Analysis of Continua). FLAC3D is an explicit finite difference tool that uses the first-order approximation to solve three-dimensional problems. As an explicit scheme, equations of motion are solved even for static problems, where a fictitious numerical velocity (applied displacement/time step) is adopted in solving problems.

The soil was simulated with the "Zones" provided in FLAC 3D . In order to ensure that a whole number of zones represents a particular layer, the subgrade and subballast layers were created separately as two different boxes placed one upon the other, rather than a single box that could be split into two different layers. All the boundaries, except the topmost surface of the model (top of the subballast layer), were fixed to represent the condition of the actual experimental tank. 
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 11 Figure 1.1. Ballasted track structure and its components, longitudinal cross-section (top) and transversal cross-section (bottom). (Selig and Waters 1994)

Figure 1 . 2 .

 12 Figure 1.2. Modern rail profiles, 50E6 for UIC ≥ 4 and 60E1 for UIC 1 to 3.(Trevin, 2008) 

Figure 1 . 3 .

 13 Figure 1.3. Typical wheel load distribution across five sleepers.[START_REF] Selig | Track Geotechnology and Substructure Management[END_REF] 

Figure 1 . 6 .

 16 Figure 1.6. Typical substructure contributions to the settlement of an existing track with a stable subgrade.[START_REF] Selig | Track Geotechnology and Substructure Management[END_REF] 

Figure 1 . 7 .

 17 Figure 1.7. Progressive subgrade shear failure.[START_REF] Selig | Track Geotechnology and Substructure Management[END_REF] 

  the 1950s, Dr Brian Mercer developed the Netlon process, in which plastics are extruded into a netlike process in one stage. Based on Dr Mercer's further innovative research and development work on extruded net technology, polymer straps and strips were formed into grid-like products during the early 1970s. In the late 1970s, the first integral geogrids were developed and employed in practical applications (roads, retaining walls, etc.) starting in the early 1980s (Das 2016). The extruded geogrids initially produced by Netlon Ltd were of two types: uniaxial and biaxial. They are formed using a thick sheet of polyethene 3 or polypropylene that was punched and drawn to create apertures and enhance the engineering properties of the resulting ribs and nodes. More recently, triaxial geogrids were developed and are commercially produced/distributed by Tensar International. All three types of punched-and-drawn geogrids are shown in Figure 1.8.
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 18 Figure 1.8. From left to right: uniaxial, biaxial and triaxial punched-and-drawn geogrids. (Google Images)

  Solutions and NAUE GmbH & Co. KG, produce welded geogrids. Both of these types of geogrid are available in uniaxial and biaxial variants. The aperture sizes can vary from a few millimetres to several centimetres; those shown in the figures below are around 30 to 40 mm in size.
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 19 Figure 1.9. Biaxial knitted (left) and welded (right) geogrids. (Google Images)
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 1 Figure 1.10. Geogrid stabilisation of (a) the ballast layer for maintenance reduction, (b) the subballast layers for improved bearing capacity, and (c) a view of the granular materials in contact with a geogrid. Derived from (Tensar 2013)
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 2 Figure 2.1. Normalised FWD Deflection along the Coppull Moor Test Site.[START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF] 
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 22 Figure 2.2. Vertical profile data for Coppull Moor Test Site[START_REF] Thom | Rail Trafficking Testing[END_REF] 
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 23 Figure 2.3. Geocomposite placement using the ballast cleaning machine.[START_REF] Horníček | A Test Section with a Geocomposite Placed to Stabilise the Ballast Bed[END_REF] 

Figure 2 . 4 .

 24 Figure 2.4. Comparison of a new geocomposite with a sample from the site near Blovice station. (Horníček et al. 2014)
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 2 Figure 2.6 illustrates longitudinal cross-sections of the track structure above each subgrade. The superstructure is composed of steel rails (unit mass of 60 kg/m) on reinforced concrete sleepers (2,500 mm long by 260 mm wide by 230 mm deep) embedded 220 mm into the ballast at 600 mm spacing (centre to centre). The substructure is composed of 300 mm of ballast (below the base of the sleepers), 150 mm of subballast, 700 mm of structural fill (where needed) and a transition layer of an unspecified thickness (where required).
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 2 Figure 2.6. Components of the track structure of (a) soft alluvial deposit, (b) hard rock, and (c) concrete bridge deck. (Nimbalkar and Indraratna 2016)
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 2 Figure 2.7. Details of track instrumentation using: (a) strain gauges, (b) pressure cells, (c) settlement pegs, and (d) deformation monitoring frame. (Nimbalkar and Indraratna 2016)
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 2 Figure 2.8. Spello railways cross-section[START_REF] Montanelli | Geogrid Reinforced Railways Embankments: Design Concepts and Experimental Test Results[END_REF] 
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 2 Figure2.9. Railway base monitoring using strain gauges installed on the upper geogrid layer at positions 5 and 6 (Cf. Figure2.10) during train passage.[START_REF] Montanelli | Geogrid Reinforced Railways Embankments: Design Concepts and Experimental Test Results[END_REF] 
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 2 Figure 2.11.Positioning of the strain gauges on the Dolga Gora site. (Lenart and Klompmaker 2014)
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 2 Figure 2.12. Geogrid strain at the bottom of the subballast, over five years, in longitudinal (left) and transverse (right)directions.[START_REF] Lenart | Geogrid reinforced railway embankment on soft soil -Experiences from 5 years of field monitoring[END_REF] 
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 2 Figure 2.13. Typical transverse cross-section (top) and longitudinal cross-section (bottom) of the Victoria-Minas site(dimensions in mm).[START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF] 
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 2 Figure 2.14. Particle size distribution curves of materials used on the Victoria-Minas site.[START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF] 
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 2 Figure 2.15. Installation of strain gauges in the track on the Victoria-Minas site.[START_REF] Fernandes | Performance of geosynthetic-reinforced alternative sub-ballast material in a railway track[END_REF] 
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 3 Figure 3.1. On-going PANDA test on a railway track.
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 3 Figure 3.2. Examples of PANDA tests performed near site 1. The red line indicates the excavation depth.
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 33 Figure 3.3. On-going Minidyn TM test on a freshly excavated trackbed.
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 3 Figure 3.4. Ev2 moduli on Site 1, as determined using a MinidynTM light falling-weight deflectometer (plan view).
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 3 Figure 3.5. Plan view of the subgrade Ev2 moduli (in MPa) on Track 1 Site 2. The distance between the axes of each sleeper is 60 cm, and the yellow sleepers are instrumented cross-sections (Cf. Figure 3.10).
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 3 Figure 3.6. Site 1 Layout.
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 3 Figure 3.7. Strain gauge and temperature probe locations (plan view).
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 3 Figure 3.8. Pressure cell locations (cross-section).
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 3 Figure 3.9. Site 2 Layout (left) and strain gauge positions on an instrumented geogrid (right). The empty rectangles represent the estimated positions of sleepers above the strain gauges.
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 3 Figure 3.10. Instrumented cross-sections; showing the positions of the strain gauges (crosses, DEF), the temperature sensors (small horizontal bars, PT100) and the total pressure cells (large horizontal bars, TPC).
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 3 Figure 3.11. TPC installation on Site 2.

Figure 3 .

 3 Figure 3.12. Hexagonal height of a geogrid with triangular apertures.
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 3 Figure 3.13. MEMS accelerometers labelled 8Gxx and placed on numbered sleepers.
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 3 Figure 3.14. MEMS accelerometer 30 (left); MEMS in bracket (centre); on-site installation (right).
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 3 Figure 3.15. Cumulative strain and corresponding temperature at cross-sections S2 to S4 (top to bottom).
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 3 Figure 3.16. A seasonal breakdown for strain relative to temperature for DEF3_ext.
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 3 Figure 3.17. Soil stress in the trackbed.
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 3 Figure 3.18. Bombardier Class B 81500 passenger train (4 car variant) and its axle load profile as measured on Site 2.
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 3 Figure 3.19. Stabilisation of strain signals during the first three months of traffic. Example from GGR1.

Figure 3 .

 3 Figure 3.20. Rib strain in the transverse direction; unfiltered (top) and filtered (bottom).

Figure 3 .

 3 Figure 3.21. All filtred strains to a given train; GGR1 (left) and GGR2 (right).

Figure 3 .

 3 Figure 3.22. Evolution of strain values from December 2020 to October 2021; GGR1 (top) and GGR2 (bottom).

Figure 3 .

 3 Figure 3.23. presents the transverse train profile, obtained by plotting the peak strains at positions GGRx_S3_1, GGRx_S3_2 and GGRx_S3_3. Normally, considering the theoretical stress distribution (Cf.Figure1.4), one would expect all the profiles to resemble the December 2020 profile of GGR1. The maximum tension should be at the rail seats, and the minimum tension should be in the central axis. However, later recordings exhibit the maximum tension in the central axis, and the minimum tension is 538 mm outward (towards the rail seat). One could assume that all the profiles started similar to the theoretical expectation and then evolved into their current and seemingly final state. If true, this would confirm that both geogrids provoke a modification of stress distribution in the subballast. However, the lack of complete data before mid-November 2020 makes it difficult to confirm this for GGR2. Laboratory observations could shed some light on this strain distribution.

Figure 3 .

 3 Figure 3.23. Evolution of transverse strain profile from December 2020 to October 2021; GGR1 (top) and GGR2 (bottom). Dashed lines represent supposed values. The vertical red lines represent the positions of the rail seats.

Figure 3 .

 3 Figure 3.24 and Figure 3.25 represent the stresses applied by the December 2020 train on the monitored sections. Initial analysis based on Boussinesq elastic theory[START_REF] Boussinesq | Applications des potentiels à l'étude de l'équilibre et mouvement des solides elastiques[END_REF]) and Giroud Tables[START_REF] Giroud | Tables pour le calcul des fondations[END_REF]) indicated that one should expect approximately 50 kPa of stress in the subballast layer under a 150 kN axle. Of course, the magnitude of this stress depends on the stiffness of the underlying subgrade. Stiffer subgrades produce larger magnitudes of stress. This phenomenon is confirmed in the control sections, with larger subballast stress in REF1 on a stiffer subgrade (56 kPa stress on 30 MPa subgrade) than REF2 on a softer subgrade (38 kPa stress on 17 MPa subgrade). As for the geogrid stabilised sections, GGR1 has a stress response of 36 kPa on 21 MPa subgrade, and GGR2 has 50 kPa on 24 MPa. A similar analysis can be extended to the stress in the subgrade, where 35 kPa was expected. The values indicate that GGR1 produces a noticeable change in the relation and GGR2 does not. However, the exact stress-stiffness relationship is not yet clear for this track configuration. This ambiguity could be clarified with further analysis of train data coupled with a parametric study.
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 3 Figure 3.24. Stresses induced in the subballast and subgrade by a B 81500 train; values for GGR1 and REF1.

Figure 3 .

 3 Figure 3.25. Stresses induced in the subballast and subgrade by a B 81500 train; values for GGR2 and REF2.

Figure 3 .

 3 26 presents this exercise for the first locomotive bogie, with a 150 kN load per axle. The subballast stresses are on the left side of the figure, and the subgrade signals are on the right. Each graph also features the stress response evolution from December 2020 to October 2021.
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 3 Figure 3.26. Comparison between stresses induced by a locomotive bogie in the subballast (left) and subgrade (right) for GGR1_S2, REF1, REF2 and GGR2_S2 (top to bottom).

Figure 3 .

 3 Figure 3.27. Stress transfer ratio from subballast to subgrade relative to axle load for each zone (GGR1, REF1, REF2 & GGR2;from top to bottom), with a marker for the weighted average of each cluster.

Figure 3 .

 3 Figure 3.28. Comparison between the peak stresses applied in the subgrade at both measurement points in each zone; GGR1, REF and GGR2 (top to bottom).

Figure 3 .

 3 Figure 3.29. Examples of the stress measurement pairs used in the t-test.
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 3 Figure 3.30. Sleeper deflections (a) near the left rail and (b) near the right rail, in the direction of traffic on Site 1 (Cf.Figure 3.13 for sleeper numbers).

Figure 3 .

 3 Figure 3.31. Sleeper deflections for Track 1 on Site 2 (Cf. Figure 3.13 for sleeper numbers).

Figure 3 .

 3 Figure 3.32. Sleeper deflections for Track 2 on Site 2 (Cf. Figure 3.13 for sleeper numbers).

  Figure 4.3 illustrates this through deflections measured during the British Rail Research tests (Matharu 1994).

Figure 4

 4 Figure 4.1. Permanent strains in grid versus load cycles for a geogrid placed at the bottom of an 8-inch (203.2 mm) thickroad base, loaded with a 300 mm diameter steel plate.[START_REF] Haas | Geogrid reinforcement of granular bases in flexible pavements[END_REF] 

  Figure 4.4. Applying the Boussinesq elastic theory (Boussinesq 1885) to the measurements obtained, with and without geogrids, resulted in the relations shown in Figure 4.5.
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 44 Figure 4.4. Load test arrangement 36 used for quantifying the modification of load spread produced by geogrid inclusion.([START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF] 

  Figure 4.6 (Perkins 1999). Indraratna et al. have made similar observations, for ballast applications, at the ballast-subballast interface(Indraratna et al. 2013).
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 46 Figure 4.6. Permanent radial strain 37 in the subgrade at 40,000 load cycles (left) and permanent vertical strain in the subgrade at a radial distance of 65 mm from the load plate 38 centerline (right). (Perkins 1999)
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 4 Figure 4.7. Loading sequence on the model sleeper.[START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF] 

Figure 4 .

 4 Figure 4.11 relation between d50/(geogrid pore diameter) and internal friction angle.[START_REF] Deng | Study On Direct Shear Test On Interface Performance Of Geogrid And Coarse-Grained Soil[END_REF] 

  42 "Renforcement des sols -Ouvrages en sols rapportés renforcés par armatures ou nappes peu extensibles et souples -Essai statique d'extraction en place d'inclusion".
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 4 Figure 4.12. Influence of subgrade stiffness on permanent deformations. The geogrid was placed in ballast, 100 mm below the base of the sleepers. (Bathurst and Raymond 1987)

  Figure 4.14 presents the stiffnesses calculated by Brown et al. and their relation to settlement measured during a model loading test on ballast (Cf.Figure 4.10).
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 4 Figure 4.14. Relationship between (a) tensile resilient stiffness and strength for 65 mm aperture geogrids 45 , (b) settlementand geogrid stiffness for phase 1 (low overburden) tests.[START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] 
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 4 Figure 4.15. Performance of 65 mm aperture geogrids in phase 2 (higher overburden) tests.[START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] 
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 4 Figure 4.16. Influence of aperture size on settlement.[START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] 
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 4 Figure 4.17. Accumulated permanent deformation (a) and optimum geogrid placement (b) for ballast on a very flexible subgrade. (Bathurst and Raymond 1987)
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 4 Figure 4.18. Variation of lateral spread reduction index (LSRI) with distance for different placement positions of geogrid G3;Settlement response of ballast for various placement positions of G3.[START_REF] Indraratna | The lateral displacement response of geogridreinforced ballast under cyclic loading[END_REF] 
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 51 Figure 5.1. Foam mattress with cutout for LVDT stand.
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 5 Figure 5.2. Grain size distribution curves for the NE 34 sand.

Figure 5 . 3 .

 53 Figure 5.3. Loose and compact SP40 mixture.
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 54 Figure 5.4. Positions of the Minidyn TM tests and impact marks on sand-polystyrene mixtures.
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 5 Figure 5.5. Subballast grain size distribution compared to the required range 57 .

Figure 5

 5 Figure 5.6. Modified Proctor Optimum (OPM) and Normal Proctor Optimum (OPN) curves for subballast material.

Figure 5 .

 5 Figure 5.7 depicts a cross-section of the setup. First, a 30 mm thick dense-foam mattress is used to line the bottom of the tank and thus limit the effects of the rigid bottom on Ev2 measurements, as explained in sub-section 5.1.1. Next, the subgrade is compacted into a 470 mm layer mattress and topped with the geosynthetic layer. Then a 250 to 300 mm layer of subballast is compacted onto the geosynthetics at the Normal Proctor water content and a dry density of approximately 2000 kg/m 3 . Two LVDTs, positioned along the axis of the loading directions and fixed to the bottom of the tank, are used to measure the settlement of the geosynthetic layer at the subgrade-subballast interface. These LVDTs are shown traversing the subgrade in Figure 5.7.
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 5 Figure 5.7. Cross-section of the experimental setup (distances in mm).
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 58 Figure 5.8. Plan view of the experimental setup with the loading plate positioned on the right side of the tank (distances in mm).

Figure 5 . 9 .

 59 Figure 5.9. Plan view of the experimental setup with the strain measurement locations in red and loading plate positions in blue (distances in mm).

Figure 5 .

 5 Figure 5.10. Plan view of the experimental setup with the stress measurement locations in red and loading plate positions in blue (distances in mm).
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 5 Figure 5.11. Positions of Ev2 measurements (distances in mm) plan view of the experimental setup.

Figure 5 .

 5 Figure 5.12. (a) Dynamic penetration test on subballast after loading; (b) deconstructed subballast on non-woven geotextile; (c) subgrade after loading, with LVDTs sticking out.

Figure 5 .

 5 Figure 5.13. Settlements at the top of the subballast and the top of the subgrade. The graphs on the left correspond to Position 1, and those on the right correspond to position 3 (Cf. Figure 5.11).

Figure 5 .

 5 Figure 5.14. Complete settlement curves for NGGR_SS25_1R (without geogrid) and GGR1_SS25_1R (with geogrid).

Figure 5 .

 5 Figure 5.15. Settlements of the top of the subballast (plate) and the top of the subgrade (Interface). Both tests were protected using a thin plastic sheet.

Figure 5 .

 5 Figure 5.16. Cumulated tensile strain in the transverse ribs of GGR4, where negative strain indicates extension (Cf. Figure 5.9 for locations).

Figure 5 .

 5 Figure 5.18. Evolution of vertical subgrade stress signal near the centre of the loading plate (R1), at the edge of the loading plate (R2 & R3) and on the other side of the tank (L1) during cyclic loading of GGR4 (Cf. Figure 5.10 for locations).
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  Representation of the geometry of the numerical model. (Khan 2020) (a) Embedment of geogrid in soil-zone (FLAC3D); (b) Elastic behavior of geogrid. (Khan 2020)
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  . Ainsi, il est nécessaire d'effectuer des tests pour quantifier ces améliorations au cas par cas. Par conséquent, les verrous scientifiques à lever au cours de cette thèse sont la mesure et la compréhension des mécanismes mobilisés dans les sous-couches stabilisées par géogrille sur le RFN.

Ces connaissances seront nécessaires à l'élaboration de référentiels pour l'utilisation des géogrilles sur le RFN. Ainsi, les objectifs de cette thèse ont été fixés selon trois axes.

Table 1

 1 

	.1. Parameters used for the determination of the Dynamic Amplification Factor (Esveld, 2001)	
	Probability (%)	t	Application	Track Condition	ϕ
	68.3	1	Contact stress, Subgrade	Very Good	0.1
	95.4	2	Lateral load, Ballast bed	Good	0.2
	99.7	3	Rail Stresses, Fastenings, Supports	Bad	0.3

  Dans les deux cas, la performance dépend principalement de la capacité de la géogrille à s'enchevêtrer efficacement avec les matériaux granulaires environnants et à transférer la tension transversale le long de ses brins. La littérature suggère que le rapport entre l'ouverture de la géogrille et la taille nominale des grains, la raideur de la géogrille et son efficacité de jonction sont les caractéristiques physiques et

	Pour une application de transport donnée, seul un essai en conditions réelles d'exploitation (en termes
	de conditions géométriques, géotechniques et de chargement) permet de tirer une conclusion objective
	sur l'efficacité des géogrilles. C'est pourquoi, à partir des années 1980, les gestionnaires
	d'infrastructures ferroviaires du monde entier ont procédé à des essais en installant des géogrilles sur
	des sections de voies (Coleman 1990). Les connaissances superficielles et les rapports anecdotiques de
	ces essais sur le terrain, y compris les situations d'urgence mentionnées à la section 1.4, permettent
	d'être optimiste quant à l'utilisation des géogrilles. C'est cet optimisme qui a motivé la décision de
	réaliser des essais in situ rigoureux et bien documentés dans le cadre du présent travail. Avant de lancer
	ces essais, il a fallu répondre à de nombreuses questions quant aux implications (techniques et
	logistiques) de l'insertion de ces géosynthétiques dans la structure de la voie du RFN et du suivi de leurs
	performances. Les plus importantes de ces questions étaient les suivantes :
	-Comment est-ce que l'inclusion de géogrilles affecte les processus standards de maintenance
	des voies ? Compte tenu du contexte, quelles sont les meilleures pratiques à adopter ?
	-Comment mesurer correctement la performance des géogrilles in situ ? Quels sont les outils et
	les méthodes à privilégier ?
	La meilleure façon de répondre à ces questions était de procéder à une étude bibliographique. Bien
	que des centaines d'essais aient été réalisés au cours des décennies, jusqu'à récemment, peu de cas
	ont été documentés de manière adéquate dans la littérature technique. Encore moins de ces cas
	concernent le principal intérêt de cette étude, c'est-à-dire l'utilisation des géogrilles dans le domaine
	ferroviaire. Néanmoins, l'étude bibliographique a révélé des cas intéressants qui ont précisé le champ
	d'application des géogrilles et aidé à l'élaboration d'une expérimentation in situ. Les différentes études
	de cas présentées dans ce chapitre ont démontré l'efficacité des géogrilles dans plusieurs situations.
	Les principales conclusions concernant les applications ferroviaires sont les suivantes.

Lorsque la portance du sol-support est modérément faible, l'installation d'une géogrille appropriée sous (ou dans) la couche de ballast permet d'augmenter la durée entre les opérations de maintenance. Un enchevêtrement efficace des grains dans la maille de la géogrille réduit l'étalement latéral de la couche de ballast et diminue ainsi son tassement. Il diminue également les contraintes induites par le trafic et réduit l'usure du ballast. Cependant, il n'augmente en rien la capacité portante globale des sols sous-jacents. Les géogrilles de stabilisation peuvent être facilement installées sous le ballast si le renouvellement se fait « hors suite » (c'est-à-dire avec des engins conventionnels au lieu d'un train suite rapide 5 ). L'épaisseur du ballast doit également être suffisante pour éviter d'endommager la géogrille lors des opérations de bourrage.

Lorsque la portance du sol-support est extrêmement faible, il devient nécessaire d'augmenter sa capacité portante. Dans ce cas, l'insertion d'une géogrille dans la sous-couche est la solution à privilégier. Dans ce cas, les améliorations sont également apportées par l'enchevêtrement des grains, mais celui-ci a un effet plus important sur la capacité portante car il augmente la raideur des couches d'assise. Cette raideur accrue permet également de construire en utilisant moins de matériaux (couches plus minces) ou des matériaux de faible qualité. La géogrille est donc une solution idéale dans les cas où l'objectif principal est de réduire les délais et les coûts de construction ou lorsque l'espace vertical est limité et l'épaisseur des couches structurelles doit être minimisée (tunnels ou passages sous ouvrages d'art). mécaniques qui ont le plus d'influence sur son efficacité. De plus, il est essentiel de s'assurer que le matériau granulaire conserve un angle de frottement élevé en limitant la pollution par des fines. Ainsi, la combinaison d'une géogrille avec un géotextile de séparation/filtration est généralement recommandée.

En combinant les enseignements tirés de l'analyse bibliographique avec la connaissance des pratiques de maintenance privilégiées à SNCF Réseau, l'objectif technique de définir le domaine d'application des géogrilles dans les structures des voies ferrées du RFN peut être atteint. Sur le RFN, la plupart des renouvellements de ballast sont effectués en « suite rapide ». La politique standard consiste également à maintenir l'épaisseur du lit de ballast aussi faible que possible, généralement autour de 200 mm. Cette épaisseur limitée du ballast met les géogrilles à portée des dents de bourrage durant le bourrage en « suite rapide ». Par conséquent, le positionnement des géogrilles directement sous le ballast pourrait s'avérer problématique lors de l'installation et de la maintenance.

En outre, les principaux problèmes que SNCF Réseau souhaite résoudre concernent les portions de voie construites sur des sols-supports de caractéristiques faibles où le bourrage n'a pas donné de résultats satisfaisants et durables. Ces portions présentent également souvent des problèmes tels que la remontée de fines. Dans ces cas, les structures d'assises doivent être renouvelées et les systèmes de drainage adjacents doivent être restaurés (ou créés). En même temps, les équipes de maintenance sont constamment sous pression pour achever rapidement les travaux de renouvellement afin d'éviter des fermetures prolongées de la voie. La situation de SNCF Réseau est donc parfaite pour l'insertion de géogrilles dans la sous-couche. Ainsi cette étude se concentrera exclusivement sur l'instrumentation et le suivi de géogrilles posées dans la sous-couche.

L'instrumentation choisie vise à reproduire les résultats des études de cas cités dans la bibliographie et à confirmer l'efficacité des différentes géogrilles sur le RFN. Par conséquent, les sites instrumentés pour le présent travail comprennent la mesure des déformations transversales des géogrilles, des contraintes induites par le trafic (dans la sous-couche et le sol-support), la température dans le sol et les charges aux essieux des trains. L'instrumentation de chaque site est adaptée pour tenir compte des différences de conditions in situ et des défis logistiques rencontrés lors de la planification. Cette instrumentation a été complétée par une mesure de déflexion des traverses lors des passages de trains, développée à l'Université de Southampton
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 2 1.Summary of track geometry data before and after renewal[START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF] 
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	S1	S2	S3	S4	S5	S6
	𝛾					

2. Results of in situ tests on the subgrade after compaction. (Fernandes et al. 2008) 𝑑𝑚𝑎𝑥 (kN/m 3 ) 16.59 16.76 23.28 23.30 23.28 16.50 Degree of compaction (%) 100.2 101.3 101.1 101.0 101.2 100.7 Elastic modulus (MPa) 109.7 100.8 111.8 106.8 88.1 99.5

  Malgré l'absence de connaissances quantitatives approfondies sur les bénéfices qu'elles pourraient apporter, les géogrilles sont utilisées de plus en plus souvent sur le RFN. Ce déploiement précoce est autorisé au cas par cas par SNCF Réseau, sur la base des connaissances acquises lors de l'analyse bibliographique présentée tout au long du présent document. Des visites de sites effectuées lors des travaux de rénovation aident à comprendre comment mieux intégrer les géogrilles dans les processus existants. Cette approche au cas par cas permet de s'assurer que les matériaux appropriés sont utilisés et installés conformément aux recommandations des fabricants. Elle permet également de s'assurer que les travaux sont validés à l'aide des essais géotechniques appropriés (contrôle de la portance et de la densité en place). En outre, cela permet de constituer une base de données de sections de voies stabilisées par géogrille, dont les caractéristiques techniques et les propriétés des matériaux sont convenablement documentées.Par conséquent, il a fallu mettre en place une instrumentation plus approfondie. Elle a été inspirée de certaines des études de cas examinées, notamment une étude réalisée en Australie[START_REF] Nimbalkar | Improved Performance of Ballasted Rail Track Using Geosynthetics and Rubber Shockmat[END_REF]. Ce type d'instrumentation ne peut pas être déployé sur un grand nombre de sites, car son coût est important. Deux sites ont donc été choisis pour ce suivi approfondi. Le premier site est équipé d'un système relativement simple, adapté à des mesures quasi-statiques. Le second site est équipé d'un système plus sophistiqué, capable de détecter l'arrivée des trains et d'effectuer des mesures dynamiques. Dans l'ensemble, les installations des deux sites furent un succès. L'instrumentation a été intégrée de manière satisfaisante dans la planification et l'exécution des travaux de rénovation, favorisant ainsi une installation dans des conditions optimales. Une analyse préliminaire des mesures a confirmé que, après deux ans de service, le système de surveillance reste bien opérationnel et qu'aucun des capteurs enterrés n'a été endommagé. Ce taux de survie est remarquable, sachant que certaines études rapportent des pertes allant jusqu'à 18% des capteurs posés dans des conditions opérationnelles[START_REF] Warren | Sensor selection, installation, and survivability in a geosynthetic-reinforced flexible pavement[END_REF].Le prétraitement des données a été entièrement automatisé pour faciliter leur gestion. Le script de prétraitement gère les conversions de format, l'étiquetage des données, le filtrage des signaux et leur synchronisation. Ainsi, on peut assurer la précision et la fiabilité de l'ensemble des données. On peut ensuite les visualiser et les analyser à l'aide de diverses méthodes statistiques. Jusqu'à présent, l'analyse a révélé que toutes les géogrilles instrumentées sont mobilisées lors du passage d'un train. La raideur de chaque géogrille semble être le facteur le plus important pour déterminer sa performance. La géogrille la plus raide (GGR1) semble être la seule à fonctionner exactement comme prévu. La géogrille moins raide (GGR2) ne semble être efficace que sous les charges les plus élevées, ce qui indique peut-être qu'elle ne convient pas aux circulations typiques du RFN. Les mesures de déflexion des traverses suggèrent également que la plupart des géogrilles réduisent la variabilité des déflexions. Globalement, le système se comporte comme attendu, malgré quelques valeurs aberrantes. Des travaux seront bientôt entrepris sur ces aspects matériels. L'analyse pourrait également être améliorée en segmentant les données pour tenir compte de chaque phase d'évolution des tassements et pour extraire l'influence des saisons (température et teneur en eau). Des travaux sont en cours pour analyser les données de manière plus approfondie et identifier les indicateurs de performance les plus pertinents. Au cours des prochaines années, l'acquisition et l'analyse continues des données devraient permettre de mieux comprendre comment chaque géogrille est mobilisée sous les charges du trafic et de comparer les performances des géogrilles instrumentées. Ces connaissances pourraient alors alimenter le développement de l'interprétation des mesures de déflexion et faciliter la surveillance des géogrilles non instrumentées. À terme, il y aura suffisamment de données pour mettre en oeuvre des modèles numériques fiables.

En théorie, la performance de ces sections stabilisées par géogrille pourrait être surveillée à l'aide de mesures de la géométrie de la voie (effectuées par des trains de mesure). Cette méthode de suivi est séduisante car elle ne nécessite pas de mesures supplémentaires et les données peuvent être facilement analysées. Cependant, elle pose trois problèmes :

-Les mesures de la géométrie de la voie ne sont effectuées sur les lignes conventionnelles (hors lignes à grande vitesse) que deux fois par an. Cette cadence signifie, en absence d'une défaillance spectaculaire, qu'il faudrait des années pour vérifier si les performances de la géogrille sont mobilisées.

-Les données des trains de mesure sont moyennées sur des tronçons de 200 m. Il est possible de récupérer les données brutes (mesurées à intervalles de 25 cm). Cependant, le positionnement de ces mesures a parfois une marge d'erreur de ± 200 m. Actuellement, la plupart des sections équipées de géogrilles font entre 50 et 100 m de long, donc elles se retrouvent dans la marge d'erreur.

-La plupart des travaux de renouvellement comprennent le nettoyage (ou la création) d'un drainage et l'installation d'un géotextile de séparation/filtration. Il serait donc difficile de confirmer la contribution de la géogrille si des améliorations étaient observées.

La plupart de ces valeurs aberrantes peuvent être attribuées au caractère aléatoire inhérent aux nombreux paramètres non contrôlés que l'on rencontre sur le terrain. Ces paramètres comprennent les variations de la portance du sol-support, l'hétérogénéité du matériau de sous-couche, les différences localisées pendant le compactage et le bourrage, les effets dynamiques induits par les trains, etc. Il serait utile de surveiller d'autres sites présentant des caractéristiques similaires sur des tronçons plus longs. Ces tronçons plus longs fourniraient des points de référence pertinents, qui pourraient être utilisés pour déterminer l'impact de certains des facteurs mentionnés ci-dessus. Cependant, ce type d'installation est logistiquement complexe et financièrement onéreux. Ainsi, certaines des comparaisons devront être approximées à l'aide du modèle physique développé en laboratoire.

A l'heure actuelle, il est plus intéressant de poursuivre la compréhension des sites surveillés en identifiant les causes principales de chaque anomalie. Cette clarification pourrait être obtenue par une meilleure compréhension des matériaux des géogrilles

(polypropylène, polyester, etc.)

, notamment leur comportement en fluage et l'effet de la température sur leurs performances.
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	.1. Sensor specifications
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 3 2. Characteristics of the geosynthetic used on Site 1.

	Product Characteristic	Unit Declared Value
	Geogrid (GGR1)		
	Radial Secant Stiffness 28 at 0.5% strain	kN/m	480
	Radial Secant Stiffness at 2.0% strain	kN/m	360
	Junction Efficiency	%	100
	Hexagonal Height (Cf. Figure 3.12)	mm	80
	Non-Woven Geotextile		
	Thickness at 2kPa	mm	10.00
	Static Puncture Resistance	N	18,000
	Water Permeability Normal to the Plane	l/s/m 2	10
	Characteristic Opening Size O90	mm	-
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	3. SNCF Subballast Specifications	
	Characteristic	Unit	Value Range
	D10	mm	0.158 -0.315
	D30	mm	1.575 -3.150
	D50	mm	6.300 -8.000
	D60	mm	8.000 -15.75
	Dmax	mm	31.50 -40.00
	Los Angeles + Micro-Deval Value	-	≤ 50
	Methylene Blue Value	-	≤ 1
	Shape	-	Angular, Crushed
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	Product Characteristic	Unit	Declared Value
	Geogrid 1 (GGR1)		
	Radial Secant Stiffness at 0.5%	kN/m	480
	Radial Secant Stiffness at 2.0%	kN/m	360
	Junction Efficiency	%	100
	Hexagonal Height (Cf. Figure 3.12)	mm	80
	Geogrid 2 (GGR2)		
	Radial Secant Stiffness at 0.5%	kN/m	360
	Radial Secant Stiffness at 2.0%	kN/m	250
	Junction Efficiency	%	100
	Hexagonal Height (Cf. Figure 3.12)	mm	80
	Non-Woven Geotextile		
	Thickness at 2kPa normal stress	mm	10.00
	Static Puncture Resistance	N	18000
	Water Permeability Normal to the Plane	l/s/m 2	10
	Characteristic Opening Size O90	mm	-

4. Characteristics of the geosynthetic used on Site 2.

Table 3 .

 3 5. Values of transfer ratio centroids for each zone.

	Zone	Passenger Trains (~140kN)	Freight Trains (~200kN)
	GGR1	0.80	0.81
	REF1	0.60	0.58
	REF2	0.69	0.71
	GGR2	0.58	0.69

Table 3 .

 3 6. Percentage of cases that verify the null hypothesis in each zone, for each p-value (i.e. the percentage of cases with uniform load distribution)

	Zone	p = 0.050	p= 0.025	p = 0.010
	GGR1	22.51 %	25.83 %	30.81 %
	GGR2	15.97 %	17.43 %	20.44 %
	REF	3.84 %	4.57 %	5.39 %
	3.4.3. Dynamic Sleeper Deflections 33		

  du développement de contraintes latérales au sein des granulats, provoquées par le confinement que la géogrille leur apporte, de l'élargissement de la surface de distribution des charges sous l'interface géogrille-granulat et la réduction conséquente des contraintes appliquées sur le sol-support, de la réduction de la contrainte de cisaillement sous l'interface géogrille-granulat résultant de la limitation des déformations latérales.

	Ces mécanismes sont rendus possibles par l'enchevêtrement effectif des granulats adjacents dans les
	mailles de la géogrille. Une fois que les mécanismes mentionnés ci-dessus ont été identifiés et compris,
	des essais de cisaillement directs ont été utilisés pour compléter les résultats d'essais de chargement
	Il a déjà été établi que les géogrilles sont utiles pour améliorer les structures d'assises ferroviaires. Il sur modèles physiques. Ils ont mis en évidence le cisaillement entre la géogrille et les granulats et ont faut donc s'attacher à comprendre comment cette amélioration est produite et à identifier les facteurs permis de mieux comprendre comment les contraintes sont transférées des granulats vers les qui l'affectent. La meilleure façon d'y parvenir est de procéder à une étude paramétrique par des essais géogrilles.
	dans des conditions contrôlées (c'est-à-dire en laboratoire), car ils sont moins coûteux et peuvent être réalisés plus rapidement que les essais in situ. Lorsqu'il s'agit d'étudier les géogrilles, ces essais En général, les études en laboratoire ont montré que les géogrilles améliorent considérablement les
	prennent généralement deux formes :
	La plupart des études prennent la forme d'essais de chargement sur modèle à échelle réelle, car cette
	échelle permet de mesurer la performance globale du système. Cette approche est préférable car de
	nombreux facteurs interdépendants peuvent affecter la performance des géogrilles, notamment les
	caractéristiques mécaniques de chaque élément, le placement de la géogrille dans l'assemblage en
	couches et le nombre de couches de géogrille. Il est donc plus facile de tirer des conclusions lorsque
	l'ensemble géogrille-agrégat est testé. Les nombreuses études menées au fil des ans se sont
	concentrées sur la mesure de variables telles que les déformations latérales des géogrilles, les
	contraintes du sol et les déformations du sol (dans les directions horizontale et verticale). Ces mesures
	ont permis une compréhension explicite des mécanismes impliqués dans le fonctionnement des
	géogrilles. Il s'agit notamment :

des essais de chargement sur des modèles physiques qui visent à reproduire un système renforcé/stabilisé par une géogrille et à mesurer sa réaction selon différents scénarios de chargement ;

des essais de cisaillement direct et des essais d'arrachement qui peuvent simuler les interactions entre une géogrille et les granulats adjacents principalement au niveau de leur interface.

Un examen des études basées sur ces méthodes d'essai permet de bien comprendre comment mesurer et évaluer les performances des géogrilles (pour les chemins de fer, les routes et autres plateformes de travail). Il convient de noter que la plupart des études mentionnées dans le présent chapitre visent à reproduire fidèlement les conditions de travail et les mesures réelles. Par conséquent, elles s'appuient sur des mesures physiques utilisant une combinaison de cellules de charge, de capteurs de pression, de jauges de contrainte et de capteurs de déplacement du type LVDT. Bien que ces études présentent certains inconvénients liés à leur incapacité à reproduire intégralement les conditions de fonctionnement, elles décrivent suffisamment bien les concepts fonctionnels pour être utiles dans la pratique de l'ingénierie.

d'une interaction entre les géogrilles et les granulats adjacents qui est exprimée par des contraintes de cisaillement, performances des couches composées de matériaux granulaires. Cependant, l'ampleur de cette amélioration varie considérablement d'une étude à l'autre. La variabilité de ces résultats renvoie à la complexité des systèmes considérés (propriétés des granulats, propriétés des géogrilles, positionnement, chargement, etc.). Elle suggère que les variables doivent être optimisées au cas par cas. En outre, la plupart des études publiées traitent des cas comprenant du ballast ou des souscouches routières, ce qui rend difficile d'affirmer que les mêmes résultats seront produits dans les souscouches ferroviaires.

Par conséquent, un dispositif expérimental a été développé pour tester les géogrilles destinées à être utilisées sur le RFN dans une cuve rigide de 2m

3 

. Ce dispositif a été conçu en tenant compte du contexte mentionné dans la conclusion du chapitre 2 et en utilisant les informations obtenues lors des phases initiales des essais in situ présentés dans le chapitre 3. Ainsi, le protocole expérimental a été conçu pour reproduire autant que possible les conditions sur site, avec une sous-couche et des géosynthétiques réels et un sol-support analogue. Dans la même veine, on mesure la déformation transversale des brins des géogrilles, le tassement de la sous-couche et du sol-support, ainsi que les contraintes dans le sol-support. Le modèle est sollicité par un chargement cyclique qui reproduit 3 à 4 années de trafic (par des trains Bombardier Class B 81500 4 caisses 34 ).

Table 4 .

 4 1. Results of direct shear and pullout tests.[START_REF] Tang | Evaluation of geogrids for stabilising weak pavement subgrade[END_REF] 

	Property	Grid A	Grid B	Grid C	Grid D	Control
	Friction angle, 𝜹 (deg.)	28.6	44.0	48.0	32.7	44.2
	Efficiency factor, 𝑬 𝝋	0.56	0.99	1.14	0.66	N/A
	Adhesion, c (kPa)	1.72	0.00	0.00	3.69	0.00
	Interaction coefficient, 𝑪 𝒊	0.86	1.00	0.82	0.62	N/A

Table 4 .

 4 2. Results of model loading tests with geogrid 46 /geotextile composites.[START_REF] Brown | Identifying the key parameters that influence geogrid reinforcement of railway ballast[END_REF] 

	Reinforcement type	Reinforcement	Settlement after 30,000	Settlement
		location	load cycles (mm)	reduction (%)
	Unreinforced	-	11.7	-
	Geogrid	50 mm above subballast	7.8	33
	Geogrid with bonded geotextile	50 mm above subballast	12.8	-9% (settlement increased)
	Geogrid	On subballast	9.0	23
	Geogrid with unbonded geotextile	On subballast	11.4	2

Table 4 .

 4 3. The sequence of multi-layered model loading test, with corresponding reductions of permanent total settlement (Rt) and subgrade settlement (Rs).[START_REF] Shin | Geogrid-reinforced railroad bed settlement due to cyclic load[END_REF] 

	Test No. Reinforced/unreinforced	Reinforced details (Cf. Figure 4.9)	Rt (%) Rs (%)
	1	Unreinforced	-	-	-
	2	Reinforced	Layer 1 only (geotextile and geogrid)	47	33
	3	Reinforced	Layers 1 and 2	58	38
	4	Reinforced	Layers 1, 2, and 3	80	43

  L'objectif des essais en laboratoire est de mener une étude paramétrique afin d'identifier les configurations les plus efficaces pour la stabilisation des sous-couches du RFN. Initialement, ces essais étaient prévus sur des modèles à échelle réduite représentant l'ensemble de la structure de la voie(c'est-à-dire le sol-support, la sous-couche, le ballast, les rails, les traverses, etc.). Cependant, cela pose plusieurs défis, dont le plus important est la réduction de l'échelle des géogrilles. Des modèles de géogrille peuvent être produits à échelle réduite grâce à l'impression 3D et quelques prototypes ont été imprimés. Malheureusement, un investissement important dans des processus d'impression spécialisés est nécessaire pour reproduire les propriétés géométriques, physiques et mécaniques de ces géogrilles imprimées en respectant les facteurs d'échelle.La superstructure de la voie(ballast, traverses, rails, etc.) n'est pas physiquement incluse à cause des limitations pratiques et techniques de la réalisation des essais à échelle réelle. Cependant, une charge de compression est maintenue sur la sous-couche pour simuler la présence de la superstructure pendant les essais de chargement. Cette charge minimum applique une contrainte équivalente à celle de l'ensemble ballast, rail et traverse sur une voie standard. Une surcharge est appliquée à une fréquence de 1.5 Hz pendant 250 000 cycles. Ceci représente 3 à 4 années de trafic (par des trains Bombardier Class B 81500 4 caisses 47 ). L'amplitude des surcharges est équivalente à celle mesurée dans la sous-couche du site 2 (70 kPa). Une analyse préliminaire des résultats des essais révèle la présence des mécanismes abordés dans le chapitre précédent. Les premiers résultats confirment que l'insertion de géosynthétiques de stabilisation/renforcement réduit le tassement de la voie ferrée. Cette confirmation est la première étape vers la quantification de la performance des géogrilles sur le RFN. De même, les observations suggèrent que les géogrilles augmentent la raideur de la sous-couche en confinant les granulats, augmentant ainsi la contrainte latérale. Ces améliorations apparaissent lorsque la tension se cumule dans les brins des géogrilles après plusieurs centaines de cycles de chargement. Cependant, certains facteurs clés restent à élucider. Notamment, la présente étude n'a pas encore quantifié la distribution des contraintes dans le sol-support. Une interprétation plus poussée des données existantes permettra d'éclairer certaines zones d'ombre, mais il est également nécessaire d'améliorer le dispositif expérimental et de réaliser beaucoup plus d'essais.

	Bien que le dispositif expérimental actuel soit utile pour valider la pose de produits géosynthétiques
	sur le RFN, il peut être amélioré en complétant son instrumentation. Tout d'abord, des LVDT
	En outre, l'impression 3D ne peut pas reproduire les spécificités des processus de fabrication des supplémentaires pourraient être utilisés pour cartographier les tassements de la sous-couche et du sol-
	géogrilles réelles, à savoir la réorientation moléculaire de polymères (pour les géogrilles poinçonnées support. Ensuite, les déformations pourraient également être mesurées à l'aide d'un réseau
	et étirées), la soudure des noeuds (pour les géogrilles soudées) et le tissage complexe recouvert par un bidirectionnel de fibres optiques au lieu de jauges de déformation individuelles. Le réseau de fibres
	revêtement (pour les géogrilles tricotées). Des discussions avec plusieurs fabricants de géogrilles ont optiques permettrait de mesurer les déformations en continu et pourrait être positionné à l'interface
	permis de conclure que l'utilisation de géogrilles imprimées en 3D n'aurait qu'une valeur académique, entre la sous-couche et le sol-support, même sans géosynthétique. De plus, les fibres optiques sont si
	alors que SNCF Réseau est intéressé par l'interaction entre son matériau de sous-couche standard et fines qu'elles ne risquent pas de perturber l'interaction entre la sous-couche et la géogrille. L'utilisation
	les géogrilles disponibles dans le commerce. Il a donc été décidé que les essais en laboratoire devaient de fibres optiques a déjà été planifiée et le matériel est prêt pour les prochaines campagnes
	être réalisés à échelle réelle, en utilisant les matériaux réels. Cette décision a simplifié le choix des expérimentales. En outre, des cellules de charge pourraient être ajoutées sur les parois latérales de la
	matériaux de sous-couche et des géosynthétiques. Cependant, le sol-support restait un problème. La cuve pour mesurer les contraintes latérales pendant l'essai. Enfin, du temps doit être consacré au
	plupart des sol-supports faibles rencontrés sur le RFN sont des argiles limoneuses. Elles sont sensibles développement d'une méthode pour l'étalonnage des capteurs de pression et l'interprétation de leurs
	à l'eau et leurs caractéristiques varient en fonction de la teneur en eau. Il est donc difficile de maintenir enregistrements.
	des caractéristiques constantes si on utilise ces matériaux. Ainsi, le défi était de trouver un matériau Les futures campagnes expérimentales donneront des résultats plus pertinents si les charges cycliques analogue qui pourrait raisonnablement reproduire la compressibilité d'une argile limoneuse sans sa sont appliquées au centre de la cuve. Ces campagnes devront également faire varier plusieurs sensibilité à l'eau. En fin de compte, un mélange de sable et de polystyrène a été sélectionné sur la paramètres. En priorité, il faudra faire varier la raideur du sol-support et l'épaisseur de la sous-couche. base de son efficacité lors de précédents essais sur des modèles physiques (Dinh 2009 ; Houda 2016). Il faudra aussi vérifier l'effet de l'utilisation d'un géotextile non tissé moins rigide et du retrait du Finalement, le dispositif expérimental a consisté en une cuve rectangulaire de 2 m 3 dans laquelle est géotextile. Ensuite, d'autres variables pourront être testées. A terme, en couplant les résultats des construite une structure d'assise ferroviaire standard qui comprend : essais en laboratoire avec les données du chantier, SNCF Réseau pourra pleinement intégrer les
	-le sol-support, qui est un sol de faible portance, légèrement compressible et inadéquat pour géogrilles dans ses référentiels pour la conception de structures d'assises ferroviaires.
	l'assise d'une voie ferrée,
	-une couche géosynthétique composée d'un géotextile de séparation/filtration et d'une
	géogrille ou d'un géotextile de renforcement,
	-une sous-couche composée de graves non-traitées habituellement utilisées par SNCF Réseau.

Table 5 .

 5 1. Summary of all prepared subgrade mixtures and the corresponding proportions of materials.

	Mixture	Volumetric Fraction	NE34 sand mass (kg)	Polystyrene mass (kg)	Water mass (kg)	Total mass (kg)
	SP10	10%	1300	1.717	130.20	1431.90
	SP20	20%	1300	3.434	130.35	1433.80
	SP30	30%	1300	5.151	130.50	1435.70
	SP40	40%	1300	6.868	130.70	1437.55
	SP50	50%	1300	8.585	130.90	1439.40
	SP60	60%	1300	10.302	131.00	1441.30

Table 5 .

 5 

	Mixture	SP10	SP20	SP30	SP40	SP50	SP60	SP40 Foam
	Average Ev2 (MPa)	35	25	25	24	-	-	18

2. Results of the Minidyn TM tests ( 𝐸 𝑣2 in MPa) on various sand-polystyrene mixtures.

Table 5 .

 5 3. Physical and mechanical characteristics of the subballast used for the model loading tests.

	Characteristic	Unit	Value Range
	Grain shape	-	Angular, Crushed
	D10	mm	0.2
	D30	mm	2.0
	D50	mm	8.0
	D60	mm	9.0
	Dmax	mm	40.0
	Uniformity Coefficient	-	45
	Curvature Coefficient	-	2.2
	Methylene Blue Value	-	0.2
	Los Angeles Value	-	24
	Micro-Deval Value	-	20
	Maximum Dry Density (Normal Proctor)	kg/m 3	2370
	Optimum Water Content (Normal Proctor)	%	4.1
	Maximum Dry Density (Modified Proctor)	kg/m 3	2440
	Optimum Water Content (Modified Proctor) %	3.4

Table 5 .

 5 4. Characteristics of the non-woven geotextile used for the model loading tests.

	Product Characteristic	Unit	Declared Value
	Thickness at 2kPa normal stress 58	mm	7.00
	Static Puncture Resistance 59	N	4500
	Water Permeability Normal to the Plane 60 l/s / m 2	10
	Characteristic Opening Size 61 O90	mm	0.055

Table 5 .

 5 5. Characteristics of the stabilisation/reinforcement geosynthetics used for the model loading tests 62 .

	Product Characteristic	Unit	GGR1	GGR2	GGR3	GGR4	GTX1
	Aperture Size 63	mm x mm 42 x 38 32 x 32 25 x 25 40 x 40 -
	Aperture/D50	-	4.75	4.00	3.125	5.00	-
	Tensile Strength at 2% elongation 64 kN/m	13.0	16.0	11.4*	7.2*	7.0
	Stiffness at 2% elongation 64	kN/m	650*	800*	570*	360	350*
	Tensile Strength at 2% elongation 65 kN/m	13.0	16.0	11.4*	7.2*	26.3
	Stiffness at 2% elongation 65	kN/m	650*	800*	570*	360	1315*

Table 5 .

 5 6. List of model loading tests and their main features (Y = Yes, N = No).

Table 5 .

 5 7. Total settlement reduction provided by each geosynthetic at 1k, 10k and 100k cycles.

	Cycle Number	GGR1	GGR2	GGR3	GGR4	GTX1
	Top of Subballast					
	1,000	60%	6%	-36%	-49%	1%
	10,000	43%	24%	15%	5%	20%
	100,000	39%	36%	23%	18%	26%
	Top of Subgrade					
	1,000	-	10%	-27%	-23%	-13%
	10,000	-	22%	19%	12%	13%
	100,000	-	36%	26%	23%	22%

Table 5 .

 5 8. Reduction of settlement rate at logarithmic intervals.

	Cycle Range	GGR1	GGR2	GGR3	GGR4	GTX1
	Top of Subballast					
	1 -10	86%	65%	-344%	-144%	32%
	10 -100	68%	-7%	-158%	-136%	-73%
	100 -1,000	42%	19%	-3%	-10%	11%
	1,000 -10,000	12%	33%	39%	30%	29%
	10,000 -100,000	31%	46%	30%	28%	31%
	Top of Subgrade					
	1 -10	-	16%	-251%	-148%	-68%
	10 -100	-	-13%	-129%	-103%	-88%
	100 -1,000	-	13%	-1%	-3%	1%
	1,000 -10,000	-	27%	37%	26%	23%
	10,000 -100,000	-	46%	32%	32%	29%

  Avant la présente étude, les géogrilles avaient été utilisées pour répondre à des besoins urgents sur le RFN. Cependant, les quelques sites concernés n'avaient fait l'objet d'aucun suivi particulier ni d'aucune analyse de retour d'expérience exploitable. Cette situation ne pouvait perdurer, car il y a un besoin croissant d'améliorer les structures d'assise lors des opérations de renouvellement. SNCF Réseau a donc décidé d'étudier l'utilisation des géogrilles pour l'amélioration des structures d'assises, en tenant compte du contexte et des exigences spécifiques au RFN. Pour atteindre les objectifs énumérés dans le Chapitre 1, le travail a été divisé en deux composantes complémentaires (des essais in situ et des essais de chargement sur modèle physique). Chaque composante a d'abord fait l'objet d'une recherche et d'une planification via une étude bibliographique, puis a été mise en oeuvre via des expérimentations. L'analyse de la bibliographie a conclu que la présente étude devait se concentrer exclusivement sur l'instrumentation et le suivi de géogrilles posées dans la sous-couche. Deux sites ont été instrumentés pour les essais in situ. Ils comprennent chacun des mesures de :déformations transversales des brins des géogrilles, contraintes induites par le trafic dans la sous-couche et le sol support, température à l'interface entre le sol et les géogrilles.En plus, le site 2 comprend des capteurs pour mesurer les charges aux essieux des trains et l'instrumentation du site est capable d'enregistrer à haute fréquence (2000 Hz).Dans l'ensemble, l'installation des deux sites a été un succès. Une analyse préliminaire des mesures confirme que l'instrumentation est toujours entièrement opérationnelle après deux ans de service. Ceci est encourageant, car le système a été conçu pour dix ans de service. Un script de prétraitement a été développé pour automatiser les étapes initiales de l'analyse des données. Ce script gère les conversions de format, l'étiquetage des données, le filtrage des signaux et la synchronisation. La précision et la fiabilité de l'ensemble des données sont ainsi assurées. Les données prétraitées peuvent ensuite être visualisées et analysées à l'aide de diverses méthodes statistiques.L'analyse a révélé que les géogrilles instrumentées sont effectivement mobilisées lors du passage des trains. A cette étape, la raideur des géogrilles semble être le facteur déterminant de leur performance. Les mesures suggèrent également que la plupart des géogrilles réduisent la variabilité des déflexions des traverses. En somme, le système se comporte comme prévu, malgré quelques valeurs aberrantes. La majorité de ces aberrations peuvent être attribuées aux aléas du travail in situ. Les paramètres noncontrôlés incluent les variations de portance du sol-support, l'hétérogénéité du matériau de souscouche, les défauts localisés et les effets dynamiques induits par les trains.Un dispositif expérimental a été développé pour tester les géogrilles destinées à être utilisées sur le RFN. Ce dispositif et le protocole expérimental qui l'accompagne ont été conçus pour reproduire (autant que possible) les conditions in situ, en utilisant une sous-couche et des géosynthétiques réels, sur un sol-support analogique. Les essais ont consisté à l'applicationde 250k cycles de chargement (entre 15 et 85 kPa) sur un modèle de structure d'assise ; tout en mesurant les déformations de la géogrille, le tassement de la sous-couche et du sol-support, et les contraintes dans le sol-support. Le dispositif et le protocole ont été validés en effectuant plusieurs essais avec et sans géosynthétiques de stabilisation/renforcement. En l'état, les résultats des essais pourraient aider à approuver la pose d'un géosynthétique de stabilisation/renforcement sur le RFN. Les premiers résultats confirment que l'insertion de géosynthétiques de stabilisation/renforcement permettent de réduire le tassement. Cette confirmation est la première étape vers la quantification de la performance des géogrilles sur le RFN. De même, les observations suggèrent que les géogrilles augmentent la raideur de la sous-couche en confinant les agrégats. Ces améliorations apparaissent lorsque la tension s'accumule dans les brins des géogrilles après plusieurs centaines de cycles de chargement. Cependant, certains facteurs clés restent à déterminer, notamment la quantification de la répartition des contraintes dans le sol-support. Une interprétation plus poussée des données existantes permettra d'élucider certains points d'ombre, mais il est également nécessaire d'améliorer le dispositif expérimental et de réaliser davantage d'essais.Dans l'ensemble, les résultats obtenus ont renforcé la confiance de SNCF Réseau dans l'utilité des géogrilles sur le RFN, facilitant ainsi leur utilisation plus systématique lors des opérations de renouvellement. Ainsi, on peut conclure que les objectifs initiaux ont été largement atteints, même si de nombreuses améliorations peuvent être apportées aux outils et procédures développés au cours de cette thèse. C'est pour cette raison que SNCF Réseau et le Laboratoire 3SR s'engagent à poursuivre l'étude. Ainsi, il est prévu de développer des idées qui n'ont pas pu être mises en oeuvre au cours des trois dernières années. Parmi ces idées, il convient de citer :

As calculated from gross tonnage using UIC Code 714 (UIC

2009).

In rail transport, cess is the area along either side of a railroad track which is kept at a lower level than the sleeper bottom, in order to provide drainage.

Also referred to as polyethylene.

𝜎 𝑣 ′ is vertical effective stress, 𝜎 ℎ ′ is horizontal effective stress, 𝜀 𝑣 is normal strain in the vertical direction, 𝜀 ℎ is normal strain in the horizontal direction, 𝜏 is shear stress.

Voir : https://www.sncf-reseau.com/fr/entreprise/newsroom/sujet/suite-rapide-a-quoi-ca-sert

The term "reinforcing" is used in the original report. However, this function has since been reclassified as "stabilisation" by the IGS. This is to distinguish between applications where a geosynthetic can be mobilised at low strains (stabilisation) and those where large strains are required (reinforcement).

Junction efficiency indicates the ability of the geogrid to transfer loads from one rib to the other ribs connected to that junction in a different direction (EOTA 2012).

A track geometry parameter monitored by Network Rail. It is the standard deviation of the vertical rail profile, filtered at 35 m to remove longer wavelength faults[START_REF] Sharpe | Geogrid Trials at Coppull Moor on the West Coast Main Line[END_REF]).

These laboratory tests were used to select the geogrid. They will be presented in more detail in Chapter 4.

This includes a geocomposite (GC1), three geogrids (2 x GG1, GG2 and GG3) and a control section (no grid).

This includes GG3 and a control section.

This includes a ShockMat. It is outside the scope of this study.

The GeoGauge measures a material's mechanical impedance at the surface of the ground. In other words, it measures the force imparted to the soil and the resulting surface deflection as a function of frequency. Stiffness, force over deflection, follows directly from the impedance .

ASTM D-4695-03: "Standard Guide for General Pavement Deflection Measurements". NF P98-200-2: "Essais relatifs aux chaussées -Mesure de la déflexion engendrée par une charge roulante -Partie 2 : détermination de la déflexion et du rayon de courbure avec le déflectomètre Benkelman modifié".

Specifications and resources are available at: https://www.sol-solution.com/en/our-materials/panda-en/.

SNCF Réseau -Référentiel Ingénierie IG 05016: "Guide de réhabilitation des plateformes ferroviaires anciennes des lignes exploitées à V ≤ 220 km/h".

SNCF Réseau -Référentiel Ingénierie IG 90260: "Conception et dimensionnement des plateformes ferroviaires nouvelles pour voie ballastée".

Note that each test result is the average value obtained after three impacts. The first impact is used to set the soil and the other are the genuine measurements.

Specifications and resources available at: https://www.campbellsci.com/cr1000.

Specifications and resources available at: https://www.imc-tm.com/.

NF P 94-093: "Sols : Reconnaissance et essais -Détermination des références de compactage d'un matériau -Essai Proctor Normal -Essai Proctor modifié".

Specifications and resources available at: http://www.gcdataconcepts.com/x2-5.html.

These results were provided by David Milne and the Infrastructure Research Group of the University of Southampton.

Cf. paragraphe 3.4.2. 

From here on out, the term geogrid will be preferred. However, in the presence of large enough strains, the mechanisms described can be mobilised with reinforcement geotextiles. In fact, geotextiles are included in many of the referenced studies.

In the present document, geogrid performance will refer to the overall performance of a granular base (or trackbed), in which a geogrid has been inserted, relative to an identical granular base without a geogrid.

The naming convention used by Brown et al. indicates the nominal tensile strength and the aperture size. For example, 15-65 is a geogrid with 15 kN/m strength at 2% elongation and 65 mm by 65 mm aperture size.

Cf. paragraphe 3.4.2. 

SNCF Réseau -Référentiel Ingénierie IG 05016: "Guide de réhabilitation des plateformes ferroviaires anciennes des lignes exploitées à V ≤ 220 km/h"

Note that each test result is the average value obtained after three impacts. The first impact is used to set the soil and the other are the genuine measurements.

NF P 11-300: "Exécution des terrassements -Classification des matériaux utilisables dans la construction des remblais et des couches de forme d'infrastructures routières".

NF EN ISO 9863-1: "Géosynthétiques -Détermination de l'épaisseur à des pressions spécifiées -Partie 1 : couches individuelles"

NF G 38-019: "Textiles -Articles à usages industriels -Essais des géotextiles -Détermination de la résistance au poinçonnement"

NF EN ISO 11058: "Géotextiles et produits apparentés -Détermination des caractéristiques de perméabilité à l'eau normalement au plan, sans contrainte mécanique"

NF EN ISO 12956: "Géotextiles et produits apparentés -Détermination de l'ouverture de filtration caractéristique"

This comment refers to the four geogrids and one woven geotextile.

SNCF Réseau -Référentiel Ingénierie IG 05016: "Guide de réhabilitation des plateformes ferroviaires anciennes des lignes exploitées à V ≤ 220 km/h".

Mohr-Coulomb lines for subballast capped at Dmax of 20 mm reinforced with GG1, GG2 and GG3[START_REF] Abeid | Improvement of Railway Trackbed using Geogrids : Design and Implementation of a Physical Model for Experimentation[END_REF]).

Acknowledgements

Effect on the Ev2 Modulus

Table 5.9 summarizes the values of Ev2 measured at each of the three positions (Cf. Figure 5.11). Before loading, the subballast modulus varies around 50 MPa. These values correspond to those expected for this trackbed configuration 70 . The measurements show that the Ev2 modulus varies less when stabilisation/reinforcement geosynthetics are included in the track structure. This improvement could result from better and more uniform compaction provided by the stiffer geosynthetics and the lateral confinement of subballast aggregates. However, it might also be affected by the operators' experience and dexterity. This variability will need to be verified using several repeatability tests.

On the other hand, the introduction of a geogrid did not increase the Ev2 before loading. The absence is probably because the Minidyn TM does not transfer enough energy to mobilize soil-geogrid interactions. Therefore, it probably is not the best tool if one wishes to pre-emptively quantify improvements provided by a geogrid. Some geogrid manufacturers suggest that a better approach would be to perform static plate load tests according to the German standard 71 . It could easily be tested in the experiment tank, but it would be more challenging to deploy on-site because the testing equipment is less portable. After loading, the change in the Ev2 modulus provides some clues about the difference between the geogrids and the geotextiles.

In the control case (NGGR), the Ev2 modulus significantly increases at the loaded positions and is essentially unchanged in the centre of the tank. This increase can be attributed to the densification of the subballast within a tiny radius under the loading plate. The non-woven geotextile used for NGGR tests does not propagate solicitations too far because it is thick and has high flexural rigidity.

In the presence of a geogrid, the Ev2 modulus increases with the same magnitude as NGGR at the loaded positions. However, the Ev2 modulus also significantly increases in the centre of the tank. This increase is likely the result of two phenomena. The first is the increased lateral stress hypothesised in the previous sub-sections, and the second is the broadening of the angle of load spread. It is unclear how much each phenomenon contributes to the measured Ev2. A complete interpretation of the subgrade stress measurements could shed some light on this question.

Compacted soil surface ready for shearing and the position of a geogrid in the shear box after a direct shear test [START_REF] Abeid | Improvement of Railway Trackbed using Geogrids : Design and Implementation of a Physical Model for Experimentation[END_REF].

Friction angle and cohesion of unreinforced and reinforced direct shear tests 72 [START_REF] Abeid | Improvement of Railway Trackbed using Geogrids : Design and Implementation of a Physical Model for Experimentation[END_REF]. 

Case