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Introduction General context and motivation

Root-soil interaction is a key factor in many domains including agronomy (e.g., [START_REF] Lin | Rheology of apple and potato tissue as affected by cell turgor pressure[END_REF][START_REF] Bentini | Physico-mechanical properties of potato tubers during cold storage[END_REF], renewable fuel production (e.g., [START_REF] Persson | Maize ethanol feedstock production and net energy value as affected by climate variability and crop management practices[END_REF][START_REF] Zhuang | Biofuel, land and water: maize, switchgrass or miscanthus?[END_REF][START_REF] Eckert | Maize ethanol production in brazil: Characteristics and perspectives[END_REF], and soil slope stabilisation (e.g., [START_REF] Waldron | Soil reinforcement by roots: calculation of increased soil shear resistance from root properties[END_REF][START_REF] Gray | Mechanics of fiber reinforcement in sand[END_REF][START_REF] Wu | Effect of vegetation on stability of soil slopes: numerical aspect[END_REF]. Therefore, understanding the processes that govern plant root development is a big concern in different research fields, from soil science and botany to bio-inspired geotechnics, currently in development. Root-soil interaction is a strongly coupled phenomenon between a living plant and inert soil. On the one hand, it is proven that soil conditions affect root growth. On the other hand, plant roots may significantly modify soil properties. As proven by different researchers, the presence of roots can reduce the probability of erosion and shallow instabilities (e.g., [START_REF] Megahan | Long-term erosion on granitic roadcuts based on exposed tree roots[END_REF][START_REF] Kort | A review of soil erosion potential associated with biomass crops[END_REF][START_REF] De Baets | Impact of root architecture on the erosion-reducing potential of roots during concentrated flow[END_REF]. Besides, due to the evapotranspiration process roots can be used to control the moisture levels within the soil (e.g., [START_REF] Alves | Evapotranspiration estimation performance of root zone water quality model: evaluation and improvement[END_REF][START_REF] Akuraju | Analysis of root-zone soil moisture control on evapotranspiration in two agriculture fields in australia[END_REF]. At the interface between these two aspects can be found the best combination to grow a healthy root system (thus, a plant) and to enhance the soil properties. The principle of enhancing soil mechanical properties by adding external reinforcement is used since ancient times. Through the years, many historical monuments were obtained with bio-composite reinforced soil. One of the most relevant examples is the Great Wall of China, which was made partially with a mixture of stones, soil, and wood [START_REF] Waldron | The Great Wall of China: from history to myth[END_REF]. Other examples are the wooden pile foundations of most of the buildings in Venice (Italy). The contact with sea water and ooze (under the sea level) and the absence of oxygen, create a complex process of mineralisation that makes the wood stronger [START_REF] Cavaggioni | Le fondazioni storiche a venezia. stato dell'arte, tecniche di costruzione e comportamentio[END_REF][START_REF] Ceccato | Fe analysis of degradation effect on the wooden foundations in venice[END_REF]. Recently, in the context of "bio-inspiration" there is the desire to identify biological principles to solve problems, seeking to adapt engineering design to natural elements [START_REF] Helms | Problem-driven and solution-based design: twin processes of biologically inspired design[END_REF]. In order for these solutions to be fruitful, it is important to better understand what happens in nature. Plant roots are considered by many as a source of inspiration because of the variety of functions they hold. Roots are one of the most studied systems for the acquisition and transport of resources as water and nutrients and for their use as an anchorage system. The current development of bioinspired technologies is based on such observations. Among the different projects, the following root-inspired designs can be mentioned:

• pali-radice by [START_REF] Lizzi | pali radice'structures, in 'Underpinning and retention[END_REF] -these are root piles patented in 1950-52. They found large applications for the foundations of big monuments, or, by using "reticulated root piles", they can be employed for in-situ soil reinforcement and landslide consolidation ( Selected aspects of the root-soil interaction, root system architectures, and biological networks are exploited in the emerging field of bio-geotechnics. Nowadays, root-soil interaction is well investigated regarding the biotic part of the system, but the research on the abiotic part is still an open challenge. To fully benefit from the root systems and completely understand all the aspects influencing the abiotic part, deeper investigations are needed.

There are many open questions on the hydro-mechanical and mechanical interactions between plant roots and soil at the local scale of the element (soil particle and root). The challenge of this work is to provide a contribution to the new field of bio-geotechnics with perspectives that transcend between soil science, engineering, and biology. This doctoral thesis will focus on the development of techniques to investigate the soil mechanical response to root growth.

MAIN OBJECTIVES

Bio-in-Mech project

This PhD work is part of the project entitled "The Mechanics of bio-inspired processes: a multiscale study of multifunctional systems" (BIOinMECH), funded by the IDEX Université Grenoble Alpes and the Center for Bio-mediated and Bio-inspired Geotechnics (CBBG) in the USA. This project is based on an international strategic partnership between Laboratoire 3SR in Grenoble (France) and the Georgia Institute of Technology in Atlanta (USA). The scientific collaboration involves in total 4 PhD candidates. The other 3 students involved are all based in the Georgia Institute of Technology and their topics are presented below:

• L. Fernando Patino -"Development of soil characterisation devices based on biological mechanism and sand cavity expansion theory";

• Nimisha Roy -"Pore space architecture of granular media";

• Rodrigo Borela -"Geomechanics of earthworm locomotion".

The main objective of the international partnership is to understand how nature has evolved solutions to problems to inspire the development of next generation engineered materials, solutions, and systems. In particular, the specific focus is to study root-soil interaction, root system deployment, and biological network adaptation.

Main objectives

The main objectives of this thesis were built on the results found in literature on the abiotic aspect of the root-soil interaction as described in Chapter 1. The aims can be summarised in the following four major points:

• to investigate the root growth in a granular soil such as sand;

• to identify and develop a protocol to reproduce in laboratory root-soil systems in which the abiotic aspect of the root-soil interaction could be representative of the field, and to carry out consecutively 4D (3D + time) in-vivo observations of the interaction at the local scale (root scale and soil grain scale) through non-invasive x-ray Computed Tomography (CT);

• to develop an ad-hoc image processing technique to identify and segment each element (phase) within the root-soil system. The processed images should help to describe the kinematics in the system;

• to characterise the soil response around the root and its dependency on the initial soil bulk density.

The root-soil interaction is experimentally investigated by using a reference sand in soil mechanics, whose constitutive behaviour is well known -Hostun sand -although it is not a soil typically used for plant growth. Based on this reference soil, a parametric study of the initial density and the particles grading is performed. The initial density is one of the main parameters influencing the soil's mechanical response. Thus, two different densities are used to compare the sand responses. In addition, two gradings of the same sand are used to evaluate the ratio between root diameter and grain size. Finally, the last parameter at play is the root system. Two different THESIS OUTLINE root systems are used to compare the sand mechanical responses. This doctoral work aims to observe and quantify the root kinematics, the kinematics of the sand particles, the porosity evolution, and the water distribution, to eventually furnish a small additional piece to this big puzzle of research.

Thesis outline

The chapters presented in this thesis are divided into three parts. The content of each chapter is briefly described in the following:

• Part I: State of the art -Chapter 1: Introductory elements on roots and their interaction with the environment This chapter presents a review of the main contributions that can be found in the literature. An overview of the biology of the root plant systems is initially given. Then a short analysis of the response of plant roots to the environmental conditions in which they are developing is presented. Particular emphasis is given to the contribution that roots give to the soil's mechanical response, highlighting some of the models designed to describe root-soil reinforcement. Finally, an overview is given on the main findings concerning the microstructural changes induced in the soil by the root growth.

-Chapter 2: X-rays and data acquisition This chapter is fully dedicated to x-ray Computed Tomography. Starting with a brief historical background of the tool, a description of the image acquisition theory and the basis for the selection of optimum parameters to provide the desired visualisation of the 3D system and the soil-root interface follows. Next, the reconstruction techniques used to translate the radiographies -output of the x-ray scans -into tomography and 3D volumes are described. Finally, a brief literature review regarding the use of xray tomography in geomechanics, plant biology and the investigation of the root-soil interaction process is introduced.

• Part II: Methodology -Chapter 3: Experimental program The details regarding the experimental campaign are presented in this chapter. The materials used (sand and plant seeds) are described first. Then, the specific protocol designed for the sample preparation is discussed. Finally, the description of the two batches of experiments performed with the x-ray scanner for the 3D observations is presented.

-Chapter 4: Methodology: image and data processing tools Following the introduction on x-ray CT and the description of the image acquisition, specifications on the algorithms used to initiate the image processing and to obtain quantitative information are given. Details are provided on the techniques developed THESIS OUTLINE to improve some limitations of the tomographies, on the protocol used to identify and separate each phase composing the entire system, and on the mathematical tools used to measure the evolution of sand properties and the sand kinematics.

• Part III: Main observations and interpretations -Chapter 5: Root-soil interaction: results and analysis This chapter is dedicated to a detailed discussion regarding all the results derived from the x-ray CT. This discussion focuses on the analysis of the root system evolution, the porosity and saturation changes within the system, the sand kinematics, and volumetric behaviour. A link between the initial state of the sand and its mechanical response to root growth is proposed.

• Conclusions and recommendations for future work This last part collects all the key findings of this work, summarising the work described in the manuscript, underlining its novelty, and drawing out the principal conclusions obtained in this research. In addition, some perspectives for future works and improvements are suggested.

Part I

State of the art

Chapter 1

Introductory elements on roots and their interaction with the environment

Chapter layout

This chapter focuses the attention on two main aspects of the root-soil interaction. Firstly, a description of the root itself, thus its biology and growth process is presented. Secondly, the impact of roots on the surrounding soil is introduced. Concerning the first part, after a brief introduction on the root structure (Section 1.1.1, 1.1.2) and the description of the root system architecture (Section 1.1.3), the effect of soil environment on the root development is shortly presented (Section 1.1.4). The second part focuses more on the mechanical impact of root systems on the soil at the macroscopic scale (Section 1.2.2) and the effects of root growth observed on the soil microstructure (Section 1.2.3).

Root system

This section aims to summarise the basic knowledge on root development and nomenclature used in the following chapters. The root development generates the so-called root system. A root system is intended as the portion of a plant that develops in the underground. It is composed of several elements, every single one of them develops along an individual axis. Plant kingdom can be divided into seedless vascular plants and seed plants. The root system properties and characteristics presented hereafter are linked to the domain of the seed plants.

1.1.1 Root internal structure 1.1.1.1 Root tissues A root has a complex structure, the entire element is composed of a sophisticated arrangement of cells. Root cells can be divided into different groups, each group belongs to different tissue layers. [START_REF] Esau | Anatomy of seed plants. john wiley & sons[END_REF] shows a clear separation between different types of tissue systems and how their assembly forms a central cylinder in the root system. Each of these layers of cells has a specific role in the root growth. The distinction among the different tissues is presented in Figure 1.1. From the external tissue to the internal one, they are categorised as:

1.1. ROOT SYSTEM

• the epidermis (dermal tissue system) -it is considered as the 'skin' of the root and produces extensions cells called root hairs;

• the cortex (ground tissue system) -it varies widely among species and even in various root types of the same species. The cortex has an important role both structurally and functionally;

• the endodermis (inner tissue system) -it separates the cortex from the pericycle and it is considered as the layer of cells responsible for the formation of lateral roots;

• the pericycle -it is the layer of cells providing protection to the vascular system;

• the vascular tissues (vascular tissue system) -they include the phloem responsible for moving glucose made in leaves by photosynthesis and amino acids to the rest of the plant, and the xylem responsible for the distribution of water and minerals from the root to the entire plant. The mechanical properties of a root depend strongly on the hydric conditions of the tissues composing the root. Mechanical tests on root show that the root's Young's modulus (E) increases with time of drying. Thus, the drying process of the root (reduction in diameter) makes the root stiffer as stated by [START_REF] Jotisankasa | Direct shear testing of clayey sand reinforced with live stake[END_REF]. Similar conclusions can be found in the work of [START_REF] Boldrin | Effects of root dehydration on biomechanical properties of woody roots of ulex europaeus[END_REF] on the tensile response of woody roots.

Root hairs

The additional root layer composed of root hairs has an important role in root growth and its interaction with the environment. In Figure 1.2, three different phenotypes of Lotus Japonicus are 1.1. ROOT SYSTEM presented to highlight the root hairs presence (in the wild type). Generally, each root element is surrounded by a shield of root hairs which substantially helps in the transfer of water and nutrient. Root hairs are poorly investigated because their scale of observation is hardly reachable by direct imaging. The root hair diameter is about 10-50 µm, but the length may reach several centimetres. By confronting many species of plants with root hairs and without (mutant types) can be concluded that they play a key-role in the interaction with the surrounding soil. Even though root hairs are not taken into account either in the topology or the morphology of the root systems, root hairs offer an advantage for root penetration in high-strength soil [START_REF] Haling | Root hairs improve root penetration, root-soil contact, and phosphorus acquisition in soils of different strength[END_REF]. They help to anchor the root to the pore walls, improving the root-soil contact and root penetration [START_REF] Bengough | Root hairs aid soil penetration by anchoring the root surface to pore walls[END_REF]. 

Root zones

In addition to the different layers, the root body can be divided into a basal zone and an apical zone. From the Latin "apex " -point, summit -, the adjective apical means related to or situated at the apex. While the "base" is considered as the lowest part of an object and, in biology, it refers to the part connected to the ground or at the most basal point of the biological body. In the specific case of the plant, the basal zone of the root corresponds to the basal zone of the stem, ergo, it is the point where the two organs meet. For example, the basal zone of the laterals is the attachment point to the former root [START_REF] Baluška | What is apical and what is basal in plant root development?[END_REF]. Thus, the basal of each root system component is the intersection point with the element from where it is branching out. A schematic representation of this concept for both stem and root system is given in Figure 1 

Root apex

Root apex regions

The most active part of the root is the apical zone, where root elongation is defined as the cells expand and proliferate. It is divided into different regions, according to the functions of the cells, as shown in Figure 1.4, and as summarised below:

• the Root cap, which covers the very end tip of the root;

• the Meristem where cells proliferate, starting to expand and to divide;

• the Elongation zone where cells elongate and flow until reaching the maximum size;

• the Maturation zone in which cells have reached the maximum size and do not have further growth.

The root cap has no "epidermis" so that the outer cells are in direct contact with the soil. This is the reason why the border cells play a major role in lubricating the passage of the root cap through the soil. To quote [START_REF] Hawes | Root caps and rhizosphere[END_REF], "The root cap is a multi-functional, molecular relay station that not only detects, integrates and transmits information about the environment to appropriate plant organs, but also functions to specifically modulate properties of the soil habitat in advance of the growing root. The cap maintains its own independent developmental patterns 1.1. ROOT SYSTEM in response to the environment while simultaneously directing movement generated by the root meristem and region of elongation. In brief, the root cap responds to the soil environment to (i) control the direction of elongation; (ii) facilitate penetration into the soil; and (iii) determine the microbial environment around the root [START_REF] Hawes | Root caps and rhizosphere[END_REF].

The root cap is connected to the meristem, which can be defined as the zone of tip growth -Figure 1.4. In the meristem cells divide and start the elongation process (details in Section 1.1.2.2), which follows at the same rate in the portion of the root known as elongation zone. Finally, cells stop to grow when they reach the maturation zone. 

CELL TIERS AND FUNCTIONS

Cells expansion

Root growth results from the expansion or elongation of root cells, after their proliferation). The characterisation of the cell kinematic, initially studied by [START_REF] Goodwin | Growth and differentiation in the root tip of phleum pratense[END_REF] and [START_REF] Erickson | Elemental growth rate of the primary root of zea mays[END_REF], shows that cell elongation is strongly dependant on the environment properties such as temperature, water, and solute availability [START_REF] Pahlavanian | Effect of temperature on spatial and temporal aspects of growth in the primary maize root[END_REF][START_REF] Yamaguchi | Regulation of growth response to water stress in the soybean primary root. i. proteomic analysis reveals region-specific regulation of phenylpropanoid metabolism and control of free iron in the elongation zone[END_REF][START_REF] Bizet | 3d deformation field in growing plant roots reveals both mechanical and biological responses to axial mechanical forces[END_REF]. Cell expansion results from internal hydrostatic pressure -known as turgor pressure -which balances and overcomes the constraints imposed by the soil structure and the viscoelastic cell walls. [START_REF] Greacen | Physics of root growth[END_REF] indicate that the root grows when there is equilibrium among the turgor pressure P, the wall pressure W, and the pressure σ applied externally by the soil on the root, as described in the Equation 1.1:

P + W + σ = 0 (1.1)
The turgor pressure is isotropic, thus the predominant longitudinal expansion is considered as a consequence of differential depositions or modifications of cell wall materials mediated by microtubuledirected processes [START_REF] Barlow | Cytoskeletal perspectives on root growth and morphogenesis[END_REF].

ROOT SYSTEM

The genetic cells proliferation defines the transverse section of the root. Root does not have always a circular section, its shape is really dependant on the boundary conditions. Most of the time the root size, corresponding to the section orthogonal to its axis, is defined as the root diameter (Φ R ). This measurement is important as roots can be classified according to their diameter. A root can be either coarse or fine based on Φ R . Generally, coarse roots belong to the first order of the branching hierarchy when Φ R greater than 2 mm. Coarse roots have mainly an anchoring function. Fine roots have a finer diameter and are rather dedicated to absorption. The different functions of these two classes of roots are explained by [START_REF] Reubens | The role of fine and coarse roots in shallow slope stability and soil erosion control with a focus on root system architecture: a review[END_REF]) andDanjon et al. (2013). Furthermore, McCormack et al. (2015) splits the fine-root group in 2 sub-groups:

• absorptive fine roots: first and second order in the branching hierarchy;

• transport fine roots: third or higher order of hierarchy.

According to the hierarchy order of the roots, their cells thickness is dissimilar. Such difference drives the water-nutrient transport, hence the root function.

Root secretion

An additional ability of the root apex is to produce lubricant to overcome the soil resistance to deformation and to reach great depth [START_REF] Azam | Soil-plant interactions and establishment of woody perennials on hostile soils[END_REF]. Such root lubricant, called mucilage, is a gel-like secreted by the root-cap cells; its representation can be found in Figure 1.5. Mucilage is a polysaccharide viscous fluid with a small portion of lipids [START_REF] Read | Surface tension and viscosity of axenic maize and lupin root mucilages[END_REF]) released in a layer 0.5-50 µm thick. It alters the root nutrients absorption [START_REF] Ahmed | Mucilage exudation facilitates root water uptake in dry soils[END_REF]) and the pH of the pore-fluid in the soil [START_REF] Hinsinger | Rhizosphere: biophysics, biogeochemistry and ecological relevance[END_REF]). [START_REF] Walker | Root exudation and rhizosphere biology[END_REF] suggested that root exudates might act as messengers to convey a wide range of signals that initiates biological and physical interaction between roots and organisms including allelopathic root-root communication. Besides, McCully & Boyer (1997) noticed that mucilage has a large water adsorption capacity helping to retain water at negative potential when soil dries [START_REF] Benard | Microhydrological niches in soils: How mucilage and eps alter the biophysical properties of the rhizosphere and other biological hotspots[END_REF]). It has even been proven that mucilage affects the physical properties of the 1.1. ROOT SYSTEM soil in contact with it [START_REF] Bibliography Morel | Influence of maize root mucilage on soil aggregate stability[END_REF][START_REF] Bibliography Carminati | Plasticity of rhizosphere hydraulic properties as a key for efficient utilization of scarce resources[END_REF][START_REF] Benard | Pore-scale distribution of mucilage affecting water repellency in the rhizosphere[END_REF][START_REF] Kroener | Effects of mucilage on rhizosphere hydraulic functions depend on soil particle size[END_REF].

1.1.3 Root system architecture -RSA

The root system originates as the first root axis arises from the cells laid down in the seed. This portion of root will be identified in the following as radicle (Figure 1.6). From the seed, cells grow in a conical shape, according to the scheme displayed in Figure 1.4, and the continuous evolution of the root elements can lead to different geometries. Plant root architecture is one of the main aspects of plant productivity since the interaction with the soil determines the water and nutrients supply for the plant growth [START_REF] Sposito | Green water and global food security[END_REF]. In biology, the geometrical architecture is a key factor to classify the different types of root systems. [START_REF] Lynch | Root architecture and plant productivity[END_REF] explains that the geometry includes both the shape of the root (i.e., morphology) and the spatial connectivity (i.e., topology). If on one side the cellular organisation of a root element can be defined as schematic; on the other side, the root system architecture has a variable development [START_REF] Malamy | Intrinsic and environmental response pathways that regulate root system architecture[END_REF]). The root system architecture is the result of both the genetic predisposition to a specific form and the plant response to the soil conditions [START_REF] Barthélémy | Plant architecture: a dynamic, multilevel and comprehensive approach to plant form, structure and ontogeny[END_REF]. Due to the high variability of the latter factor, the classification of the root system is not an easy task. The few attempts found in the literature are developed, among others, by [START_REF] Cannon | A tentative classification of root systems[END_REF], [START_REF] Weaver | Classification of root systems of forbs of grassland and a consideration of their significance[END_REF], [START_REF] Ennos | Comparative functional morphology of the anchorage systems of annual dicots[END_REF]. The classification used by [START_REF] Ennos | Comparative functional morphology of the anchorage systems of annual dicots[END_REF] distinguishes between dicotyledonous angiosperms and monocotyledonous angiosperms, whose representations are displayed in Figure 1.7. Dicotyledonous develops a taproot system, which consists of a primary root, a series of basal roots, and some minor laterals identified in Figure 1.7a . Often, taproots maturate in plate root systems, in which the taproot flatten up in a shallow soil layer and the lateral branches extend to attain the resources. Monocotyledonous produces the so-called fibrous root systems, which consists of multiple root axes extending from a single point (generally the seed) -Figure 1.7b. According to the type of root system, each element has specific terminology. Figure 1.7 indicates the roots terminology proposed by [START_REF] Ennos | Comparative functional morphology of the anchorage systems of annual dicots[END_REF] and adopted in the following chapters. The architecture classification is considered important in order to associate the root architecture to the various root functions [START_REF] Fitter | An architectural approach to the comparative ecology of plant root systems[END_REF][START_REF] Fitter | Architectural constraints to root system function[END_REF]. In both types of systems, the main root is the first formed root of the system. In the case of monocotyledonous systems (e.g., maize, barley, wheat), the first root is defined as primary root. The other roots are named as they 1.1. ROOT SYSTEM a.

b. arise from the node (composed of seed and stem): seminal, nodal, basal, and crown roots. In the case of a dicotyledonous system (e.g., chickpea, orchids, lilies), the first root is defined as taproot.

The chronologically following roots that complement the system are named basal roots and they grow from the node. From the axis of primary and seminal/basal roots, the first order of laterals arises, and from their axis the second order branches off and so on. In this way, the hierarchy of the root system is described.

Additional information can be extracted from the topology and the morphology of the root system architecture. On one hand, the root topology can be defined from axial elongation and root branching hierarchy. [START_REF] Fitter | Morphometric analysis of root systems: application of the technique and influence of soil fertility on root system development in two herbaceous species[END_REF] used the Strahler geomorphological system to classify the topology mainly composed of segments and points of bifurcation. [START_REF] Fitter | An architectural approach to the comparative ecology of plant root systems[END_REF] and [START_REF] Berntson | Topological scaling and plant root system architecture: developmental and functional hierarchies[END_REF] define topological indexes (e.g., altitude, total path-length, branching ratio, branch angle) to classify the system as dichotomous or herringbone, depending on the root branching process (lateral and parent roots).Figure 1.8 shows this difference. On the other hand, the morphology of the system can be defined from the root radial expansion. The radial expansion is defined as radial cells development, including as well the secondary thickening of the mature roots. For this reason, the morphology can evolve in time: a healthy root initially classified as fine, can become coarse. The study of topology and morphology of the root systems is rather important to determine the accessibility of water and nutrients in the soil. The development and growth of root systems and its spatial arrangement may become highly asymmetric, determining the ability of a plant to secure the needed resources [START_REF] Lynch | Root architecture and plant productivity[END_REF]. Clearly, extracting these pieces of information as statistical data is challenging. Nevertheless, about 20 years ago, [START_REF] Jackson | A global analysis of root distributions for terrestrial biomes[END_REF] investigated the root mass of about 250 root systems, trying to describe the root distribution with depth. He used an asymptotic function to represent the cumulative proportion of roots (Γ) between the surface and

1.1. ROOT SYSTEM the depth d : Γ = 1 -β d (1.2)
Equation 1.2 shows the relation among the parameters, β is dimensionless and has to be determined empirically. The higher β, the greater the proportion of roots in a deeper soil layer.

Figure 1.8: Schematic representation of dichotomous and herringbone topologies defined by [START_REF] Fitter | Morphometric analysis of root systems: application of the technique and influence of soil fertility on root system development in two herbaceous species[END_REF]. Image adapted from Mallett (2019).

Root response to the environment

The environment conditions have a strong effect on root growth. More generally, the efficiency of a single root to adapt to the environment characterises its plasticity. Plasticity can be induced by a morphological change (cellular) and/or a physiological change (subcellular) [START_REF] Bradshaw | Evolutionary significance of phenotypic plasticity in plants[END_REF]. Besides, the latter is relevant as it is considered also as one of the mechanisms responsible for the sprout of laterals and root hairs [START_REF] Went | Reflections and speculations[END_REF][START_REF] Casimiro | Auxin transport promotes arabidopsis lateral root initiation[END_REF]. Plasticity is a needed feature for the root -so-called -tropic responses. A tropic response is considered as the root response to external phenomena. Among different growth stimuli, the most studied are:

• gravitropism -root grows in the direction of gravity;

• diagravitropism -lateral root grows perpendicular to gravity;

• phototropism -root responses to light;

• hydrotropism -root responses to water;

• chemotropism -root responses to chemical stimulus;

• thigmotropism -root responses to touch stimuli and mechanical input;

• thermotropism -root responses to temperature;

• electrotropism -root responses to electric fields;

• halotropism -root responses to salt concentration.

ROOT SYSTEM

Tropic responses are not equally distributed in the entire root system. The root system elements respond to the most prevalent stimuli, according to the inspected soil subvolume features. Among all the tropisms, thigmotropism affects highly the plant growth. Increasing the mechanical resistance to the growth of the root implies a progressive decrease of the root elongation rate, which means that when roots develop under mechanical impedance, they probably undergo physiological changes to adapt to the stress [START_REF] Bengough | Mechanical impedance to root growth: a review of experimental techniques and root growth responses[END_REF]. The physiological changes occur with the expansion of the walls of the internal cells, generated by the turgor pressure (originated by osmotic phenomena). In the specific, cortical cells tend to become broader and shorter, causing the root axis to thicken [START_REF] Atwell | Response of roots to mechanical impedance[END_REF]. The results obtained by [START_REF] Bengough | Root elongation of seedling peas through layered soil of different penetration resistances[END_REF] show that the mechanical impedance experienced by roots growing in compact soil caused some physiological changes in the root. Mechanical impedance prevents the elongation rate to increase and the research works discussing this result are many e.g., [START_REF] Goss | Effects of mechanical impedance on root growth in barley (hordeum vulgare l.) iii. observations on the mechanism of response[END_REF]. The authors demonstrate that when the root faces mechanical stress, even when then it reaches a biopores or cracks in the soil (i.e., once the mechanical stress is no more present) will still grow at a reduced rate for several days. [START_REF] Passioura | Water transport in and to roots[END_REF], [START_REF] Stirzaker | Soil structure and plant growth: impact of bulk density and biopores[END_REF] and [START_REF] Lipiec | Quantification of compaction effects on soil physical properties and crop growth[END_REF] show also that compacted soil may limit root growth and plant development, which may have also implications on the water and the nutrients uptake. In the specific case of maize and sunflower plants, [START_REF] Goodman | The effects of soil bulk density on the morphology and anchorage mechanics of the root systems of sunflower and maize[END_REF] found that when roots undergo mechanical stimuli, the plants increase the production of roots and their section thickness. The same author concludes that plants produce a stiffer and thicker primary root when undergo mechanical stimuli (Goodman et al. 2001). Besides the mechanical stress, another key factor is the availability of water in the root vicinity. As demonstrated by [START_REF] Bao | Plant roots use a patterning mechanism to position lateral root branches toward available water[END_REF], deficiency of water influences the formation of lateral roots.

Several models have been developed to describe the root system architecture. The simulation of the development of such root architectures is possible according to the genetic database of the plants and the constraints brought by the environment. Among others, the following models can be cited:

• RootMap -a model developed to simulate the growth of fibrous root systems, in terms of growing time, number of axes, growth rate, branching rate, and direction of growth [START_REF] Diggle | Rootmap-a model in three-dimensional coordinates of the growth and structure of fibrous root systems[END_REF];

• SimRoot -a model designed to estimate the fractal geometry of simulated root systems in 1, 2, and 3 dimensional space [START_REF] Lynch | Simroot: modelling and visualization of root systems[END_REF]);

• RootTyp -a model recognised as valuable tool to study the soil-plant-atmosphere continuum. Dedicated to quantify the properties of root system architecture (as root length, number of elements) and simplify its representation [START_REF] Pages | Root typ: a generic model to depict and analyse the root system architecture[END_REF]);

• R-SWMS model -a model used to simulate solute transport and water flow from the soil to the plant systems. It can simulate the uptake of solute and water by plant roots, as a function of the environmental conditions such as temperature and soil strength [START_REF] Javaux | Use of a three-dimensional detailed modeling approach for predicting root water uptake[END_REF];

• CRootBox -it is a framework to model root architecture with arbitrary soil/environmental models [START_REF] Schnepf | Crootbox: a structural-functional modelling framework for root systems[END_REF].

Such models can be used to perform statistical analysis and to design numerical models of 3D root system architectures in order to extract criteria to identify which root characteristics best suits the specific soil conditions.

1.2. ROOT IMPACTS ON SOIL

Root impacts on soil

The influence of root growth on soil response and properties is not studied as much as the impact that soil conditions have on root growth. This section focuses on the research works carried out about the consequences of the root growth on the soil itself, from the rooted soil mechanical strength to the implications on the soil microstructure.

Rhizosphere

The first interaction between root and soil particles occurs in a portion of the environment with complex boundaries. This zone is defined as rhizosphere. The rhizosphere does not have a clearly defined and established size. Depending on the considered activity (root exudation, nutrients, and water uptake) the radial extension of the rhizosphere can range from sub-µm to supra-cm scales [START_REF] Hinsinger | Rhizosphere: biophysics, biogeochemistry and ecological relevance[END_REF]). The German agronomist Hiltner is the first one to coin the term "rhizosphere" [START_REF] Hiltner | Uber nevere erfahrungen und probleme auf dem gebiet der boden bakteriologie und unter besonderer beurchsichtigung der grundungung und broche[END_REF], describing precisely the portion of soil around the root inhabited by unique microorganisms and influenced by the root secretions. [START_REF] Hinsinger | Rhizosphere: biophysics, biogeochemistry and ecological relevance[END_REF] define rhizosphere as one of the most bio-diverse ecological systems on Earth. It includes bacteria, fungi, protozoa, and viruses. The combination of these elements together with the root secretion alters the soil properties under many aspects. For example, [START_REF] Carminati | Root hairs enable high transpiration rates in drying soils[END_REF] found that mucilage increases the capacity of soil to retain water in the rhizosphere, while [START_REF] Watt | Plant and bacterial mucilages of the maize rhizosphere: comparison of their soil binding properties and histochemistry in a model system[END_REF] and [START_REF] Czarnes | Root-and microbial-derived mucilages affect soil structure and water transport[END_REF] determined that mucilage binds soil particles to the root surface, which can modify the microstructure and porosity within the rhizosphere. Hence, as root exudates enable the mutation of the rhizosphere's physical properties, a step forward has to be done on the understanding of the mechanical behaviour of the soil altered by the root growth, inside the rhizosphere and outside.

Mechanical strength of rooted soils 1.2.2.1 Shear strength characterisation

Characterising the load bearing capacity of the soil is extremely important for geotechnical purposes. As plant roots may improve the shear strength of soils, many researchers focused on the shear responses of rooted soil, by investigating mechanical properties of rooted and unrooted soils using laboratory tests as triaxial and shear tests. [START_REF] Waldron | The shear resistance of root-permeated homogeneous and stratified soil[END_REF] and [START_REF] Wu | Strength of tree roots and landslides on prince of wales island, alaska[END_REF] identified an increase of the shear strength peak when soil is coupled with plant roots, quantifying this peak as an additional cohesion in the Mohr-Coulomb failure criterion. [START_REF] Stokes | Desirable plant root traits for protecting natural and engineered slopes against landslides[END_REF] stated that small-diameters roots reinforce soil by mobilising tensile resistance. However, such a reinforcement presents some limitations. When the root is sufficiently anchored its full tensile capacity may be reached and the root may break [START_REF] Dupuy | A numerical investigation into factors affecting the anchorage of roots in tension[END_REF], while if the root is not sufficiently anchored it may slip [START_REF] Coppin | Use of vegetation in civil engineering[END_REF]. To characterise the root-soil anchoring failure under a tensile load, the pull-out test can be used. Such a test can either imply a root tensile failure, a soil shear failure, or a root-soil interface failure [START_REF] Gray | Root-soil mechanics and interactions[END_REF]). Among others, the mechanical response of rooted soil depends on the root system architecture, as shown in Figure 1.9 where in-situ shear tests were performed with two different root system morphology. Furthermore, for a given root system the different root elements may present different mechanical properties. A notable example is given by [START_REF] Loades | Biomechanics of nodal, seminal and lateral roots of barley: effects of diameter, waterlogging and mechanical impedance[END_REF], who showed that for barley, seminal roots can be 5 times stiffer than lateral roots. In addition, a few years later, the same authors (Loades et al. 2015) expands the investigation on the factors at play including the root age. It is shown that age may partially affect Young's modulus and tensile strength as the root thicken up; which is in line with former investigations as: [START_REF] Hathaway | Root strength in some populus and salix clones[END_REF], [START_REF] Genet | The influence of cellulose content on tensile strength in tree roots[END_REF], Mickovski et al. (2009).

However, most of these conclusions are based on results obtained from laboratory tests -shear test, pull out test, rooted specimen slicing, 2D root growth observation, etc. -which have copious limitations. First of all, the sample size is lead by machine constraints. Second, it is not always possible to reach the critical state of the system (which may require very large deformations for rooted soil contrary to unrooted soils) due to the limitation of the machine. Third, the root density within the specimen is not always known. As aforementioned, root spatial distribution is not homogeneous because vastly affected by environmental conditions. Lastly, these tests do not give the possibility to see through the specimen and better evaluate the root-soil interaction. Thus, resulting in a response that may lead to a non-representative in-situ state. To counteract the first limitation, field measurements can be run, even though they are as challenging (or even more) as the laboratory ones. Direct shear tests in fields are used to quantify the rooted and unrooted soil response (e.g., [START_REF] Wu | Strength of tree roots and landslides on prince of wales island, alaska[END_REF], [START_REF] Ekanayake | Tree roots and slope stability: a comparison between pinus radiata and kanuka[END_REF], [START_REF] Comino | Root reinforcement effect of different grass species: A comparison between experimental and models results[END_REF]). Pull-out tests seem to be useful to measure the in-situ root anchorage capacity [START_REF] Norris | Root reinforcement by hawthorn and oak roots on a highway cut-slope in southern england[END_REF]). An example is given by [START_REF] Mickovski | Root morphology and effects on soil reinforcement and slope stability of young vetiver (vetiveria zizanioides) plants grown in semi-arid climate[END_REF], they investigated the effect of vetiver grass (Vetiveria zizanioides) on soil reinforcement using in-situ direct shear test. As shown in Figure 1.10, the presence of vetiver roots significantly increases soil shear resistance, and the soil reinforced with vetiver roots resisted greater shear forces than the unrooted soil samples.

Soil reinforcement

The root anchorage process is an important factor involved in the crop lodging and the slope stability. Crop lodging is a biological process that occurs when root undergoes irreversible displacements due to large external forces (e.g., wind, rain). Slope stability can be improved with plant roots, for shallow soil layers [START_REF] Waldron | Soil reinforcement by roots: calculation of increased soil shear resistance from root properties[END_REF][START_REF] Gray | Mechanics of fiber reinforcement in sand[END_REF][START_REF] Wu | Study of soil-root interaction[END_REF][START_REF] Pollen | Estimating the mechanical effects of riparian vegetation on stream bank stability using a fiber bundle model[END_REF]. Particular focus has to be dedicated to the choices of the morphology and the topology of the root, as well as the density distribution of the roots [START_REF] Waldron | The shear resistance of root-permeated homogeneous and stratified soil[END_REF][START_REF] Waldron | Soil reinforcement by roots: calculation of increased soil shear resistance from root properties[END_REF][START_REF] Wu | Study of soil-root interaction[END_REF]). Ergo, a major role is played by the root system architecture [START_REF] Danjon | Root architecture and wind-firmness of mature pinus pinaster[END_REF]) and its coupling with the orientation of the slope [START_REF] Wu | Strength of tree roots and landslides on prince of wales island, alaska[END_REF][START_REF] Coppin | Use of vegetation in civil engineering[END_REF][START_REF] Ennos | The mechanics of root anchorage advances in botanical research[END_REF]. Furthermore, after a combination of laboratory tests and field measurements on the column of soil at different depths and distances from the root [START_REF] Balzano | Preliminary analysis on the impacts of the rhizosphere on occurrence of rainfall-induced shallow landslides[END_REF] indicate that the rhizosphere has beneficial effects on slope stability. Rhizosphere may prevent downward rainwater infiltration. The enhancement of the capacity of the rhizosphere to act as lateral drainage follows by using root system architecture that privileges lateral subsurface flow.

Evapotranspiration process may also contribute to the stability of soil slopes. Such a process reduces the soil moisture content and increases the suction pressures resulting in higher shear strengths of the soil [START_REF] Boldrin | Hydro-mechanical reinforcement of contrasting woody species: a full-scale investigation of a field slope[END_REF]. Unfortunately, evapotranspiration has also negative aspects, the increase of the suction may induce a soil shrinkage [START_REF] Coppin | Use of vegetation in civil engineering[END_REF][START_REF] Preti | Forest protection and protection forest: Tree root degradation over hydrological shallow landslides triggering[END_REF][START_REF] Bordoloi | Soil desiccation cracking and its characterization in vegetated soil: A perspective review[END_REF]. Consequently, considering the mechanical part of the reinforcement brought by the roots and discarding the hydraulic contributions could be more reliable in the context of engineering practices.

Macroscopic modelling of rooted slopes

Numerical models are most common, either through simulating the rooted zone as a soil-like continuum with additional apparent cohesion c r ' [START_REF] Frydman | Numerical simulation of direct shear of rootreinforced soil[END_REF], Mao et al. 2014), or through treating roots as straight beams or anchor elements embedded into the slope elements [START_REF] Genet | Root reinforcement in plantations of cryptomeria japonica d. don: effect of tree age and stand structure on slope stability[END_REF][START_REF] Lin | 3-d numerical investigations into the shear strength of the soil-root system of makino bamboo and its effect on slope stability[END_REF]). However, these models often oversimplify the system [START_REF] Stokes | Ecological mitigation of hillslope instability: ten key issues facing researchers and practitioners[END_REF]. Modelling the interaction between roots and soil is not an easy task. Many are 1.2. ROOT IMPACTS ON SOIL the factors at play, for example, the soil above the water ground level is partially saturated, its water content is a time variable. In addition, the suction pressure induced by the root has to be considered as an additional cohesion parameter. An interesting result is presented by [START_REF] Wu | Effect of vegetation on stability of soil slopes: numerical aspect[END_REF], who studied the slope stability, by modelling slopes with uniform vegetation (layer of grass plants on the shallow layer of soil) and slopes with three different root system architectures as shown in Table 1.1. The results show that the highest factor of safety is achieved when the slope is uniformly vegetated, and the second highest factor of safety is in the case of plate root systems uniformly distributed in the slope; for both sandy and clayey soils. The results presented by [START_REF] Wu | Effect of vegetation on stability of soil slopes: numerical aspect[END_REF] are a confirmation of the importance of the type of root system introduced in the soil and its mechanical effects. [START_REF] Kokutse | 3d numerical modelling and analysis of the influence of forest structure on hill slopes stability[END_REF], [START_REF] Wu | Effect of vegetation on stability of soil slopes: numerical aspect[END_REF].

Often, numerical modelling of slope stability is compared with experimental results. In the case of seismic load, to establish the stability of a slope, geotechnical centrifuge can be used for rooted [START_REF] Sonnenberg | Centrifuge modelling of soil slopes reinforced with vegetation[END_REF][START_REF] Ng | Centrifuge modelling of the effects of root geometry on transpiration-induced suction and stability of vegetated slopes[END_REF]) and unrooted soil [START_REF] Ling | Centrifuge modeling of slope instability[END_REF], as well as for slopes with root analogues [START_REF] Sonnenberg | Centrifuge modelling of soil slopes containing model plant roots[END_REF][START_REF] Eab | Centrifuge modelling of root-reinforced soil slope subjected to rainfall infiltration[END_REF][START_REF] Liang | Modelling the seismic performance of rooted slopes from individual root-soil interaction to global slope behaviour[END_REF]. In [START_REF] Liang | Centrifuge modelling of the influence of slope height on the seismic performance of rooted slopes[END_REF] the influence of slope height is observed for vegetated slopes with 3D root cluster analogue representing a tap-root system. They conclude that on the one hand, the root reinforcement cannot be considered as an effective solution for taller slopes and complementary hard engineering methods (e.g., piles, retaining walls) are necessary. On the other hand, for slopes of smaller heights (e.g., low height embankments along transport infrastructure), vegetation appears to represent a highly effective method for reducing seismic slips.

Impact of root growth on soil microstructure

The soil is considered as a multi-phases medium composed of water, air and water vapour, and solid particles. As presented in the previous sections, soil initial properties are impacted by the root intrusion; particles are displaced and soil microstructure is changed. [START_REF] Keyes | Measurement of micro-scale soil deformation around roots using four-dimensional synchrotron tomography and image correlation[END_REF] 1.2. ROOT IMPACTS ON SOIL show how the root tip can either push some soil particles or, on the contrary, it may occupy some macropores limiting the disruption of particles, with a series of images from synchrotron xray tomography (Figure 1.11). These scientific findings corroborate the importance of microscale investigation about the root-soil mechanical interaction. b. 

Investigation tools

Conventional laboratory tests are useful to measure the mechanical response of the rooted soil, but they have some limitations. Soil is not transparent, it is not possible to see through the media and the root system is a fine, networked structure, growing within it. Some techniques are developed in order to overcome this barrier. A number of studies are run on transparent soil (e.g., [START_REF] Smit | Root observations and measurements at (transparent) interfaces with soil[END_REF], [START_REF] Downie | Transparent soil for imaging the rhizosphere[END_REF]) with promising results. Nevertheless, this medium does 1.2. ROOT IMPACTS ON SOIL not represent the real conditions for plant growth. Another option is to study a root growing in soil against a glass wall [START_REF] Vollsnes | Quantifying rhizosphere particle movement around mutant maize roots using time-lapse imaging and particle image velocimetry[END_REF]. Although this technique yields interesting results, the glass-soil interface is a singularity for the root and the soil is imposed to deform in plane strain conditions (which is far from the 3D field case). More recently, a non-invasive 3D image technique known as x-ray Computed Tomography results in significant contributions in the understanding of the root-soil interactions [START_REF] Mooney | Developing x-ray computed tomography to non-invasively image 3-d root systems architecture in soil[END_REF]. If an optimal trade-off between pixel size and field of view during x-ray imaging is obtained, the local root-soil interaction can be observed and measured, as for instance in the cases of [START_REF] Keyes | Mapping soil deformation around plant roots using in vivo 4d x-ray computed tomography and digital volume correlation[END_REF][START_REF] Keyes | Measurement of micro-scale soil deformation around roots using four-dimensional synchrotron tomography and image correlation[END_REF], [START_REF] Helliwell | The emergent rhizosphere: imaging the development of the porous architecture at the root-soil interface[END_REF], [START_REF] Tötzke | Capturing 3d water flow in rooted soil by ultra-fast neutron tomography[END_REF], [START_REF] Anselmucci | Root-reinforced sand: kinematic response of the soil[END_REF], [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF]. In addition, the x-ray tomography was combined recently with shear tests and it was possible to show that rooted and unrooted samples have different deformation patterns [START_REF] Bull | Mechanisms of root reinforcement in soils: an experimental methodology using four-dimensional x-ray computed tomography and digital volume correlation[END_REF]. More information on the use and the observation through x-ray Computed Tomography can be found in Chapter 2.

Modification of the pore space and hydraulic properties

On one side, it is established that initial soil density has a big impact on root growth. On the other side, there is not a univocal consensus about how the root growth may affect the surrounding soil density, especially at the microscale.

A key and early paper on the subject of root-soil interaction was presented by [START_REF] Dexter | Mechanics of root growth[END_REF], who introduced a mathematical model for the compression of soil around roots, assuming the root volume is balanced by a loss of pore volume in the surrounding soil. The paper clearly states the fact that the necessary soil parameters are difficult to measure, but it concludes with a model that shows an exponential fall-off of densification with distance from the root. The conclusion presented by [START_REF] Dexter | Mechanics of root growth[END_REF] are only partially in line with some more recent findings, as the ones of [START_REF] Helliwell | The emergent rhizosphere: imaging the development of the porous architecture at the root-soil interface[END_REF], [START_REF] Koebernick | Imaging microstructure of the barley rhizosphere: particle packing and root hair influences[END_REF] and [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF]. [START_REF] Koebernick | Imaging microstructure of the barley rhizosphere: particle packing and root hair influences[END_REF] propose a model to describe the porosity changes next to the root surface by taking into consideration the steric exclusion. They observe a porosity increase near the root, together with a general decrease of the pores size. [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF] found an increased porosity directly next to the exodermis (1) in samples at different initial bulk densities. In addition [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF] quantifies this effect. For samples at low bulk density, porosity decreases up to a distance of 250 µm from the root surface, with a rate of compaction that decreases with depth. This latter statement is in agreement with other results obtained in the field of the root-soil contact, e.g., [START_REF] Kooistra | Root-soil contact of maize, as measured by a thin-section technique[END_REF][START_REF] Schmidt | Estimating root-soil contact from 3d x-ray microtomographs[END_REF][START_REF] Colombi | Artificial macropores attract crop roots and enhance plant productivity on compacted soils[END_REF]. Few more studies were carried out on the induced density changes, for instance: 2019) found a correlation between the changes in porosity and the bulk density, plant type, and texture. By testing three types of root plants, and loamy and clayey sand, the soil presents an increase of porosity next to the root, but away from the root the porosity distribution reveals soil densification in all the different cases;

• Helliwell et al. (
• [START_REF] Helliwell | The emergent rhizosphere: imaging the development of the porous architecture at the root-soil interface[END_REF] studied the porosity change due to root growth on sandy and clayey soils revealing a small zone of increased porosity close to the root (Figure 1.12);

• [START_REF] Bodner | Coarse and fine root plants affect pore size distributions differently[END_REF] studied the effect of 12 different species of plants on the soil pore distribution. Their major finding is that rooting densities higher than 0.5% of pore space stabilised soil structure against pore loss, and coarse root systems are in a lower density, but they are capable of re-orient grains and create new growth path which implies an increase

(1) A layer of cells in the root body placed underneath the outer layer, called epidermis. Values are representative of the mean among four replicates [START_REF] Helliwell | The emergent rhizosphere: imaging the development of the porous architecture at the root-soil interface[END_REF].

ROOT IMPACTS ON SOIL

in macroporosity by 30%. As shown in Figure 1.13, coarse roots increase the pore space between aggregates, while fine roots impact the micropores;

• in the specific case of maize roots, [START_REF] Bruand | Backscattered electron scanning images of soil porosity for analyzing soil compaction around roots[END_REF] observed a porosity reduction of about 24% around them;

• root hairs invade pores and affect the connectivity of the pore network [START_REF] Koebernick | High-resolution synchrotron imaging shows that root hairs influence rhizosphere soil structure formation[END_REF]) and its macrostructure. Most of the aforementioned results converge to the fact that grains can be packed most densely against other grains, compared to a locally flat object such as a root, as confirmed by [START_REF] Suzuki | Study of the wall effect on particle packing structure using x-ray micro computed tomography[END_REF]. With the distance from the root, an increase of porosity occurs near the root (a phenomenon not described in [START_REF] Dexter | Mechanics of root growth[END_REF]), slightly further soil may compact (decrease of porosity as shown in Dexter model), and at a wider distance from the root, the particles are undisturbed. A schematic representation is displayed in Figure 1.14. Porosity influences the hydraulic conductivity of the soil. According to [START_REF] Balzano | Preliminary analysis on the impacts of the rhizosphere on occurrence of rainfall-induced shallow landslides[END_REF] in shallow soil layers, soil in the vicinity of the roots has a higher hydraulic conductivity. However, hydraulic conductivity near roots is lower for deeper soil layers. Finally, it is worth to mention some investigations about the soil deformation induced by the root growth, as reported by [START_REF] Keyes | Measurement of micro-scale soil deformation around roots using four-dimensional synchrotron tomography and image correlation[END_REF]. The investigation is presented for intact root in wet samples, in compacted and loose conditions. Image adapted from [START_REF] Keyes | Measurement of micro-scale soil deformation around roots using four-dimensional synchrotron tomography and image correlation[END_REF].

Wet compacted sample Wet loose sample

1.3 SUMMARY

Summary

The purpose of the current chapter is to present the main contributions in the field of root-soil interaction.

The introductory part focuses on the biology of the root system, the growth process, the internal structure, and the single components of the system. The combination of root genetic and soil constraints defines the architecture of the final root system (RSA). The classifications of the root system architectures is not an easy task. By following the one given by [START_REF] Ennos | Comparative functional morphology of the anchorage systems of annual dicots[END_REF], the root systems cab be mainly classified as taproot and fibrous systems. Additionally, each element of each type of root system has a specific nomenclature.

The key factors of the root system are topology and morphology. The former is important to establish the symmetry of the RSA, the latter is important to classify the roots in either fine or coarse -depending on their diameter. The study of the root system architecture is essential to understand the response of root systems to the environment. These are wide and complex investigations fields. Basic insights about these topics are given in this chapter, in order to guide the choice of the plants, the design of the experiments, and the understanding of the root system development in the soil samples and their responses to the different stimuli (tropism).

The second part of the chapter focuses on the impact that root growth has on soil, at a large scale, and on the microstructure. Macroscopic mechanical tests on rooted soils help to highlight the influence of the root presence and of the type of root architecture. Tensile root strength contributes to the shear strength of rooted soils. The presence of root significantly increases the soil shear resistance and the specific taproot systems seem to give an enhancement of the shear strength of rooted soils. However, independently of the roots, the constitutive response of a soil where roots have developed may be different from an unrooted soil because soil microstructure can be affected by roots; keeping in mind that soil mechanical properties depend highly on soil initial microstructure.

To better investigate the macroscopic response and the enhancement of slope stability, several models have been implemented and some of them confirm that the taproot systems give a higher value of the safety factor with respect to the slope stabilisation. However, macroscopic response gives a global characterisation of the root impacts on soil but does not lead to the identification and understanding of the local mechanisms involved in this impact. More recently, some studies focused more particularly on the soil microstructure changes induced by the root growth. Main conclusions have been drawn with respect to the impact on soil density or soil porosity. A rather common conclusion is that soil in the vicinity of the root element has an increase of porosity, and some compactions may be observed with distance from the root surfaces.

This doctoral work is considered as a continuity of these more recent works, with the aim to push further the current knowledge on the soil microstructure responses to root growth.

Chapter 2

X-rays and data acquisition Chapter layout

The goal of this doctoral work is to characterise the interaction between granular media and root plant systems. This chapter aims to describe how 3D images of this interaction are obtained. At first, a brief introduction to the important features of x-rays is provided together with some historical perspective and the distinction between x-ray radiography and x-ray tomography (Section 2.1). Thereafter, a detailed description is given on how x-ray tomography is used for this work and the way to successfully reconstruct a 3D image from the acquired data (Section 2.2, 2.3). The chapter ends with a literature review on the use of x-ray imaging for the investigation of geomaterials and root systems (Section 2.4).

X-ray basics: overview

Brief history of x-rays

The discovery that electrons interact with matter dates back to 1895 when Wilhelm Conrad Röntgen studied cathode radiation. This phenomenon occurs when an electrical charge is applied to two metal plates inside a glass tube filled with rarefied gas. Although the apparatus was screened off, he noticed a faint light on light-sensitive screens that happened to be close by. Further investigations revealed that this was caused by a penetrating, previously unknown type of radiation. Before Wilhelm Conrad Röntgen understood the importance of his discovery, he temporarily termed the radiation as x-rays, using the mathematical designation x for something that is unknown [START_REF] Nitske | The life of Wilhelm Conrad Röntgen, discoverer of the X ray[END_REF]. Few weeks after his discovery, his wife Anna Bertha Ludwig Rontgen went to visit him in his laboratory in Wurzburg. She placed her hand between a covered tube and a paper-wrapped photographic glass, unaware that her hand was about to become famous (Figure 2.1b). Later, looking at the first official x-ray image (nowadays known as radiograph), it is clear how the x-ray crosses the soft tissue of the hand, revealing the bone structure, and also that the metal of her ring blocks the x-rays, resulting as a bulk shadow in the middle of her fourth finger. In 1901, Rontgen was awarded the first Physic Nobel Prize for his discovery. 

X-rays properties

When x-rays cross an object, they are attenuated due to interaction processes, mainly photoelectric effect, Compton scattering and pair production. Photoelectric effect is a photon absorption process that depends mostly on the atomic number of the material. It results in the total absorption of the x-ray photon and the emission of a bound electron. It is the dominant process occurring for low energy radiation. Compton scattering is a process due to photon energy scattering and absorption and it is the main interaction mechanism for higher energy radiation. In the case of energy higher than 1.02 MeV the pair production occurs, which is a pure photon absorption process. Other phenomena occurs but they do not contribute significantly to x-ray attenuation, thus, they are not taken into account in the tomographic reconstruction. X-rays are produced when fast-moving electrons are decelerated. Their kinetic energy is converted directly or indirectly into radiation and it appears in the form of photons. X-rays are a form of high energy radiation, with a high frequency and short wavelength, and due to this, they have more energy to pass-through matter than other forms of energy in the electromagnetic spectrum. The maximum energy of each photon E is proportional to its frequency v multiplied by the Planck's constant h (4.14 × 10 -15 eV s). The photon frequency is equal to the ratio between the speed of light c (3 × 10 8 m s -1 ) and the wavelength of the x-ray λ:

E = hv = hc λ (2.1)
X-rays are distinguished in two types: hard and soft. Equation 2.1 helps to understand that the "hard" x-rays have short wavelength <2 nm and high energy, while the "soft" x-rays have long-wavelength >2 nm and lower energy.

The attenuation property of each material that is crossed by the x-rays is expressed as the linear attenuation coefficient µ, defined in the Equation 2.2:

µ(E) = a(E)ρ Z m E n A + b(E)ρ Z A (2.2)
It depends on the photon energy (E), the material mass density (ρ), its the atomic number (Z) and atomic mass (A). Equation 2.2 presents the relation among the parameters and some constants:

2.1. X-RAY BASICS: OVERVIEW m and n which respectively depends on Z and E, a and b which depends on the energy E.

Before it was mentioned that x-rays are attenuated due to interaction processes, the first part of the equation represents the attenuation due to the photoelectric effect and the second part the Compton scattering.

Both the constants m and n can be determined knowing the material and the energy used, while the ratio Z/A can be considered as a constant. For this reason Van Geet ( 2001) suggested a simplified Equation (2.3):

µ(E) = ρ a(E)) Z 3.8 E 3.2 A + b(E) (2.3)
As a result of the attenuation of photons by the crossed object, the x-ray beam intensity passes from the initial I 0 to a reduced one I. According to the Beer-Lambert law (2.4):

I = I 0 e -µz
(2.4) the factors that affect the intensity are: the thickness (z ) of the material investigated by the x-rays and the linear attenuation coefficient µ of the penetrated material at a given energy E. Equation 2.4 shows Beer-Lambert law for a homogeneous sample having a constant thickness z and crossed by a monochromatic x-ray beam. Note that in laboratory setups, the scanners use x-ray tubes that provide polychromatic beams (photon wave-length distributed according to the source specifications), and the samples are generally heterogeneous, i.e., the µ is not a single value but a combination of all the µ i of the materials composing the specimen. Thus, the Beer-Lambert equation must be adapted as shown in [START_REF] Brisard | Multiscale x-ray tomography of cementitious materials: A review[END_REF]: 

I(x, y) = I 0 e -(µ i (x,y,z))dz (2.5)

X-RAY BASICS: OVERVIEW

Radiograph is a 2D projection of the x-ray attenuation of an investigated sample, its mathematical expression is:

P (x, y) = (µ i (x, y, z))dz
(2.6) Equation 2.6 represents a 2D quantification of the number of x-ray photons arriving in the direction of the beam at the detector during a specific exposure time.

Computed Tomography

Despite its evident advantages and interest, especially in the medical field, x-ray radiography suffers from the fact that it provides information only in one direction. In the case of too complex and heterogeneous structures, radiography was not enough and tomography was proposed. In 1917, Radon provided a mathematical analysis to present the principles of Computed Tomography [START_REF] Radon | über die bestimmung von funktionen durch ihre integralwerte längs gewisser mannigfaltigkeiten[END_REF]. He developed an inversion formula that can reconstruct a function based on its line or plane integrals. This formula was first applied to radio astronomy [START_REF] Bracewell | Inversion of fan-beam scans in radio astronomy[END_REF] and then to medical imaging, including Computed Tomography (CT). The first commercial introduction of the Computed Tomography was for medical imaging in 1971 [START_REF] Hounsfield | Computerized transverse axial scanning (tomography): Part 1. description of system[END_REF]. In 1979, Hounsfield and Cormack shared the Nobel Prize in Medicine and Physiology for their pioneer contribution in the field of Computed Tomography. For application on clinical CT to the former [START_REF] Hounsfield | Computerized transverse axial scanning (tomography): Part 1. description of system[END_REF]) and for the theoretical development to the latter. In a nutshell, tomography derives from the ancient Greek τ óµoc (slice) and γράφω (to write). It consists of a mathematical process used to obtain 3D images of the internal structure of an object, from the combination of several projections at different angles [START_REF] Brisard | Multiscale x-ray tomography of cementitious materials: A review[END_REF]. The problem of tomographic reconstruction has an analytical solution, and [START_REF] Cormack | Representation of a function by its line integrals, with some radiological applications[END_REF][START_REF] Cormack | Representation of a function by its line integrals, with some radiological applications. ii[END_REF] show that there are different approaches to reach it. The most common reconstruction technique developed is the back-projection one. As stated by [START_REF] Kak | Principles of computerized tomographic imaging[END_REF], the back-projection consists of back-projecting each view along a line corresponding to the direction in which the projection data are collected. Each projection is back-projected onto the object plane. Then, this plan is rotated through the appropriate angle and the next projection back-projected. The results are added together and the process repeated. Finally, when all the projections have been back-projected, the reconstruction is extracted from the object plane. Higher is the number of projections, smoother is the image of the object after reconstruction. However, a number of artefacts may appear. They can be reduced by pre-filtering each projection using the Fourier slice theorem. Such technique is called Filtered Back-Projection (FBP) and explained in [START_REF] Hsieh | Computed tomography: principles, design, artifacts, and recent advances[END_REF]. As implied in the name, it consists of two steps: the filtering part, which applies a convolution filter to remove blurring, assigning to each point the average value of all the projections at the corresponding position and the back-projection part, as described above. The family of the back-projection reconstruction techniques, includes different algorithms. In 1984, Feldkamp, Davis, and Kress proposed a convolutional-backprojection formula designed for circular cone-beam tomography [START_REF] Feldkamp | Practical cone-beam algorithm[END_REF]. The FDK algorithm is largely used due to its high efficiency and simplicity and can be easily adapted to general scanning trajectories [START_REF] Wang | A general cone-beam reconstruction algorithm[END_REF]. FDK algorithm and its variants [START_REF] Yan | Cone beam tomography with circular, elliptical and spiral orbits[END_REF][START_REF] Tang | A filtered backprojection algorithm for cone beam reconstructionusing rotational filtering under helical source trajectory: Helical cb rotational fbp reconstruction algorithm[END_REF]) are used extensively in current commercial scanners and reconstructing software, like the one used for in this work.

3D RECONSTRUCTION

3D reconstruction

Reconstruction is the approach based on mathematical algorithms that allow a 3D image to be obtained from a series of 2D x-ray projections. During a scan, the radiographs are acquired at different angular orientation. At the different positions, more than one radiography is acquired and then they are averaged in order to reduce the noise. The spatial resolution, or voxel size, is the ratio between the actual field of view of the object and the fixed number of pixels of the detector (typically 2048 pixels in full scale). It means that in the reconstructed image, the greyvalue of one voxel represents the attenuation of the materials physically present in this small cube. The 3D image once reconstructed, can be seen as a stack of a series of slices and investigated in any orientation. Usually, it is improperly named 2D slice, although one slice has a finite thickness -voxel size.

All the reconstructions are commonly obtained with the software provided along with the scanner, or with codes which follow the algorithms explained in Section 2.1.3 The reconstruction refers not only to the mathematical transformation of 2D information into 3D but also to the correction of possible artefacts. An artefact known as 'beam hardening' [START_REF] Brooks | Beam hardening in x-ray reconstructive tomography[END_REF] occurs in laboratory tomography as well as synchrotron tomography operating in white beam mode (i.e., polychromatic beam). As mentioned in Equation 2.4 the intensity depends on both the attenuation coefficient and the thickness of the scanned object. As x-rays cross the object, the intensity-energy ratio of the beam occurs to not be the same outside and inside of the sample. In the reconstructed images this is translated to a coefficient of linear attenuation artificially lower in the centre respect to the borders (see Figure 2.3 representing the intensity profile with and without beam hardening). 

X-RAY SCANNER AT LABORATOIRE 3SR

Strategies to correct the beam hardening are various and copiously present in literature (e.g., [START_REF] Brooks | Beam hardening in x-ray reconstructive tomography[END_REF][START_REF] Hsieh | An iterative approach to the beam hardening correction in cone beam ct[END_REF][START_REF] Carmignato | Industrial X-ray computed tomography[END_REF].

One of the first corrections regards the use of a physical filter such as copper, aluminium, or brass, between the sample and the source, which absorbs the low-energy components of the spectrum. As well, numerical corrections to the Beer-Lambert law exist. A polynomial correction is first calibrated on a reference sample similar to the one of interest and then it is applied to the raw projections [START_REF] Carmignato | Industrial X-ray computed tomography[END_REF]). These algorithms are present in literature, those are helpful, but not all of them can be appropriate and they can affect the post-process measurements. On one hand, an over-correction can lead to the brighter boundaries becoming darker and the darker interior brighter, reducing the contrast between the different phases, which makes the binarisation of the images harder. On the other hand, an under-correction may lead to false information regarding the boundary conditions and phases interfaces. Besides beam hardening, others scanning artefact, can affect the data, such as: the ring effect explained in [START_REF] Schlüter | Image processing of multiphase images obtained via x-ray microtomography: a review[END_REF], cone-beam reconstruction errors [START_REF] Tuy | An inversion formula for cone-beam reconstruction[END_REF][START_REF] Finch | Cone beam reconstruction with sources on a curve[END_REF], metal artefact and more -as shown in [START_REF] Ketcham | Acquisition, optimization and interpretation of x-ray computed tomographic imagery: applications to the geosciences[END_REF] and [START_REF] Boas | Ct artifacts: causes and reduction techniques[END_REF]. Noise affects tomography experiments as well, there are few studies on how noise propagates from the projections to the 3D volume [START_REF] Hegerl | Influence of electron noise on three-dimensional image reconstruction[END_REF]. Some of these artefacts can be corrected or reduced during the reconstruction process, some others need post-reconstruction corrections. A further error factor can be related to the motion of the spot during the scan, which can cause a blurred reconstructed image. To avoid fluctuation of the spot, it is important to run a warm up of the source before running the scan, in order to stabilise its position. Moreover, some 'reference projections' of the whole specimen are recorded at a few angular positions after each scan in order to help the reconstruction software to evaluate the spot motion during the scan and to correct it.

If the height of the sample is too large to maintain the desired voxel size, it is possible to scan the whole specimen in several stacks or with a helicoidal scan. Regarding the tomography divided in different vertical stacks, each stack contains a portion of volume in common, to avoid loss of information. The helicoidal scan consists in a collection of radiographies obtained while the sample is rotated helicoidally along the vertical axis. Once all the parameters are fixed, such as centre of rotation, beam hardening profile, etc, the ultimate step is to determine the reconstruction area boundary. Again, to avoid loss of information, the radiographies are taken in order to include as well some portions outside the sample. Then, during the reconstruction this part is removed -also for storage purposes. When the same specimen is scanned at different configurations, these borders are willing to be maintained the same to help the data analysis.

X-ray scanner at Laboratoire 3SR

The 3SR scanner was acquired in 2007, supplied by RX-Solutions (Annecy-France), a company specialised in x-ray non-destructive testing, which sells and develops x-ray radioscopy and tomography equipment. The cabin has been specifically designed for the Laboratoire 3SR and it is shown in Figure 2.4. It can host relatively large and complex equipment, and it allows the connection to the outside with- The tomography setup comprises 3 main parts:

→ The source generates the x-ray beam. The one currently used in the scanner is a Hamamatsu L8121-03 micro-focus x-ray source. It produces a conic polychromatic beam, the x-rays are emitted from a focal 'spot'. The spot size depends on the power supplied to the beam. This source can run with three different spot sizes: small, medium, and large. Between the source and the detector, there are multiple possible paths that can intersect the scanned object in a given point. The spot size has to be carefully chosen, since it influences the spatial resolution of the image by determining the paths needed to cross the sample. Lower is the number of possible paths, sharper will be the image. Hence, the spot size has to be smaller than the smallest component which has to be detected. The source currently in use can reach a spot size down to 5 µm.

The scanner at the 3SR has a voltage range from 40 to 150 kV and a current up to 500 µA. The choice of current and voltage applied to the x-ray tube depends on the features and size of the scanned object. Current controls the flux of photons (number of photons emitted). When the voltage applied to the beam increases, the photon flux increases, as well as the spectrum of energies created, which means a harder beam.

→ The detector measures the intensity of incident x-ray photons. A 2D charge-coupled device (CCD) records the photons and converts in 2D radiographs. The detector installed in the scanner is a flat panel detector -Varian PaxScan 2520DX -with dimension of 243.84 x 195.075 mm and a pixel size of 0.127 x 0.127 mm. The detector exposure time is chosen depending on the x-ray attenuation of the sample trying to use as much of the dynamic range as possible, while keeping time of exposure as short as possible. The detector and the source are always aligned following an optical axis. They can be moved synchronously in the plane normal to this axis.

→ The rotation-zoom stage is between the source and the detector. It rotates following a fixed vertical axis, allowing the acquisition of radiographs of the object of interest for a number of rotation angles. The different angular stations are regularly spaced, in a complete turn of 360°. The rotation stage is attached to a trolley which allows the specimen to translate horizontally from the source to the detector according to the desired voxel size of the x-ray images. As mentioned before, the number of pixels in the detector is fixed, but with the aid of the zoom, the magnification can be changed and so the effective size of the pixel. The voxel size changes according to the spatial resolution, smaller is the sample, higher is the spatial resolution, smaller can be the voxel size.

X-ray for geomechanics and root soil interaction

The quantification of mechanical effects that the root system has on the soil is a needed piece of information, in the field of root-soil interaction. Many studies have been carried out with mechanical tests to study the soil resistance [START_REF] Bengough | Penetrometer resistance, root penetration resistance and root elongation rate in two sandy loam soils[END_REF], the pull-out force [START_REF] Mickovski | Material stiffness, branching pattern and soil matric potential affect the pullout resistance of model root systems[END_REF], the water retention curve [START_REF] Leung | Effects of plant roots on soil-water retention and induced suction in vegetated soil[END_REF], root thickening under constraint [START_REF] Abdalla | The mechanics of root growth in granular media[END_REF], etc. As mentioned in Chapter 1, the research on soil influencing the root structure is just as extensive.

To name a few: effects cellular production [START_REF] Bengough | Root responses to soil physical conditions; growth dynamics from field to cell[END_REF], effects of root hair production on ground root anchorage [START_REF] Haling | Root hair length and rhizosheath mass depend on soil porosity, strength and water content in barley genotypes[END_REF], investigation of elongation rate change related to bulk density [START_REF] Tracy | Exploring the interacting effect of soil texture and bulk density on root system development in tomato (solanum lycopersicum l.)[END_REF]). The very challenge here is to be able to quantify the root effect at such scale to allow both a continuous and discrete investigation, for this reason the x-ray micro-tomography is the non-invasive tool chosen for this research.

X-rays and deformation in geomaterials

This section emphasises the potential that tomography has proven to have in the field of geomechanics. The possibility to identify the spatial evolution of a phenomenon, through tomography and image processing allows performing 3D full-field measurements. Investigation of micro and mesoscale phenomena, such as strain localisation in clayey rock [START_REF] Lenoir | Volumetric digital image correlation applied to x-ray microtomography images from triaxial compression tests on argillaceous rock[END_REF]), grain breaking [START_REF] Zhao | An investigation of single sand particle fracture using x-ray micro-tomography[END_REF], shear bands formation in granular media [START_REF] Andò | Experimental micro-mechanics of granular media studied by x-ray tomography: recent results and challenges[END_REF]) is possible. [START_REF] Viggiani | Full-field measurements in experimental geomechanics: historical perspective, current trends and recent results[END_REF] show with many more examples that x-ray has helped the full-field measurement of these phenomena. Such type of measurement refers to the kinematic fields of data which helps to characterise the local variations within the specimen. They consist of the identification of heterogeneity, deformation, and state evolution of the structure of interest. Furthermore, these types of output will help to provide a quantitative description of the deformation process and effects on the pre-existing 2.4. X-RAY FOR GEOMECHANICS AND ROOT SOIL INTERACTION inhomogeneity during the analysis. Displacement and strain fields can be extracted along with porosity and saturation maps to evaluate the variation in time and space. Full-field measurements provide quantification of the parameter variation relying on the grey shade. Whenever there is a variation, an incremental analysis can be carried out between different conditions in space or time. Digital Image Correlation (DIC) is the mathematical tool that help to assess the spatial transformation of images (translation and/or distortion). It has been used over the last 30 years in studies of the mechanics of different materials to measure displacements. DIC finds its origins in the 70s with the stereophotogrammetry [START_REF] Butterfield | A stero-photogrammetric method for measuring displacement fields[END_REF], when a new field displacement measuring technique was described, suitable for measuring planar displacements by using ordinary photographs. [START_REF] Louis | Imaging strain localization by x-ray radiography and digital image correlation: Deformation bands in rothbach sandstone[END_REF] and [START_REF] Lenoir | Volumetric digital image correlation applied to x-ray microtomography images from triaxial compression tests on argillaceous rock[END_REF] prove that the combination of x-ray tomography and DIC leads to the investigation of 3D kinematic measurements, [START_REF] Viggiani | Full-field measurements, a new tool for laboratory experimental geomechanics[END_REF] and [START_REF] Bay | Methods and applications of digital volume correlation[END_REF] present an overview of different applications in geomechanics. DIC supply a clear picture of the deformation process and evolution throughout an experiment. It provides information on the displacement gradient tensor (F), producing the displacement vectors over a set of points in the images [START_REF] Tudisco | Tomowarp2: A local digital volume correlation code[END_REF]. The spatial transformation is obtained between the reference state and the deformed one. With DIC the full-field kinematic measurements, can be discrete and local. The first allows rigid objects (sand grains) to be tracked. The second can track greylevel patterns in local sub-regions of the volume.

DIC can be an useful tool to identify the effect of root system in granular media, and to describe the transformation taking place between two system configurations. In conclusion, although tomography delivers pieces of information about the deformed sample, its combination with Digital Image Correlation gives the best tool to provide the kinematics of the system (Figure 2.5). 2.4.2 Root system investigation using x-ray CT scanning X-ray Computed Tomography has been used in the past decade to identify root systems. It offers the possibility to visualise the 3D root structure while it grows in the soil matrix, even though the phases separation is not an easy task, because the attenuation values of roots and some soil components are really close. In the biology field, besides x-rays, one of the most common methods to study the root system of plants is root washing. As explained by [START_REF] Gregory | Plant roots[END_REF], the root is extracted from its system, then it is washed out of the soil particles and analysed with a flatbed scanner. Several information are lost using this technique. Firstly, the spatial arrangement of the system and its reference to the local soil condition is lost. The finer parts of the roots are compromised and often broken. Once extracted, the time sequence of growth can no longer be evaluated. Methods such as rhizotrons [START_REF] Taylor | Applications and limitations of rhizotrons and minirhizotrons for root studies[END_REF][START_REF] Vamerali | An approach to minirhizotron root image analysis[END_REF][START_REF] Johnson | Advancing fine root research with minirhizotrons[END_REF] allow root visualisation as it evolves. This technique is limited only to 2D visualisation of growth and due to the boundary surface of the rhizotron it can unveil very few parts at a time of the root. [START_REF] Hainsworth | The use of computer assisted tomography to determine spatial distribution of soil water content[END_REF] were one of the first to use x-ray tomography to determine spatial changes in soil water content with an adequate resolution for soil-plant studies, using medical scanners. Although the scanning times is relatively fast (about 1 min for samples of 50 mm in diameter), the resolution of the image was limited by the pixel and slice dimensions, which in the case of [START_REF] Hainsworth | The use of computer assisted tomography to determine spatial distribution of soil water content[END_REF] were 1.5 mm × 1.5 mm per pixel and a slice thickness of 10 mm. Typically, most medical scanners have a voxel resolution of >1 mm which limits their application in root/soil studies to coarse roots. Better resolution of roots was obtained by [START_REF] Heeraman | Three dimensional imaging of plant roots in situ with x-ray computed tomography[END_REF] using a high-energy industrial scanner. A decade after, [START_REF] Gregory | Plant roots[END_REF] managed to observe the expansion of the root system through x-ray and then compare the results from the images obtained with the measurements obtained by destructive sampling. [START_REF] Tracy | Threedimensional quantification of soil hydraulic properties using x-ray computed tomography and image-based modeling[END_REF] demonstrated the application of a high-resolution x-ray Computed Tomography method to quantify water distribution in soil pores under successive reductive drying (Figure 2.6a). [START_REF] Downie | Transparent soil for imaging the rhizosphere[END_REF] present a heterogeneous, porous, transparent substrate for in-situ 3D imaging of living plants and root-associated microorganisms using particles of the transparent polymer, Nafion. Plant growth in transparent soil was similar to that in soil, but the mechanical properties of the polymer, cannot always be compared to the one of the soil. The aforementioned statements justify the choice of the x-ray scanner to investigate the evolution of the microstructure. Over the years it has been demonstrated that x-ray is a non invasive method that allows the 3D visualization. [START_REF] Pierret | X-ray computed tomography to quantify tree rooting spatial distributions[END_REF] uses CT to quantify tree rooting spatial distributions. The horizontal slices of the scan were used to generate the equivalent of horizontal root contact maps from which three-dimensional objects, assumed to be roots, were reconstructed. Lontoc-Roy et al. ( 2005) is able to extract the skeleton of a maize root system (Figure 2.6c), and see how the fractal dimension of the root system evolves in time. Many researchers have shown that tomography is a good tool for root system imaging. Although it is easy to visualise them, it is not as easy to identify each element of the root system, respect to the context in which they are growing. As shown, also, in Chapter 4, root density is very similar to water density. In the case of coarse-grained soil, the problem lies in separating the root from the liquid phase. As the environment in which the root is located is formed by soil with particles much lower than the voxel resolution, the challenge is to be able to identify the correct profile of the root body. [START_REF] Mairhofer | Recovering complete plant root system architectures from soil via x-ray µ-computed tomography[END_REF] proposed a semi-automatic method, RooTrak which allows a visual tracking framework and is capable to segment a variety of plant roots from the soil in x-ray µCT images. [START_REF] Perret | Non-destructive visualization and quantification of roots using computed tomography[END_REF] showed that CT approach systematically underestimated root length compared to destructive sampling, but it is worth to mention that in this case pixel size and segmentation technique (Figure 2.6d) may be the cause of this loss of information.

Root-soil interaction: studied by x-ray CT

The comprehension of the mechanisms related to soil deformation due to root growth is not fully understood. There are many factors at play: the heterogeneity of the soil, the root system architecture, and the movement of water due to both evapotranspiration and the root itself. To penetrate soil, an individual root must either displace soil material by a combination of rigidbody movement, shear, and compression [START_REF] Bengough | Root elongation, water stress, and mechanical impedance: a review of limiting stresses and beneficial root tip traits[END_REF] or follow the path of an existing pore network [START_REF] White | The distribution and abundance of wheat roots in a dense, structured subsoil-implications for water uptake[END_REF]. In Chapter 5, it is shown that both are visible in granular soil, according to the grain and pore size distribution. These mechanisms are often thwarted by 2.4. X-RAY FOR GEOMECHANICS AND ROOT SOIL INTERACTION the mechanical properties of the soil or the structural heterogeneity of the soil [START_REF] Young | Interactions and self-organization in the soil-microbe complex[END_REF] and the water status [START_REF] Whalley | Use of effective stress to predict the penetrometer resistance of unsaturated agricultural soils[END_REF], [START_REF] Barré | Rheological stabilization of wet soils by model root and fungal exudates depends on clay mineralogy[END_REF]). Today's technology is able to help to address many of these factors. [START_REF] Mooney | Developing x-ray computed tomography to non-invasively image 3-d root systems architecture in soil[END_REF] reviews the application of x-ray CT in root visualization studies for the last 40 years, and conclude that CT is well placed to contribute significantly to unravelling the complex interactions between roots and soil (Figure 2.6b). In 2012, [START_REF] Tracy | Quantifying the effect of soil compaction on three varieties of wheat (triticum aestivum l.) using x-ray micro computed tomography (ct)[END_REF] quantified the effect of soil compaction on a 3D root system using 4D imaging -x-ray CT over time -and [START_REF] Koebernick | Imaging microstructure of the barley rhizosphere: particle packing and root hair influences[END_REF] studied particle packing and root hair influences on the analysis of pore size distribution. As explained before, digital correlation techniques are a helpful tool for the deformation analysis in granular and porous media. [START_REF] Vollsnes | Quantifying rhizosphere particle movement around mutant maize roots using time-lapse imaging and particle image velocimetry[END_REF] used 2D image correlation (Particle Image Velocimetry -PIV) to estimate changes in rhizosphere, bulk density, sand displacements patterns and the importance of root cap properties for soil deformation and penetration are pointed out. [START_REF] Keyes | Measurement of micro-scale soil deformation around roots using four-dimensional synchrotron tomography and image correlation[END_REF] has shown the possibilities to extract kinematic quantification with both discrete and local approaches of root-soil interaction at the rhizosphere-scale using synchrotron tomography and image correlation. In [START_REF] Keyes | Mapping soil deformation around plant roots using in vivo 4d x-ray computed tomography and digital volume correlation[END_REF] in-vivo x-ray CT allowed quantification of full-field soil deformation around a growing root tip at different time steps, observing a deformation morphology that mostly focuses at the tip of the root. Furthermore, [START_REF] Bull | Mechanisms of root reinforcement in soils: an experimental methodology using four-dimensional x-ray computed tomography and digital volume correlation[END_REF] showed the importance of strain capturing on in-situ test for rootreinforced soil.

SUMMARY

Summary

In this chapter, the importance of x-ray Computed Tomography is highlighted. After an excursus on the history and properties of x-rays, the setup in Laboratoire 3SR is described. The procedure to reconstruct the 3D stack of slices is detailed as these will constitute the data used as input for the analyses developed in the following chapters. Finally, a literature review, that shows how x-ray Computed Tomography is the non invasive technique that helps the comprehension of the mechanisms related to soil deformation due to root growth, is introduced.

Based on the information given in this first part, the aim of this project is to extend the previous studies done in the field, focusing on a wider scale, involving the whole root system, with in-vivo 4DCT analysis. Studying the interaction on a wider scale, that includes secondary and lateral roots, helps to interpret and quantify the effect of the roots on soil properties on a more realistic scale. It includes not only the single root effect but the comparison between different components of the radical system and combination of those. As mentioned before, both discrete and local DIC are used in this work. They help to quantify the displacement and the related deformation due to the growth of the root and the suction of water and nutrients. Furthermore, the scientific findings of visualization and quantification can be more valuable for the development and/or validation of models representing the mechanical interaction between soil and plant roots.

Part II

Methodology Chapter 3 Experimental Program Chapter layout

This chapter details the materials tested, the experimental setup and the experimental program. The study of root-soil interaction is based on the interaction between granular soils -Hostun sandand two species of plant seeds (Section 3.1). The sands are Hostun HN31 and HN1.5-2 with D 50 of 0.338 mm and 1.9 mm, respectively. The coarse sand HN1.5-2 is used to have a clear identification of all the single particles, the continuity among them and their interaction. In order to understand the influence of root growth on soil within different root system architectures, the crops studied are Maize, which develops a so-called fibrous root system, and Chickpea which grows a taproot system. A sample preparation protocol has been designed after a short stay at The James Hutton Institute in Dundee (UK). It is presented in Section 3.2 and it aims to build samples with the same initial nominal properties and representative of the natural interaction. All the specimens are grown in a growth chamber in Laboratoire 3SR under controlled conditions as described in Section 3.3. Finally, since x-ray tomography is considered as a non-invasive image technique, it is used to obtain several images of the examined samples at different magnifications. All the data is collected during two sessions of experiments. Details and pieces of information on the experimental campaigns are discussed in Section 3.4.

Tested materials

Soil: Hostun sand

To have a clear identification of the root system, plants are grown in sand, since sand grains can be distinguished from pore structure in x-ray CT scans.

All the physical properties and mechanical behaviours of Hostun sand are investigated since many years and it is one of the most treated and used sand by researchers, especially in France. Thus, it is chosen as a reference sand in this work.

Hostun sand is produced in a quarry in the department of Drôme (Auvergne-Rhône-Alpes region) in France. The sand used during this work is collected by the Sibelco -French company -who runs the quarry. The material is extracted in clumps including a range of different grain sizes. The particles are made of 98% silica SiO 2 , the remaining 2% being metallic oxides; in the natural state, they are lightly cemented by kaolin.

TESTED MATERIALS

After extraction, the material is crushed and the different grain sizes are generated. The particles presents a sub-angular to angular shape, see the scanning electron microscope (SEM) image in Figure 3.1 [START_REF] Flavigny | Note technique: le sable d'hostun rf[END_REF]). In order to remove the kaolin, the clumps are washed and then sorted by grain size in a "watersorter". Two different grain sizes of Hostun sand are used in this work (Figure 3.2). The first has a D 50 of 338 µm and it is referred to as "HN31". This sand is the identical of Hostun S28 and Hostun RF varieties that have been exhaustively studied in Grenoble, and that can be found in literature. The mechanical behaviour and properties of S28 and RF sands were compared in [START_REF] Combe | Comportement du sable d'hostun s28 au triaxal axisymétrique. comparison avec le sable d'hostun rf[END_REF] and found to be equivalent. The second Hostun sand has a D 50 of 1.9 mm and it is referred to as "HN1.5-2" (1) . (1) The full grain size distribution for both Hostun sands have been used.

TESTED MATERIALS

Table 3.1 gives the values of: Hazen coefficient, known as coefficient of uniformity Cu = D 60 /D 10 , Coefficient of gradation C g = (D 30 ) 2 / (D 60 D 10 ), and minimum and maximum void ratio. The specific gravity G s is 2.65. [START_REF] Canou | Contribution a l'etude et a l'evaluation des proprietes de liquefaction d'un sable[END_REF][START_REF] Flavigny | Note technique: le sable d'hostun rf[END_REF]).

Hostun Sand D 50 [mm] C u C g e min e max HN31 0.338 1.5 1 0.648 1.041 HN1.5-2 1.9 1.4 0.9 0.38 0.63 Table 3.1: Hostun sand index properties.

Root: Maize and Chickpea

In this PhD work, the root systems chosen are generated directly from plant seeds rather than from stem cuttings. This choice is motivated by a number of reasons: i) the root system can fully develop all the principal elements in short time in a sand volume small enough to be imaged through x-rays with a voxel size that permits grains identification; ii) having a seed allows the control of the shoot initial orientation and direction; iii) Fan et al. ( 2016) compiled a database from journals and book chapters to estimate root distribution for temperate crops. Such root systems grow at a fast rate (1-4 cm d -1 ) and reach, in average, depths of 50-100 cm for cereals like wheat and maize and 60-70 cm for pulses like chickpea and peas. The study of these root systems can provide an important contribution to the study of the reinforcement of shallow soil layers. Different crops root systems growth, such as maize, barley, lupin and willow are investigated in Hostun sand. Among these crops, the Maize is chosen over the others, because of its root growth rate (up to 4 cm d -1 ), root mean diameter 0.4-0.6 mm and root architecture. Since Maize is considered a fibrous root system, a second architecture of root system is included. Chickpea produces taproot systems and it is selected for the comparison, because it has a rapid rate of germination and growth and high degree of uniformity [START_REF] Chen | Characterising root trait variability in chickpea (cicer arietinum l.) germplasm[END_REF]. A fibrous root system consists of groups of roots of similar size and length. Such system does not penetrate deeply into the soil but rather creates a thick network of roots, which helps hold soil particles together. Instead, a taproot system has one primary root that grows straight into the soil. It has few laterals roots that grow off the parental root. A taproot penetrates deep into the soil, anchoring the plant and reaching deeper reservoirs of water and nutrients.

Maize

Maize (Zea Mays L.) is one of the most studied crop in plant science [START_REF] Bianchi | Maize genetics and breeding in the 20th century[END_REF][START_REF] Bennetzen | Handbook of maize: genetics and genomics[END_REF][START_REF] Hallauer | Quantitative genetics in maize breeding[END_REF], Freeling & Walbot 2013, etc.). Its genetic map is well known, and this allows an investigation of cells biology, developmental morphology, genetics manipulation, improvement of tissue culture and molecular biology techniques. This crop is extensively used, including non food usage, such as biodiesel production. The maize root system has a unique architecture which secures the efficient uptake of water and nutrients and provides anchorage [START_REF] Lynch | Root architecture and plant productivity[END_REF]. Figure 3.3 compares the root system architecture imaged in a sample of this work with the schematic representation of a 14-days-old wild maize published by [START_REF] Hochholdinger | Genetic and genomic dissection of maize root development and architecture[END_REF]. 2009) observed in 14-day-old wild type maize seedlings.

The root system of maize consists of roots that are formed during embryogenesis (2) and roots that are formed during postembryonic (3) development [START_REF] Feldman | The maize root, in 'The maize handbook[END_REF]. The embryonic root system consists of a primary root that is formed from the cells of the embryo contained in the seed, and a variable number of seminal roots that are laid down at the scutellar node (4) . The postembryonic root system is composed of shoot borne roots that are formed at consecutive shoot nodes and lateral roots [START_REF] Hochholdinger | The maize root system: morphology, anatomy, and genetics[END_REF]. At germination, the primary root is pushed through the seed coat. So, the radicle is formed and reported capable of extending at a rate that can be as high as 11 cm d -1 (Feldman 1994), the most common rate is 1-4 cm d -1 . Seminal roots starts to grow 2-3 days after the germination, initially they grow upward or horizontally, according to the initial orientation of the seed, but they quickly bend downward. In the 2-3 weeks following germination, the primary, seminal, and crown roots progressively form the bulk of the seedling root system.

In these experiments, within a week from the seedling germination, a full development of the root system with all the root elements is observed.

(2) Embryogenesis is the process of the seed germination.

(3) After the stem is formed.

(4) The scutellar node is considered the plant seed, once the root system formed.

TESTED MATERIALS

Chickpea

According to the National Institute of Plant Genome Research, Chickpea (Cicer arientinum L.) is the third most important staple legume crop widely grown across many semi-arid regions of the world. Chickpea is extensively studied, many studies have been carried out on its genotype development. Like other legumes, chickpea can convert atmospheric nitrogen (N 2 ) into ammonia (NH 3 ) and grow in sandy soils without irrigation water. About 90% of the world's chickpea is grown under rainfed conditions where the crop experiences terminal drought stress during the reproductive phase [START_REF] Sharma | Chickpea (cicer arietinum l.), in 'Agrobacterium Protocols[END_REF]. Although chickpea grows in environments with different moisture levels, this does not means that its development is not influenced by the moisture conditions. [START_REF] Anbessa | Evaluation of ethiopian chickpea landraces for tolerance to drought[END_REF] found that reduced water loss from the plant and extensive extraction of soil moisture are factors involved in the adaptation of chickpeas to drought conditions. Modification of root system architecture may improve desirable agronomic traits such as yield, drought tolerance, and resistance to nutrient deficiencies [START_REF] Tuberosa | Identification of qtls for root characteristics in maize grown in hydroponics and analysis of their overlap with qtls for grain yield in the field at two water regimes[END_REF][START_REF] Beebe | Quantitative trait loci for root architecture traits correlated with phosphorus acquisition in common bean[END_REF][START_REF] Ghanem | Root-targeted biotechnology to mediate hormonal signalling and improve crop stress tolerance[END_REF]. Chickpea plants have a strong taproot system consisting of 3 or 4 rows of lateral roots. After the seed germinates, its radicle develops into the taproot and the subsequent roots elements originate from it (taproot system), as shown in Figure 3 

SAMPLE PREPARATION

Sample preparation

Sample preparation, on the one hand, needs to reproduce in the laboratory a root-soil interaction as similar as possible to the one taking place in the field. On the other hand, the sample size must be small enough to perform x-ray scans at a spatial resolution such that the soil microstructure can be identified, in the resulting 3D image. To meet these requirements, a cylindrical volume with a diameter of 5 cm and a height of 10 ± 1 cm was used (Figure 3.5). As mentioned in Chapter 2, the sample dimension that limits the spatial resolution is the width of the sample. A diameter of 5 cm is deemed as acceptable to avoid boundary effects during growth and from the literature review, a ratio between such diameter and grain size is enough to obtain a voxel size that gives a detailed rendering of the sample internal structure. The height of the sample is not an issue during the scan, it does not affect the spatial resolution, but only the duration of it. In order to optimise the volume dimensions, several root systems were grown in the two Hostun sands. It is

A B Section A-A Section B-B 1 cm A B Figure 3
.5: Container details: the design consists of the water holes pattern and the grooves (yellow) designed for the notches of the x-ray scan rotation plate. Vertical section A-A shows the base holes for the watering, internally it is covered with a cotton fabric (pink) to avoid the grains clog the holes. Horizontal Section B-B shows the bottom view of the container.

SAMPLE PREPARATION

noticed that the 7-days old root systems hardly go deeper than 10 cm. The sample has to be prepared inside a container whose material should not absorb x-rays and consecutively interfere with the final image. So, a transparent polymethyl methacrylate (PMMA) tube is used, hence the state of the specimen can be visualised and controlled over time. Additionally, an ad-hoc 3D printed base is designed to support the sample at the bottom. It is designed with a specific pattern of holes to allow the watering of the sample from the bottom. The pattern includes 37 holes with a diameter of about 0.7 mm. To prevent the grains of sand from clogging the holes, a piece of cotton fabric was glued on the inside of the base. To set the rotating stage of the scanner and to place the sample always in the same position during the scanning, a base already present at Laboratoire 3SR, equipped with alignment pins for interlocking was used. The container bottom is equipped with 2 grooves in order to interlock it with the rotating stage. Figure 3.5 shows the horizontal section of the base, with the grooves oriented inside the scanner always in the same way -the squared wing of the base faces the source, while the rounded one faces the detector.

The specimen setup is composed of 4 main steps, as illustrated in Figure 3.6. Starting from the germination of the seed, the sand deposition in the PMMA container, the seed placing, and finally the watering of the sample. Each of these steps is detailed in the following. This protocol is established after a short stay at The James Hutton Institute, under the supervision of Professor Glyn Bengough [START_REF] Anselmucci | Can the fibre reinforced sand model be applied to roots in sand?[END_REF]). 

Seed germination

The germination protocol is the same for both maize and chickpea. Each seed is sterilised in a solution composed by 15% commercial bleach and 85% sterilised water for 15 minutes, then they 3.2. SAMPLE PREPARATION are rinsed in distilled water 3 times and then soaked in water for 15 minutes. Seeds are transferred in culture dishes on a 1.5 mm thick germination filter paper, foil-wrapped, and placed in the dark. In order to promote gravitropic elongation and root straightness the culture dishes are oriented vertically with root tips pointing downwards. Subsequently, they are placed in a plant growth chamber, at a fixed temperature of 19±2 °C. This phase lasts between 48 and 72 hours. The percentage of seed germinated is about 80%, and in 2 out of 3 of these seeds, the radical fully develops in the root system and the stem arises. Table 3.2 gives the average properties of a radicle shoot, used over the experimental campaigns: mean diameter D, mean radicle length L, and shoot inclination α with respect to the Z axis. The seeds with a radicle angle of shoot as close to zero as possible was chosen, to initiate a vertical root growth.

Plant seed D [mm] L [mm] α [ • ]
Maize 0.4-0.6 5-7 7-18 Chickpea 0.5-0.8 4-7 5-21

Table 3.2: Main features of the radicle -before sowing.

Sand deposition

After seed germination, the sample can be prepared. The container is first washed thoroughly with a 10% bleach-water solution to kill any lingering disease-causing pathogens (from previous sampling). Once the container is sterilised and properly dried out, it is filled with sand grains by air pluviation. Dry pluviation is chosen because it is known to yield reasonably homogeneous specimens and to create a soil microstructure similar to the one of natural sand deposits [START_REF] Oda | Experimental study of anisotropic shear strength of sand by plane strain test[END_REF]. Many studies are available in the literature on pluviation of dry sand particles through air (e.g., [START_REF] Kolbuszewski | An empirical study of maximum and minimum porosities of sand[END_REF][START_REF] Walker | An apparatus for forming uniform beds of sand for model foundation tests[END_REF][START_REF] Passalacqua | A sand-spreader used for the reconstitution of granular soil models[END_REF][START_REF] Lo Presti | Maximum dry density of cohesionless soils by pluviation and by astm d 4253-83: A comparative study[END_REF]. The density of a dry pluviated sand sample depends on many factors, including: (a) the drop height of sand particles, (b) the opening width of the funnel through which the sand particles are dropped, and (c) the rate of pouring of sand particles. In the case of fine Hostun sand HN31, two different relative densities are obtained, D R =30 % and D R =80 %. As for the coarse Hostun sand HN1.5-2, only a relative density of 30 % is achieved.

Due to the sample size and the mean diameter of the sand grains, a denser samples could not be 3.3. TEST SETUP obtained, also because no compaction is applied. Finally, the pluviation is done manually with a container sealed to a funnel with the desired opening width.

Seed placement

Two different methods are used to place the seed in the sample. The first consists in digging a hole, 2 cm deep and 7 mm wide, in the centre of the pluviated sample, then placing the seed in it and finally cover with sand. The second method consists in placing the seed in the sample during the pluviation. As shown in Figure 3.6c, when the level of the sand is at about 2 cm from the top of the container, the germinated seed is placed and the pluviation continued up to the top level. The seed is always placed with the germinated radicle pointing vertically downward. This way, the top portion of the specimen remains undisturbed. The chosen depth of 2 cm is related to the size of the seed, 1.5-2 times the size of it.

Sample watering

The last step is the watering of the sample. It is watered from the bottom by capillarity. Since sand does not contain any particular nutrient, the water was enriched with soluble plant feed (Table 3.4 gives the main chemical components). The container is partially immersed in a bigger pot containing a solution of water and dissolved nutrients (Figure 3.6d). The ratio of nutrients is 2.5 g per 1000 g of water. The fertiliser mixture used is VitaFeed 111 (Vitax company).

Chemical components

Mass 

Test Setup

The following description regards both specimens observed with the x-ray scanner and the one developed entirely in the growth chamber. Right after placing the seed in the sand, the sample is covered with a weight of about 20 g, to avoid the risk that while the radicle grows the seed is pushed outside. The weight is used for the first 24 to 36 hours of observation and then removed. Furthermore, until the moment when the plant 3.3. TEST SETUP stem rises, the specimen tops are hermetically covered to maintain a constant moisture content. Every 48 hours the top of the specimen and eventually the leaves are sprayed with water (about 4 g), in order to keep the seed area moist. During the entire experimental campaign, the plant are watered every 7 days using the procedure mentioned above (5) . Having the seed so close to the top (∼2 cm) would have affected the plant growth if moisturised only at every water cycle. During the whole process, the specimens are kept in an indoor grow room (BBS eco mylar 70d chambre de culture -120x120x200 cm), shown in Figure 3.7 where plants grow under controlled conditions of humidity and temperature. • air extractor, specifically designed for the ventilation of growth room requiring the flow of air at high pressure. The fan was active for 30 minutes every 3 hours, and every time the recorded temperature of the room was higher than the target value;

• two shelves at adjustable levels. The option of moving the shelves gives the opportunity to maintain the top of the plant always at a constant distance from the light (≈40 cm).

The specimens were always kept inside the growth chamber, except for scanning time.

Experimental program

During this PhD work, the experimental campaign is carried out in two main sessions. The aim is to investigate three different parameters: sand grading, initial packing fraction and root system architecture. A total of 6 different sample configurations are imaged through x-rays. Each configuration changes according to the 3 parameters: plant seed, sand grading and initial relative density of the sample. Different sample observations, done by root extraction -not with the x-ray scan -showed that not all the germinated seeds proceed with the root system development. Hence, due to the growth rate of seedling after germination, 2 or 3 samples with same initial nominal conditions are scanned initially. As soon as the root system started to develop, one sample per configuration is selected for analysis throughout the remaining days of the experimental campaign. The choice is made according to some preliminary reconstructions of the root system, in case more than one sample per configuration showed an healthy growth. Each sample is labelled as follows:

S -R s -T s -D R -0X
where:

• R s , indicates the root system:

-M for maize seed, -C for chickpea seed;

• T s indicates the type of sand:

-F for fine sand (HN31), -C for coarse sand (HN1.5-2);

• D R indicates the initial relative density of the sample:

-L for looser (D R = 30%), -D for denser (D R = 80%);

• 0X indicates the sample number from 00 to 05.

Each chosen sample is scanned every 24h ± 15 minutes for 7 days, with no further watering (to do not affect the pluviated sand microstructure). Thus, all kinematic measurements are only related to root growth and water uptake. According to different previous observations of the root system extracted from the samples at different time steps, one week is enough time to see all the elements characteristic of the root architecture (Figure 3.3, Figure 3.4). During the first batch of experiments, only specimens with fine Hostun sand HN31 in a dense packing are investigated. While, during the second session fine Hostun sand is analysed in loose conditions and the coarse Hostun sand is introduced. Table 3.6 andTable 3.7 introduce all samples 3.4. EXPERIMENTAL PROGRAM observed through x-rays and their nominal properties. The 3D printed base was an improvement introduced only in the second batch of experiments, which helped maintaining the same reference position for each scan. Keeping the same reference position for each scan is very important for the subsequent image analysis and correlation.

To study the possible effects of the x-rays on the root growth, some other samples are grown in parallel to those scanned. Leaf length, number of leaves, plant height, number of days to shoot the first leaf, steam length, and inclination, are the parameters of comparison during the scanning time among samples. Furthermore, 10 days after the last x-ray scan, all the root system are extracted and they present similar number of roots and structure. No short-term effects on the growth evolution is noticed (i.e., in leaves and root structure), the leaves and the root system developed in a similar way in the scanned samples and in the 'unscanned' ones. The only noticeable difference among the samples is in the measured water content: for the sample S-R s FL0X (HN31 with looser packing fraction) a slightly higher level of evapotranspiration is observed (i.e., visible dryer sand) in the x-ray scanned samples compared to those that are not scanned. This may be due to the temperature gradient between the growth chamber and the tomograph cabin. Between the two batches of experiments, the number of samples to investigate increased, due to the higher number of configurations included in the experiments, and for this reason the scan setting are changed. All the images obtained from the first experimental campaign are done with a tomography run in 4 stacks and a voxel size of 30 µm, which yielded in a scan duration of about 4 hours. For the second session of scanning the scanning time was reduced to less than 2 hours. The voxel size is increased to 40 µm, and by rotating the orientation of the detector in portrait mode (vertical), a tomography with only 2 vertical stacks is obtained. The choice of reducing the scanning time is done both for the optimisation of the testing schedule and for health of the plant. This way, the plant is not over-stressed by the different temperature and light conditions with respect to the growth chamber and the motion of the rotating stage. Other settings of the scan as voltage and current of the x-ray source are assigned according to the spot size, as reported in Table 3.5. Finally, a copper filter of 0.2 mm thickness is applied in front of the source to reduce the beam hardening effect. 

Hostun sand HN31

Samples prepared with Hostun sand HN31 are considered in both batches of experiments. The main differences between the two x-ray observations are pixel size of the images (see scan settings in Table 3.5) and the technique used to place the seed in the sample. Tables 3.6 and 3.7 detail the sand sample properties in the first and second campaign, respectively.

Campaign n. 1

During this campaign, the samples listed in Table 3.6 were scanned. After 2 days of imaging, the seed did not go further than germination in samples S-MFD01 and S-CFD02b. So for both configurations with maize and chickpea, the choice of the sample to observe for the 7 days is made mostly on some qualitative features identified on the root system from the reconstructed volume. The relevant features are the initial orientation of the primary \ taproots, and the number of secondary root already present in the system. Samples S-MFD02 and S-CFD02 are those selected for x-ray imaging over one week, with the scan settings reported in Table 3.5 (1 st column).

Campaign n. 2

During the second campaign, both looser and denser sand samples are tested. Each sample is also x-ray imaged before and after the initial watering, to study how the water distributes in the pores and changes the sand microstructure. The scan settings used are reported in Table 3.5 (2 nd column). As shown in Table 3.7, 6 configurations are scanned with a total of 18 different samples. After 3 days of observation, one sample is chosen per configuration. None of the chickpea seeds went further than the germination in the specimens containing fine Hostun sand at dense packing fraction, but sample S-CFD03 is scanned until Day 04. Sample S-CFD04 is scanned for a full week and it is used as a reference for other specimens with successful growth, to examine the degree of saturation evolution in samples not affected by root water suction.

Hostun sand HN1.5-2

All the specimens of coarse Hostun sand HN1.5-2 are observed during only one campaign, which is run along with the second experimental batches of Hostun sand HN31. The scan settings used are reported in Table 3.5 (2 nd column). One of the purposes of using this grain size is to be able to identify each single grain. A resolution of 40 µm means that there are about 28 voxels along a grain diameter. This is enough to identify individual grains in the images and follow them from one scan to another. During the observations done prior scan imaging, both species of plants did not exhibit particular difficulties in growing in this specific setup with coarse sand in looser packing fraction, so only 2 samples for the configuration with the maize and one with the chickpea seed are scanned initially. Since both maize samples grew with similarities in growth rate and radicle orientation specimens S-MCL01 and S-CCL01 are the one observed during the whole process.

Samples

Height 3.5 SUMMARY

Summary

The experimental program of this PhD work investigates the interaction between two different grain sizes of Hostun sands (HN31 and HN1.5-2) and the root systems of two of the most studied crops, Maize and Chickpea. The fine Hostun sand is dry pluviated in order to obtain two different packing fractions with relative density of 30% and 80%. The same looser relative density is obtained by pluviation also for the coarse Hostun sand. A specific protocol for sample preparation is developed to obtain a representation in the lab of the root-soil interaction that can be found in the field. The sample size is also selected in order to have a voxel size small enough to capture the sand microstructure and to allow kinematic measurements.

The experimental program of this thesis is divided in two main sessions. During the first session only samples containing Hostun sand HN31 in an initial denser packing fraction have been imaged, with a voxel size of 30 µm. In the second session, Hostun sand HN31 is tested in looser and denser initial packing fraction and Hostun sand HN1.5-2 in the looser state only. Due to the high amount of samples to image, the scan duration had to be reduced and for this reason the voxel size was increased to 40 µm, which still gave the possibility to investigate the internal local structure of the root-sand interaction.

Finally, in each session only 1 sample per configuration was entirely observed until reaching a 7-days-old root system.

Chapter 4

Methodology: image and data processing tools

Chapter layout

In the previous chapters, the sample preparation and investigation techniques were presented. This chapter details the tools used to process the 3D images. The methodology used to improve the greyscale homogeneity throughout the volumes is introduced first (Section 4.1). Then, a process for phases identification is developed to correct greyscale volumes and to obtain a four-phased version of the volume (Section 4.2). From the identification of the entire root system, a root-walker tool is designed to follow the geometry of the root and its influence on the surrounding soil domain (Section 4.3). The four-phased and greyscale volumes are the input data used to quantify the evolution of porosity and degree of saturation during the root growth in the system (Sections 4.5, 4.6). Finally, Digital Image Correlation is described as the tool used to measure the kinematic fields between different states of the system (Section 4.7).

Image processing

The aim of this work is to measure kinematic quantities representing the root-soil interaction at the grain scale. The images voxel characterisation starts in the reconstruction with the assignment of the greyvalues scale. According to the photon absorption and reconstruction process, a greyvalue is assigned to each voxel. As mentioned in Section 3.4, each sample is scanned in average 6-8 times during the growth of the root system. To have consistent measurements, the greyscale volumes of each set of scans need to be processed, in order to reduce the noise level of the reconstruction and to have coherent information between scans. To identify possible anomalies that affect the quality of the images, each greyvalue distribution of the scan is first investigated individually to detect potential inhomogeneities within the scan. Then, the greyscale volume is compared to the ones of the entire set to which it belongs. Finally, once the greyvalues are corrected and homogenised within the volumes and the set, noise reduction filters are applied.

Inhomogeneities of CT values within one scan

Since the height of the sample was too large, to maintain the desired voxel size, it was decided to divide the circular scan trajectory into two scans (top half and bottom half). During the second 4.1. IMAGE PROCESSING batch of experiments, the final reconstructions present a different distribution of greylevels among the upper and lower part of the specimen. Thus, besides the differences among scans of the same set, inhomogeneities are found also within the same scan. Figure 4.1 shows the greyvalue profile of a reconstructed 3D image of a sample of Hostun sand. The different distribution of greylevels is evident in the comparison of the top and bottom radiographies. Such phenomenon is not expected, unfortunately the sets of scan which presented this problem were performed when the x-ray source was approaching to the end of its lifetime and its spectrum was not stable during the entire scan.

RX-Solutions, the company who provided the scanner and the software for the reconstructions never faced this problem before, so a suitable procedure to fix it was developed. Even though the problem is visible in the radiographies, as shown in Figure 4.1, the error was rather corrected on the reconstructed volume and a linear correction to greyvalues is applied. The process to obtain the linear correction is calibrated on parameters that are not expected to change between images.

The analysis of the greyvalues image, revealed that the PMMA tube suffers from artefacts, so the boundaries of the sand volume are identified in each 2D horizontal slice. After different trials, by masking the PMMA container and the outside of the sample, a better correction is obtained because the big portion of volume not occupied by the sample altered significantly the median greyvalues. Figure 4.2 describes schematically the procedure followed to mask the container. Since the average greyvalue of the PMMA tube is different from the sand particles, the borders of the container were easily thresholded. Once the threshold is selected, the image is eroded once, to clean the detected pixels within the sample that had same greyvalue of the container. Then, the convex hull of each slice is identified, dilated, and the corresponding inscribed circle is found. As a verification, the radius of this circle is compared with the inner diameter of the tube itself (5 cm). Thus, the external borders of the bulk volume of the specimen are defined. From now on, every time the greyvalue image is mentioned, it is intended only as the sample within this mask. The voxels representing the outside and the container are masked and no longer taken into consideration in the correction process. The correction of the greyvalues profile is carried out by finding the weights for the linear correction, such procedure is split in two main steps:

• the first step consists in a global correction of the 3D image. A correction on the median value of the entire greyvalue distribution is performed;

• the second step consists in a correction slice by slice. Each slice is sub-analysed three times according to three different ranges of greyvalues:

-I V : containing only the voxels whose greyvalue goes from 0 to the first histogram peak [0-LP ];

-I W : containing only the voxels whose greyvalue is between the first and last main peaks (LP -HP ];

-I G : containing only the voxels whose greyvalue is in the remaining range of the distribution (HP -65535].

Once the mean and the standard deviation of the entire greyscale distribution are obtained. Each greylevel voxel gl (v ) is recalculated as a function of mean greyvalue (M ) and standard deviation (σ), of both the volume of the specimen, and the horizontal slice i, in which the voxel is located
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Equation 4.1 shows the correction applied:

gl (v) = M + (gl (v) -M [i]) σ σ[i] (4.1)
The second step consists in the same procedure, but for each of the three masked images. All the pixels not belonging to the defined greyvalue range are masked. The remaining pixels gl (v ) are incremented of the difference between the mean greyvalue of the entire volume and the mean greyvalue of the slice i where the pixel is located:

gl (v) = gl (v) + (M -M [i]) (4.2)
The final 3D volume used for the following measurements, will be the combination of these three images: 

I F = I V + I W + I G

Histogram correction -linear contrast stretch

Sometimes the x-ray CT values can change due to either non-physical artefacts (e.g., uncontrolled changes in the beam emitted by the source) or physical changes causing a difference in x-ray attenuation (e.g., thermal dilation, diffusion of a contrast agent). In order to be able to make quantitative analysis image values have to be necessarily comparable either in unconverted CT values or converted to the 16-bit range. Therefore, considering the material whose greylevel range is not expected to change in time, it has to have same representative 16-bit range between scans of the same set. Once the greyvalue profile of the 3D image is corrected (Section 4.1.1), the next step is to compare the distribution of greyvalues between scans of the same sample and to investigate potential further inconsistencies. Every reconstructed 3D image is represented in a greyscale histogram range [0-65535]. The comparison among all the histograms of the set of scans concerning the same sample shows differences in the values of the peaks, which in this case are not expected to change in time (see Figure 4.4). To compensate this discrepancy, a histogram correction procedure is implemented. The procedure consists in adjusting the limits of the greyscale range and in modifying the intensity value of each pixel, by using a normalisation formula based on the identification of the peaks which are not supposed to vary in time. The peaks histograms of the set of images are labelled as: the higher (HP ) and lower (LP ). According to the peaks, the greyvalue of each voxel (gl(v)) is rescaled using Equation 4.3 and replaced by gl * (v):

gl * (v) = gl (v) -LP 2 (HP -LP ) + 0.25 (4.3)
In this way the peaks will match and all the consecutive greyvalues are stretched linearly according to them. This method uses a linear function to scale the greyvalues of each pixel and it stretches the minimum limit to be equal to zero and the maximum to be equal to 

Noise reduction

X-ray tomographies are characterised by the presence of noise. If the level of noise is too high, it can impair proper binarisation of the image. The purpose of noise reduction is to decrease the noise in natural images while minimising the loss of original features and improving the signal-to-noise ratio (SNR) -defined as the ratio between signal intensity and background noise. As shown in Figure 4.5, the histogram has three peaks in the volume containing coarse Hostun sand and only two in those containing fine Hostun sand. However, in both cases, the volume is composed of 4 different components: air, sand grains, plant root, and water. This means that the phase identification cannot be performed directly with histogram-based techniques such as global thresholding. Hence, the major challenge for image denoising is maintaining edges and textures protected from blurring and flat areas smooth, while avoiding the generation of new artefacts. Thereby, a linear image filtering as the Gaussian filter cannot be applied. In fact, the Gaussian filter replaces each pixel with weighted average of the signal intensity of the adjacent pixels and as the distance from the pixel increases, this weight decreases. As shown in Figure 4.6, such a filter cannot be applied without damaging the texture in the image. The image edges get blurred when increasing σ, the parameter that defines the extension of the pixel neighbourhood on which the filter is applied. As σ increases, the distance between the peaks of the histogram increases and the edges in the image are almost lost. Different methods for reducing noise have been proposed, e.g., [START_REF] Schlüter | Segmentation of x-ray microtomography images of soil using gradient masks[END_REF] and [START_REF] Fan | Brief review of image denoising techniques[END_REF]. However, the choice of the filter strongly depends on the needed information. Similarly to the Gaussian filter, the Bilateral filter is defined as a weighted average of the pixels greyvalue. The main difference, with respect to the Gaussian filter, is that it takes into account the intensities variation, preserving the edges. [START_REF] Rudin | Nonlinear total variation based noise removal algorithms[END_REF], [START_REF] Gonzalez | Digital image processing. 2nd edn prentice hall[END_REF], and [START_REF] Takeda | Kernel regression for image processing and reconstruction[END_REF] show that spatial domain filtering has a wide application in the denoising field. Among the classical denoising methods, Bilateral filtering [START_REF] Tomasi | Bilateral filtering for gray and color images[END_REF][START_REF] Elad | On the origin of the bilateral filter and ways to improve it[END_REF]) is chosen to improve the signal-to-noise ratio in the 3D images of this work. It is a nonlinear, edge-preserving and noise-reducing smoothing filter where the intensity value of each pixel is replaced with a weighted average of intensity values variation from nearby pixels. The bilateral filter is defined as:

I f iltered (x) = 1 W p x i I(x i )(σ r )( I(x i ) -I(x) )σ s ( x i -x ) (4.4)
where the normalisation term is:

W p = x i (σ r )( I(x i ) -I(x) )σ s ( x i -x ). (4.5)
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I f iltered is the filtered image, I is the original input image and x are the coordinates of the current pixel.

As expressed in Equation 4.4, the bilateral filter is controlled by two parameters: σ r and σ s : σ r is the range kernel for smoothing differences in intensities -it has units of greyvalues -and σ s is the spatial kernel for smoothing differences in coordinates -it has units of pixels, i.e., it is a length. As the range parameter σ r increases, the bilateral filter becomes closer to Gaussian blur because the Gaussian range is flatter (i.e., almost a constant over the intensity interval covered by the image).

Increasing the spatial parameter σ s smooths larger features, and this distinction can be seen in Figure 4.7. Applying the bilateral filtering, each neighbour is weighted by a spatial component that penalises distant pixels and a range component that penalises pixels with a different intensity.

The combination of both components ensures that only nearby similar pixels contribute to the final result and the loss of details is almost null. As Figure 4.8 shows, with the use of bilateral filter, the histograms get less smooth and they also show a secondary peak, which helps to better identify the interfaces in the images. The residual of the bilateral filter reveals the structure of the input image. Ideally, the residual should contain only noise, nonetheless, the structure visible in the residual is faint with some noise in background.

One remark is worth on the speed of this algorithm: the python script used takes about 4 hours to run on the images downscaled by a factor of two, since the kernel needs to be computed for each pixel due to double weights.

Phase identification

In image processing one of the most common processes is the identification of voxels belonging to a given phase. To all the voxels with a greyvalue higher (lower) than a specific threshold, an unique value is given. In the case of two phases, binary images are a convenient starting point for the definition of different properties, e.g., the density of a specimen. In this work, thresholding is mostly used to separate the different phases that the volumes contain (air, grains, root and water) so their identification will lead to obtain a four-phased volume (Figure 4.14). As shown in Figure 4.5, the histogram does not highlight the differentiations among phases, which makes the greyvalues thresholding a not easy task, especially in the samples containing fine Hostun sand. The most common error that occurs at the interfaces among phases is due to the partial volume effect. Any voxels at the interface will have an intermediate value, the region size affected by partial volume effect depends on the volume in µm 3 that a voxel represents in a 3D image. Such effect results in blurred interfaces. One voxel of the reconstructed volume then represents a heterogeneous region of the sample, and the greylevel of this voxel represents an "effective" linear attenuation [START_REF] Brisard | Multiscale x-ray tomography of cementitious materials: A review[END_REF]).

Identification of sand grains

Commonly, when the histogram includes distinct peaks, thresholds can be selected by using automatic thresholding method, such the one proposed by [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]. An automatic thresholding method is based on the idea of finding the greyvalue threshold that minimises the weighted within-class variance. It may be used under the assumption that the histogram is bimodal. In contrast, when the cut-off threshold is not automatic, a method to determine the threshold according to the physical measurements of the solid volume is preferred. The dry mass of a specimen can be measured after sand deposition. Besides the density of sand grains is known. Hence, the solid volume is given by the ratio of these two factors. The greyvalue threshold is chosen to include the number of voxels corresponding to the measured volume of the solid phase. Knowing the mass of sand remains constant in time, the threshold is calculated once per test, in the initial state, and subsequently it is applied to all the scans of the set of a specific sample. It is worth noting that this step is only possible once the greylevels are normalised between scans, as explained before in Section 4.1.2. For both coarse and fine sands, the same binarisation technique is used, but in the coarse Hostun sand (HN1.5-2) the analysis can go one step further. Since the particle size is about 38 pixels, the enumeration of the individual grains is possible. The solid phase can be split according to the individual particles and this process is known as labelling. The most common method to segment an image of contacting particles is the watershed algorithm. The original watershed algorithm was first proposed by [START_REF] Buecher | Use of watershed in contour detection[END_REF]. Watershed segmentation classifies pixels into regions using the greyvalues gradient on the image and analysing boundaries of the identified regions with homogeneous greyvalues. This technique does not yield a single labelled image, but rather a 3D volume where each element can be identified through a specific label.
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The original watershed approach underwent many implementations and adaptations over the years and many of these are formulated on the marker-based watershed approach [START_REF] Meyer | Morphological segmentation[END_REF]. Many implementations of the algorithm are marker-based. Introducing markers is another way to specify the domain of possible objects and to calibrate a resilient algorithm to oversegmentation. Pixels are clustered according to greylevel homogeneity and spatial proximity, then the identification of regions is based on the boundary and the agglomeration strategy works with a weighted neighbourhood iteration [START_REF] Moga | Parallel image component labelling with watershed transformation[END_REF]. The marker-controlled watershed algorithm considers the input image as a topographic surface -a higher pixel value means higher altitude -and it simulates its flooding from specific seed points called 'markers'. The most com-4.2. PHASE IDENTIFICATION mon choice for the markers are the local minima of the gradient of the image, they can be selected manually or automatically with the aid of an algorithm. In this work, the Insight Toolkit (ITK) morphological watershed transform algorithm is used [START_REF] Soille | Morphological image analysis: principles and applications[END_REF]. The application of this algorithm is done by using SPAM. Spam stands for Software for the Practical Analysis of Materials and it is a python package principally developed in Laboratoire 3SR [START_REF] Stamati | spam': Software for practical analysis of materials[END_REF]. The watershed algorithm implemented in SPAM is based on the python module SimpleITK (1) . The process starts with many markers and iteratively includes neighbouring pixels that have the same local minimum, and when two different minima meet, the interface defines the watershed surface. Since the contacts have been deleted, all of the voxels connected to each other will belong to a single particle, hence a unique value (positive integer) will be assigned to it. This procedure enables the measurements of grain properties and the discrete analysis of particle kinematics. In this way, a single particle can be extracted and its properties investigated. In addition, different features can be identified, such as the centre of the mass defined as the spatial average of all the voxels that make up the grain (weighting voxels equally), the 3D volume defined as the sum of voxel of the assigned label, and the grain orientation, which can be followed in time. Figure 4.9 shows the binarisation steps for both sands, followed by the labellisation process in a volume of the coarse Hostun sand. (1) Simplified programming interface to the algorithms and data structures of the ITK.

Identification of the root system

The identification of the root is challenging. A simple greyvalues threshold is not able to identify exclusively the voxels in the root -as noticed from the histogram, root and water have a similar greyvalue intensity. Therefore, a new method based on edges identification is developed. The edge-based method proposed in the following uses the Variance Filter. The variance filter is applied to the greyscale image and it helps identifying the edges of the objects in the volume. The variance 3D filter implemented in Image-J is used. Each voxel is replaced by the variance of the voxels contained in the 3D matrix centred in the voxel under investigation, within a distance r v . The value of r v has to be high enough to average different faces in the range so to highlight the edges, as shown in Figure 4.10. The distance of neighbourhood chosen is 4 in the case of fine Hostun sand and 2 for coarse Hoston sand. The reason can be easily explained focusing on the histograms. In the case of the fine sand, a wider range is needed to identify the edges, as illustrated in Figure 4.10, whereas in the coarse sand the structure of the grains and the big size of the pores make easier the identification of the contrast with the root. Moreover, the pores surrounding the root in the samples with coarse sand have a lower water content and the variance is efficient within a smaller range. The process is not straightforward, it takes about 3 hours to apply the filter to the entire volume, considering the size of the 3D image (1600x650x650 pixels). Once the filter is applied, the edges highlighted are mostly those among phases with different greyvalue intensities, like root-grains, grains-void, or grains-water. Therefore, this is not a suitable filter to be used for grain-grain contact identification.
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Once the filter is applied, the voxels within the root edges (identified by the filter) can be selected with a threshold in the image. At this stage a binary image is obtained and by studying the neighborhood connected pixels the root system can be identified and extracted. The Python module scipy.ndimage.label is used to transform the binary image into an array where the background and each input single feature (connected pixels) has a unique label in the output. If each agglomerate of voxels has an unique label, then the root body is identified as the largest element with 4.2. PHASE IDENTIFICATION the highest frequency in histogram, excluding the background. The last step of the procedure concerns the recover of root edges. By using the variance filter, the edges are excluded from the thresholding. Hence, the root matrix has to be dilated n times, where n is the half of the radius r v used for the variance filter. Finally, the full root body size is recovered. Figure 4.11 shows the steps followed and the match between greyvalue image and binarised root. 
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The comparison shows that this technique is able to keep all the information regarding the root system. This method is able to detect all the root elements with a diameter above about 4 times the pixel size. Hence, with the pixel size of these images, the fine laterals, and the root-hairs are not detectable.

As mentioned above, the use of variance filter highlights the difference in greyvalue intensities. In some sections, possible dead vessels of the root used as channels for oxygen passage (Aerenchyma) can be identified, as shown in Figure 4.12a. If these channels in the roots are identified in the binarisation (Figure 4.12b), they may create some alteration in the measurement of root length density and root volume. Thus, some mathematical morphology can be applied to them. With the help of the python module scipy.ndimage.morphology.binary fill holes, the binary array is filled in terms of number of dilations required, according to the chosen maximum radius of investigation. This module works in 3D and after different trials a radius of about 13 px (1000 µm/80 µmpx -1 ) is found to be enough to fill the holes, without affecting the root edges (Figure 4.12c).

greyvalue image root binary image pre-morphology a. b. c. Once the root body is identified, its skeleton can be extracted. The skeleton identification is done on the root system excluding the entire seed. The skeleton of a 3D element can be identified, using either the plugin of Image-J, or different python modules developed to skeletonise a 3D binary image with object in brighter contrast than background. Herein, the latter option is chosen because the plug-in of Image-J is inaccurate at the connection points between root of first and second hierarchy, as illustrated in Figure 4.13. Specifically skimage.morphology.skeletonise 3d is used in this work. This module extracts the median axis of the 3D object, maintaining the morphology and the connection between parts. It is based on the method of [START_REF] Lee | Building skeleton models via 3-d medial surface axis thinning algorithms[END_REF] and it uses an octree data structure to examine a 3x3x3 neighborhood of a pixel. The algorithm proceeds by iteratively sweeping over the image, and removing pixels at each iteration until the image stops changing. Each iteration consists of two steps: first, a list of candidates for removal is assembled; then pixels from this list are rechecked sequentially, to better preserve connectivity of the image (the connection is important in order to investigate the root system branching). The process can take up to 2 hours.

post-morphology
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Skeletonize -ImageJ skimage.morphology.skeletonise_3d

Figure 4.13: Skeleton identification. On the left, the 3D root system without the seed. On the right, the skeleton identification of a small window. In red is the output obtained from the python module skimage.morphology.skeletonise 3d; in blue the output of the Image-J plugin: Skeletonize. The green circles highlight the discontinuities in the structure using the Image-J plug-in.

Identification of the water

The separation of the water phase in the system is done quantitatively for the samples of coarse Hostun sand HN1.5-2, and qualitatively for the sample of fine Hostun sand, due to the different pore size. From the study of the histograms, a regular automatic binarisation is not possible in this case either. As explained in the previous sections, the histogram highlights two peaks because the water is trapped in very small pores and the attenuation for water, root and air is very close. In this work the water identification challenge is solved as described in the following. All the voxels previously identified as roots and grains are masked and not considered in the analysis. In the remaining voxels the identification of the water is done with a threshold based on the physical measurements of the water injected in the specimen at the beginning of the observation (Day 00). After the normalisation of the histogram, the phases within a set of scans have the same greyvalue intensities, which means that the greyvalue threshold measured with the volume of water on Day 00 will be the same as used in the subsequent states of the samples. The water identification is treated equally for fine and coarse Hostun sand, but the results does not quantify the water content within the samples with fine sand. Due to the grain size of the coarse Hostun sand the identification of the pores is straightforward. However, in the case of fine sand the pores in between grains are small and the phases at the interfaces are blurred. For this reason, the results on the water identification are supported by a study of the degree of saturation, based on the greyscale images, as explained in Section 4.6. Once this final phase is identified, the remaining voxels are associated to the air in the specimens. In this way, a four-phases volume is created, and its properties can be followed in time, while the system is evolving. An example of the four-p ĥased volume is shown in Figure 4.14. 

Root vectorisation

Once the root system is successfully identified from the 3D reconstructed images, the investigation of the root orientation is possible and to do so, a root walker script is implemented. The identification of the root vectors gives the possibility to examine the soil properties with the root local reference system and to measure them in the plane perpendicular to the root axis. The idea is based on studying the root skeleton, and on reassigning a label to the skeleton according to the number of roots and root branches, following the time lapse growth. The only manual input is the chrono-sequence starting point of each single root -assuming that the starting point remains constant in time and space. This procedure works including multiple loops and it can be used for any type of root topology and any components of the root system 4.3. ROOT VECTORISATION identified in the 3D volume (2) . The code is designed to have 2 counters to be incremented while reading the 3D image. One counter counts the number of roots, the other counts the number of branches for each root. The code reads the coordinates of the starting point of each root, the counter is incremented and the point is cancelled from the initial list, then the number of neighbours (nn) of the point is checked. If nn is 1, that point is automatically assigned to that root branch, and the next pixel enters in the loop. When nn is > 1, the code detects root branches, so the code stores the coordinates of that point in a queue list, and keeps reading the root, until nn is equal to 0 -the root tip has reached. When the main body of the root is completely analysed, the branch counter is incremented. The new starting point will be the point stored in the queue list, and the process is repeated until the queue list is empty. Once there are no more branches recorded, the root counter is incremented and the new root starting point is read from the former list and again the tasks are repeated until also the starting point list is empty. At the end of the process, the output produces a new 3D image, in which the voxels of the binary skeletons are replaced with labelled ones. Each root element is marked as R i .B j -root R i and corresponding branch B j . An example is given in Figure 4.15. Algorithm 1 and the Flowchart 4.16 summarise the steps followed to obtain the root labelisation. In the case where several laterals have growth in between two time steps, the code records them Root label 1 2 3 4

Root system Primary root

Branch label 1.1 1.2 1.3 according to the spatial position, assuming that the laterals grown closer to the root starting point is the one arrived first chronologically. The root system can be represented as a vector field. The root vector representation is built according to evenly spaced number of pixels over a specified branch of the root system. The length of the branch is divided according to an assigned step, to have a better representation of it. The root vectors are recorded as a vtk (3) format for visualisation purposes with both root and branches specifications (4) . Finally, with this procedure it is possible: (i) to extract the single root and to investigate properties of the surrounding soil affected by it, and (ii) to observe the root orientation. These are two features, useful to better understand the root path and to compare root orientation to grains kinematics. This is an innovation introduced by this work. In this way, the effects induced by the root growth can be analysed and the soil can be visualised with respect to the root local reference axis.

A cylindrical mask of soil normal to the axis defined by the vector of the root branch is extracted, and a 'rectified' version of the root in 2D and 3D can be displayed. Figure 4.17 shows the procedure

(3) Visualization Toolkit ( VTK) is an open-source software system for 3D computer graphics, image processing and visualisation [START_REF] Schroeder | The visualization toolkit: an object-oriented approach to 3D graphics[END_REF]).

( 4) In this work all the vtk files are treated with the open-source platform Paraview [START_REF] Ahrens | Paraview: An end-user tool for large data visualization[END_REF][START_REF] Ayachit | The paraview guide: a parallel visualization application[END_REF]).

for such an extraction and the final output. Based on this process the porosity, sand displacements and deformations can be investigated, along with the elongation rate and the diameter distribution of each root system components. 

3D volume registration

In order to measure the effect of root growth on the soil, each state at which the sample is imaged must be compared to a reference state. The set of scans is obtained with an interval of 24 hours between one scan and the next and all the scans of the set could not be expressed in the same coordinate system with respect to the sample position. For this reason, each different image is registered regarding to a reference state, established as its initial configuration -volume acquired on Day 00 (5) . For this image process, the python package SPAM is used. The correlation of a volume in two different configurations was obtained using the function register, which implements the iterative image registration technique introduced by [START_REF] Lucas | An iterative image registration technique with an application to stereo vision[END_REF] in a 3D problem. The function is based on image correlation theory, a linear deformation function Φ is obtained to describe a transformation in 3D. It describes the rigid-body motion of the material taking into account the translation vector t and rotation, using an extension of the transformation (5) Seed germinated but not yet evolved into a root system.

3D VOLUME REGISTRATION

gradient tensor F (6) .

Φ =     F zz F zy F zx t z F zy F yy F yx t y F xz F xy F xx t x 0 0 0 1     (4.6)
Considering a point p with coordinates (x,y,z), expressed as homogeneous coordinates, they can be transformed with the deformation function Φ.

Φ • p = p' (4.7)
The objective is to measure Φ in a subregion of the volume, which should remain as unchanged as possible during the experiments, in order to measure only the rigid-body motions between scans of the same set. In this work, the bottom of the specimen was selected, because it is the least affected by root growth. The rigid-body motion measured in this region is assumed to be equal in the entire volume. Focusing on a specific point, the difference of its coordinates can be seen in between states. The aim of this tool is to find the best correlation to match configurations in different states. The residual shows the differences between the two images. After the registration the only difference highlighted is due to the phases evolution in the pores, not to the mismatch of the voxels. 

τ (Φ) = 1 2 p∈ROI (Im r (p) -Im d (Φ • p)) 2 (4.8)
Using Newton's optimisation method the minimum of τ (Φ) can be found by small increments of Φ, noted as δΦ. Converge is achieved when the norm of δΦ n+1 becomes smaller than a given threshold (10 -5 is the threshold used in this work).

Measurement of the porosity

Porosity and soil density are the properties the more investigated in the field of root-soil interaction. In this work, porosity is measured by analysing the binarised volume and its evolution through the experiment. The binarised image used is prepared so grains and voids have a fixed value while the voxels indicating the root and the outside are masked. Porosity is analysed through two different approaches:

• global approach: global porosity changes and macroscopic porosity maps;

• local approach: local porosity changes around the root elements.

Global porosity Porosity is measured, using Equation 4.9:

n = V Tm -V s V Tm (4.9)
where:

V Tm = V T OT -V m (4.10)
where V TOT is the total internal volume of the specimen, V Tm is the total internal volume excluding the voxel identified as root V m and V s is the volume occupied by sand grains. For each horizontal slice of the volume, one value of porosity is obtained and the porosity profile along depth is extracted (Figure 4.19). From the profiles it can be settled that no major heterogeneities are present in the volume.

The solid and void phases (7) are investigated over sub-volumes in the 3D images obtained from x-ray tomography and the sub-volume size is based on a selection of a representative elementary volume (REV). The choice of REV has been thoroughly discussed in the literature (e.g., [START_REF] Bear | Introduction to modeling of transport phenomena in porous media[END_REF][START_REF] Bruchon | X-ray microtomography characterisation of the changes in statistical homogeneity of an unsaturated sand during imbibition[END_REF]. The shape of the REV is typically a cube, although there are some studies using cylinders, (Al-Raoush & Papadopoulos 2010). The size of the cube is chosen with respect to the property under investigation, for example strain or porosity. The subvolume needs to be sufficiently small to be representative of the local measurement. For this reason, the selection of the REV relies on the homogeneity of the image/nature of the material and the texture of the greyvalue image. In this work, the REV is selected on the 3D volume imaged at the beginning of the campaign, when the sample does not present any root growth -Day 00.

( 7) In this case, void phase includes both voids filled with air and voids filled with water. Figure 4.20: Evolution of the measurement of mean greyvalues as the cubic subvolume expands until reaching the size of 100x100x100 voxels. Each symbol represents a specific subvolume. This is shown for specimens S-MFD04, in the initial state (Day 00), when no roots are in the system. As the cube size increases, the mean greyvalue tends to a constant trend in most of the cases.

MEASUREMENT OF THE POROSITY

The specific sample shown in Figure 4.20 refers to the images with a voxel size of 60 µm (8) . From the plot, it can be inferred that REV with less than 10 pixels in width would be too small, because the values are still unstable, but from a size of 20 pixels the values start to stabilise. Therefore, a subvolume of about 4D 50 for the fine sand and 3D 50 for the coarse is chosen. Once the REV size is chosen, the 3D volume reconstructed from the tomography is divided into a structured grid, and each element of the grid is a REV. For every element, one value of the porosity n is measured, using Equation 4.9. The output consists of a 3D porosity field, whose voxels correspond to the centres of the grid elements. With the aid of the labelled root system, introduced in Section 4.3, the identification of the root of interest can be possible. From the coordinates of the selected root, the root tip can be detected and the porosity of soil around the root can be measured. Such type of measurement can be performed with respect to a specific root element, to the entire root system, or to just a root section. Indeed, the zones of elongation (9) and maturation of the root are followed in time and their influence on the soil density has been evaluated. The results of these analyses are presented and discussed in Chapter 5.

Measurement of the degree of saturation

During the experimental campaign the water content inside the samples was not measured and it was not kept constant during the entire observation. Hence, the fluctuation of this parameter can be measured from the greyscale 3D images. In Section 4.2.3 an image analysis technique was proposed to identify the water in the pores. The process is based on the threshold of the greyvalue intensity of the voxels, but the punctual identification in the images does not follow a binary classification between voids filled with air or with water. Thus, to set aside thresholding errors an evaluation based on the density distribution of the greyscale images is proposed. The main difference between a saturation field obtained from a greyscale and the one obtained from a binary image is that the evolution of the factor between nodes of the selected REV is smoother in the former than in the latter. The greylevel image considers only the voxels not identified as the root system and sand grains, in order to study only the voxels corresponding to pores. The average greyvalues of a pore fully saturated and a pore completely dry are determined. The 4.6. MEASUREMENT OF THE DEGREE OF SATURATION measurement of these values is performed manually on a selection of pores fully filled either with water or air, throughout the volume of the scans referred to Day 00. Following the procedure for the porosity map, the volume is divided into a structured grid, with no overlapping elements. For consistency, the same size used to determine the porosity maps is maintained for the inspection of the sub-volumes. For each scan a large number of measurements is taken, in order to guarantee objectivity; the means of the two measurements are used as upper gl (w) (water) and lower gl (a) (air) bound of the threshold. In the final 3D map, each subvolume with a greylevel equal or lower than gl (a) is considered 0% saturated, and any subvolume with a greylevel equal or higher than gl (w) is considered 100% saturated. Greyscale values between these two thresholds are interpolated with a linear relationship:

S r = 1 n n i=1 gl(v i ) -gl a gl w -gl a (4.11)
and the subvolumes containing either only root and/or only grains are masked and not included in the analysis.

An example of result is presented in 

Measurement of kinematics between scans

The basic steps of 3D (Volume) Digital Image Correlation (DIC) are described in [START_REF] Hall | Digital image correlation in experimental geomechanics[END_REF]. When two images of the same volume are acquired in different configurations, 3D DIC can be used to obtain displacement and deformation fields. 3D-DIC is known as Digital Volume Correlation, but in this work it is referred as DIC. The matching between the so-called "deformed" configuration with respect to the "reference" configuration is based on the assumption that a material point can be fully identified by the greylevel intensity of the two images.

General principles and methodology

In DIC, two different configurations of the same sample are compared. The reference configuration, referred to as Im r and the deformed configuration, Im d . The objective is similar to the one introduced for the image registration (Section 4.4): the transformation operator Φ, has to be calculated to describe the differences between the two images, as shown in Equation 4.12.

Im r (X) = Im d (Φ • X) (4.12)
As already mentioned, the Φ function extends the transformation gradient tensor (F), with the translation vector and the rotations in order to describe the motion of the material (Equation 4.6).

To calculate the function, a correlation is performed on the same ROI in the two configurations.

The correlation converges only if the norm of δΦ reaches the prescribed smallest increment δΦ min . The region of interest can be either an assigned cube of the volume or a single grain in the system, if the 3D image has a resolution high enough to enable the grain edges detection. When the ROI is a cube, then the DIC is defined as local, while if the ROI is the single grain, the DIC is defined as discrete. In this work, both approaches are used, and the scripts used are those implemented in SPAM.

The results of the DIC contain: the label of the ROI, the node centre coordinates, the Φ components for each region, the final error δΦ min and the return status, which indicates the convergency, or not, of each window. The final displacements are subtracted of the global registration described in Section 4.4. The outputs are recorded in a tab separated-values (tsv) file, in a tagged image file (tif) format, and in a vtk file.

Local DIC

The local approach of the DIC follows specific steps in order to measure the kinematics between the reference configuration and the deformed one. The steps are listed below:

• in the reference image Im r a regular grid of measurement points, called "nodes", is defined;

• each node is the centre point of the grid element, known as "correlation window" (CW);

• establish the node spacing (NS), hence, the distance between the centres of two contiguous correlation windows;

• independent correlations are run for each CW;

• the result is a linear deformation function Φ calculated on each node;

• the displacement obtained between the two configurations is defined as the real displacement of the node, and it is expressed in pixels -eventually it is subtracted of the global displacement measured in the registration;

• from the gradient of the displacements, the strain tensor can be deduced.

The first parameters to be established are the size of the correlation window and the spacing between the nodes. The choice of the correlation window size, in granular media, depends on the D 50 of the grains -which recall the choice of the REV for the 3D porosity maps, previously described. The correlation window size usually is l CW =2-5D 50 , (Al-Raoush 2007, [START_REF] Andò | Experimental micro-mechanics of granular media studied by x-ray tomography: recent results and challenges[END_REF][START_REF] Bruchon | X-ray microtomography characterisation of the changes in statistical homogeneity of an unsaturated sand during imbibition[END_REF][START_REF] Khaddour | Grain-scale characterization of water retention behaviour of sand using x-ray ct[END_REF]. The best trade-off is found with a CW of about 4D 50 . This size represents a constant variance of the greyvalue texture and it will help to maintain an homogeneity among all the results, since it is the same size of the cubic REV used for the 3D maps representing the porosity and the degree of saturation. The node spacing is usually equal to the correlation window size. Sometimes, if the data is too big, to reduce the computational time, the node spacing can be fixed bigger than the window size and obtain separate windows. However, when the texture of the greyscaled image is not smooth, then correlation windows can be overlapped to obtain more information on the kinematics of the sub-volume. The results presented in Chapter 5 are obtained using the node space equal to the window size. The script used in this work is the one implemented in SPAM, called spam-ldic (local DIC). Besides the basic options regarding the geometry of the regular grid, it has other options useful for the correlation. One of the options used herein is to settle a lower bound of the greylevel glt (10) . If the mean greylevel of the selected window is lower than glt, then the correlation will not be performed in that node. This option is used to avoid the correlation in the part of the soil where the roots are growing.

In this work, the transformation gradient tensor F is computed as an average of the neighbourhood and expressed in the measurement points (nodes of the grid), following the method developed by [START_REF] Geers | Computing strain fields from discrete displacement fields in 2d-solids[END_REF]. In SPAM, the strain field is obtained using the function spam-regularStrain. It can be computed both under the hypothesis of large and small strain, but in this work the hypothesis of large strain is applied. When Φ is obtained, the direct extraction of the translation vector t: [t z ,t y ,t x ] and the transformation gradient tensor F, a 3x3 matrix {F ij } -which is the differential displacement between neighbouring points -is possible:

F = ∂(X + u) ∂X = ∂X ∂x + ∂u ∂X = I + ∂u ∂X (4.13)
A polar decomposition theorem is used to describe F as the dot product of R orthogonal rotation tensor (measuring the change of local orientation) and U the symmetric right stretch tensor (measuring the change of local shape).

F = R • U (4.14)
U, the right stretch tensor, can be decomposed in an isotropic (U iso ) and deviatoric (U dev ) part:

U = FF T = U iso U dev (4.15)
(10) 'glt' stands for grey lower threshold. In SPAM it is possible also to assign a grey higher threshold ('ght').

MEASUREMENT OF KINEMATICS BETWEEN SCANS

where:

U iso = I 3 det [F] (4.16) U dev = U 3 det [F] (4.17)
Once F is identified, it is possible to determine from the displacement fields the strain tensor, which is obtained as U -I under the hypothesis of large deformations, and as e in small deformations, obtained as:

e = 1 2 F + F T -I (4.18)
The volumetric (ε v ) and deviatoric components (ε d ) are the first and second invariants of the strain tensors. In large deformations:

ε v = det [F] -1 (4.19) ε d = ij |U dev -I| 2 ij (4.20)
In summary, for the current analyses, the correlation windows size corresponds to the size of the REV chosen for the porosity and degree of saturation measurements. Table 4.2 shows the details regarding the correlation windows. The node spacing is chosen equal to the windows size, and the strain field is obtained under the hypothesis of large deformations -Figure 4 

ε v <-1 >10 [%] -1.3 3.8 u x [mm] -2.6 2.7 u y [mm] ε q 0 >10 [%]

Discrete DIC

In the case of coarse Hostun sand, the identification of the single sand particle is possible. This helps to study the kinematics between root and grains and among grains. These pieces of information can be obtained using the discrete approach of the DIC. This method was presented in [START_REF] Hall | Discrete and continuum analysis of localised deformation in sand using x-ray µct and volumetric digital image correlation[END_REF], then implemented in [START_REF] Andò | Experimental micro-mechanics of granular media studied by x-ray tomography: recent results and challenges[END_REF]. The main difference with the local approach is that the correlation window size depends on the single grain of sand investigated and it is centred in the centre of mass of the grain. The discrete DIC focuses on the identification of the grain shape, as described in Section 4.1 and follows it in space. The grains are identified and individually labelled in the initial configuration. For each label the centre of the mass and a bounding box are obtained and one by one, the labels are dilated and used as a mask on the greyscale image. The grain dilation is important to consider all the grain information, which may be lost during the binarisation or the watershed process. Once the grain volume is selected, the grain is correlated and matched with the deformed configuration, and a linear deformation function Φ is calculated and applied at the grain centre of the mass. The SPAM function used for this approach is called spam-ddic (discrete DIC), it takes in input the greyscale images of the volume in the initial and deformed configuration, plus the labelled volume of the initial configuration. From the output, by decomposing Φ -using the function spam-deformation.deformationFunction.decomposePhi -the 3x1 arrays describing the translation vector 't' and the rotation vector 'r ' can be obtained. The three components of the rotation vector describes the axis around which the grain rotate and the angle of rotation is the norm of the vector:

α = r = r 2 zz + r 2 yy + r 2 xx (4.21)
A visualisation of the output is displayed in Figure 4.25 showing also 3D displacement field, where each vector indicates the magnitude of the displacement of the single grain.

Finally, with discrete DIC is possible to compute strain, from the deformation gradient tensor. The SPAM function used is spam.discreteStrain, based on Bagi's formulation [START_REF] Bagi | Stress and strain in granular assemblies[END_REF]. A tetrahedral mesh is obtained by a Delaunay triangulation [START_REF] Durán | Analysis of three-dimensional micro-mechanical strain formulations for granular materials: evaluation of accuracy[END_REF]. The weights used to obtain the tetrahedra of the triangulation are the equivalent radii of each labelled grain squared. Once the triangulation is obtained, the strain is calculated as the deformation of the tetrahedra created from the initial to the deformed centres of mass. Hence, the strain does not have to be considered as the deformation of the grain itself. As for the local DIC, the strain is computed from the transformation gradient tensor F (Equation 4.13), under the hypothesis of large deformations. 

Summary

This chapter details the tools used during this work to process and analyse the images obtained during the experimental campaigns. The importance of pre-processing the images is explained. Each set of scans is processed in order to have compatible histograms and a bilateral filter proves to be a good denoising technique to better identify the elements of the system. During the second campaign, an issue with the photon absorption of the radiographies occurred. For this reason a new method of correction of the greyscale images is introduced, and the greyvalue distribution along the z axis of the volume follows now a constant trend. This facilitated the identification of the threshold for the phases separation.

After the normalisation of the histograms of all the scans of each specific set, different identification techniques are introduced to first identify the sand grains, then track the root system and finally to qualitatively follow the changes in water content within the specimens. This latter analysis is also pursued with a quantitative greyscale based saturation map.

The innovative image process technique for the root identification makes use of a root walker tool, to identify each root system elements, the root orientation, and study the effects on the soil with a root local reference system. Thus, a trinarised volume (pore -grains -all the other components) is used to quantify the porosity evolution both locally (root scale) and globally.

Finally, the kinematics is measured with 3D Digital Image Correlation, using either a local or a discrete approach, for Hostun HN31 and Hostun HN1.5-2, respectively.

Part III

Main observations and interpretations

Chapter 5

Root-soil interaction: results and analysis

Chapter layout

In this chapter, first is explained how the homogeneity of each sample is verified, through an investigation of the initial porosity and water distribution (Section 5.1). Second, the effect of soil initial density and granulometry on maize and chickpea root systems is examined (Section 5.2). Then, the impact of root growth on soil state is shown, through the study of the density variation -porosity and water content -and a comparison with results presented in the literature (Section 5.3). Finally, sand displacement (Section 5.4) and strain fields (Section 5.5) are examined.

Initial soil state and sample homogeneity

Here, the initial state is defined as the state at Day 00 of the experiments (first day of observation). The evaluation of sample homogeneity is assessed in terms of porosity and degree of saturation. The porosity profile is extracted from the x-ray reconstructed images. The top of the sample, where the porosity field is affected by the presence of the seed, was not analysed. Figure 5.1 shows that samples have a fairly homogeneous porosity profile. Profiles obtained from trinarised image (grain + root system + pores) are not affected by the photon absorption distribution. Hence, through the sample preparation technique, an uniform distribution of the sand can be obtained in the entire pot. The denser samples are in a porosity range of [0.415-0.43]. While the looser samples are in a porosity range of [0.465-0.475]. Samples of coarser sand (HN1.5-2) exhibit sharper variations of porosity than those with fine Hostun sand (HN31). This is due to the presence of larger voids in coarser sand.

Figure 5.2 gives an overview of representative vertical and horizontal sections of the porosity and saturation maps. Porosity distribution is initially homogeneous in all cases. Saturation is homogeneous in fine sand, but coarse sand specimens clearly exhibit a zone of partial saturation. This is due to the way water is introduced in the specimen, from the bottom, by capillarity.

Concluding, the state of the specimen at Day 00, referred to as initial state, can be considered as a reference state in which the radicle is not yet influenced the system. Additionally, the spatial distribution of the pore-grain-water structure of the sample presents no major irregularity in the initial state. 

Influence of initial soil conditions on root system architecture -RSA

Most studies about plant root-soil interactions focus on the influence that soil density and grain size distribution have on root growth. Here, the results are bench-marked on the influence of soil initial state on RSA against the literature as a way to validate the experimental methods developed in this work. The image processing protocol, explained in Section 4.2.2, is used to study the evolution of the RSA during each experiment. The space and time variability of the diameter of the roots are discussed, so as the root length density (RDL), and the root system volume distribution from an Euclidean distance map, the root skeleton and the binarised volume of the root, respectively. .3 shows the evolution of a maize seedling in fine Hostun sand with an initial porosity of 0.47 and relative density D R =30% (1) . In one week, maize develops nine roots including the primary root, four seminals and four crowns. In addition, more than 80 lateral roots sprout. The cumulative length of all the roots is 72.54 cm. The primary root grows centred in the container and on the third day, it has already reached the bottom of the pot. After three days, the roots keep growing parallel to the container base. After 48 hours of observation, three seminal roots grow with an initial inclination of 45°± 15°with respect to the vertical axis and the crown roots germinate on Day 05 with an inclination of 65°± 5°. From Day 04, lateral roots develop from the primary and on Day 06, they start to be visible also in all the seminal roots. Laterals exhibit an orientation perpendicular to the axis of the root from which they sprout. The diameter of the roots increases over time after lateral roots have germinated. Within the observation time lapse, the largest diameter is the one of the primary root, followed by seminal and crown roots. For the primary root, the mean diameter is about 0.55±0.1 mm, while it is 0.3±0.05 mm for the seminal

(1) Bulk density of 1.45 g cm -3 . roots. The crown roots do not exhibit diameters above 0.2 mm. Thus, in loose soil can be noticed that, maize grows along the entire geometric domain without any particular restriction aside from the container boundary.

INFLUENCE OF INITIAL SOIL CONDITIONS ON ROOT SYSTEM ARCHITECTURE

-RSA

Fine denser sand

Figure 5.4 shows that in fine denser sand with an initial porosity of 0.42 and relative density D R =80% (2) , maize roots mostly grow in the top half of the specimen. On Day 02, seminal roots sprout and 24 hours later, crown roots start to grow. Differently from the secondary roots (seminal and crown), the primary root does not present any further evolution after Day 03, remaining static in length and diameter. A consequence of this growth halt is that the main root starts producing lateral roots on Day 04. Lateral roots spread quickly and get in contact with the other roots and the container walls. Seminal roots sprout with a vertical inclination of about 70°± 4°. They reach the edges of the container, where sand density is lower, and grow downwards along the walls. Some seminal roots reach greater depths than the primary root. Like in loose fine sand, laterals emerge out of seminals on Day 07. The root system in Figure 5.4 presents 12 roots: the primary, 6 seminals, 5 crowns, with about 20 laterals. The cumulative length of the roots totals 58.4 cm. The mean diameter is about 0.47± 0.15 mm for the primary root and about 0.35 mm for the seminal roots. The evolution of the root elements is similar to the one presented in the looser configuration (S-MFL01), with the exception of the primary root, which stops growing from Day 03 onwards. However, it should be noted that the dimensions of the primary root after Day 07 are not known. In the days that followed the x-ray imaging, the plant kept growing, exhibiting a healthy stem with some leaves proliferation.

Coarse looser sand

In coarse sand, maize growth follows the development scheme previously presented in the literature [START_REF] Hochholdinger | Genetic and genomic dissection of maize root development and architecture[END_REF], as shown in Figure 5.5. Roots transit through macroscopic pores and the soil compacts with less mechanical work than in fine sand, allowing unconstrained plant root growth. The primary root grows centred in the specimen. Differences in orientation angles are due to the presence of preferential paths offered by the macroscopic pores. The mean diameter increases in time, from 0.38 mm to about 0.55 mm. Seminal roots start developing on Day 01. Within the following 24 hours, the primary root keeps growing in length, while the seminals increase in diameter by about 10%. On Day 03, a few seminals spread in the system and on Day 04, they reach the container edges and grow along the walls. Seminals ultimately reach about the same depth as that of the primary root. Between Day 05 and Day 06, a first crown root sprouts, and an additional seminal root appears and grows along half of the container depth. At the end of the observation period the RSA consists of the primary root, 3 seminals, 4 crowns and 8 laterals, with a cumulative root length of 56.05 cm. The amount of laterals is relatively low compared to the experiment in fine sand (S-MFD04 and S-MFL01). This is because laterals mostly grow when the principal root stops growing or is under stress. Since in coarse sand, root growth is not mechanically constrained, less laterals appear. When looking at the RSAs in Figure 5.6, a diameter reduction of the roots is noted between Day 03 and 06 (dashed blue lines). The size of the macropores is larger than the root diameter, which indicates that soil confinement is not the cause of the root diameter reduction. The reduction of diameter may be caused by the stress induced by the scarcity of water or nutrients. In same cases, roots could also break during the growth process because they are very thin. Additionally, Figure 5.6 shows the grain displacements induced by root growth between Day 01 and Day 03 (in red). .7 shows the evolution of chickpea RSA in fine sand with an initial porosity of 0.47 and relative density D R =30% (3) . Within the first 48 hours of observation, the taproot doubles in diameter, from 0.7 mm to 1.5 mm. Laterals start growing on Day 03. Additional laterals appear on Day 06. All laterals reach the boundaries of the container and subsequently grow against the walls. On the last day of observation, a total of 7 laterals are produced from the taproot, with a diameter between 0.6 mm and 1.2 mm. The cumulative length of the entire root system is 41.64 cm. The taproot diameter is larger than the maize primary root. This is because the taproot is the only root connected to the stem via the seed, and consequently, it is the only channel used to feed the plant.

Fine denser sand

Figure 5.8 shows the 3D time evolution of the chickpea RSA in fine sand with an initial porosity of 0.41 and relative density D R =80% (4) . Root development is severely impeded by sand density, resulting in an 'octopus-shaped' root (Day 04). The seedling increases in diameter in the first half of the radicle length, reaching a maximum diameter of 1.58 mm. The root starts by increasing its diameter and produces laterals only on Day 04. The taproot is oriented towards a dense bulb of (3) Bulk density of 1.45 g cm -3 . (4) Bulk density of 1.60 g cm -3 . Figure 5.8: Specimen S-CFD03: time evolution of the maize root system from the sowing day (Day 00) up to 8-days-old root system. The diameter distribution shows the roots evolution occurring below the seed level.

Coarse looser sand

The volume and number of ramifications of the chickpea RSA are the largest in coarse Hostun sand with an initial bulk density of 1.45 g cm -3 , as shown in Figure 5.9. The taproot first goes in circles around itself to finally find its way downwards on Day 03. At this point, it already has one basal root. Until Day 05 the root system is formed only by the taproot, the basal and two laterals. Figure 5.9: Specimen S-CCL01: time evolution of the maize root system from the sowing day (Day 00) up to 8-days-old root system. The diameter distribution shows the roots evolution occurring below the seed level.

On the last two days of observation, the elongation rate increases, yielding a system composed of 9 laterals, most of which reach the second half of the container along the z-axis. The taproot diameter and the range of the lateral diameters are 0.55 ± 0.07 mm and 0.15 mm -0.42 mm, respectively. The mean diameters are smaller than in the two previous specimens (S-CFD03 -S-CFL01) but the total length and root system volumes are larger and with a wider spatial distribution in the 5.2. INFLUENCE OF INITIAL SOIL CONDITIONS ON ROOT SYSTEM ARCHITECTURE -RSA sand. The cumulative length of the entire root system is 42.4 cm.

Quantitative comparison of the RSAs

Number of lateral roots

The vectorisation tool, presented in Section 4.3, is used to calculate the number of lateral roots, i.e., the number of branches of the RSA. Figure 5.10 compares the vectorisation of S-MFD04 and S-MFL01 on the last day of observation. The vector has the direction of the root tips growth. Figure 5.11a shows the number of lateral roots in maize (fibrous root system) in the three sand configurations. Figure 5.11b shows the number of laterals produced by chickpea (taproot system). Maize in fine sand and looser packing fraction presents the highest number of laterals, which mostly sprouted in the second half of the period of observation. Maize has a larger quantity of laterals compared to chickpeas. 

Root volume and length density estimation

The root length density (RLD) is defined as the total root length per unit soil volume. It is a key factor to estimate the sand volume explored by a root system [START_REF] Barber | Effect of tillage practice on corn (zea mays l.) root distribution and morphology 1[END_REF]. RLD is also a good indicator of the impact that the culturing methodology has on root development in sand and can be used to calculate the root elongation rate. RLD is calculated from the number of pixels representing the root skeleton. each root system described in Section 5.1. As expected from the observation of the 3D figures, the maize has the highest RLD. The rate of RLD is the highest for S-MFL01 and S-MCL01. On Day 5.3. INFLUENCE OF ROOT GROWTH ON SOIL DENSITY AND WATER CONTENT 07 the RLD of maize is twice that of chickpea in the same soil environment. Despite the genetic differences between the two plants, both the maize and chickpea RSAs attain a similar value of RDL (Day 06: S-MFL01, S-MCL01 and Day 07: S-CFL01, S-CCL01) in the configurations with D R = 30%, even though the sand grading is different. In loose sand, root growth is not impeded by soil microstructure and both plant roots exhibit the same RLD. Figure 5.13 shows the time evolution of the RSA volume for maize in fine sand, to show the sensitivity of the plant to soil initial confitions. Figure 5.13a shows the time evolution of the root volume (excluding the seed) of the sample S-MFD04, while Figure 5.13b shows the time evolution of the root volume of sample S-MFL01. Clearly, maize in a soil with initial bulk density of 1.45 g cm -3 is less restricted and spreads in the entire specimen. Based on the available data it is not possible to estimate the final volume of the root in a specific region of the specimen, because the plots show a growing trend without reaching a plateau.

Concluding remarks on RSA assessment

The initial soil density has a strong influence on the development of the root systems, for both plant species. Regarding the influence of the soil grading, considering that only two mean grain sizes of sand are tested, this factor apparently does not strongly affect the evolution of the RSA in either plant. In denser sand, the experimental data extracted is insufficient to draw any conclusion on the differences between maize and chickpea. Root growth does affect soil microstructure, as it can be seen in more detail in the remainder of this chapter.

Influence of root growth on soil density and water content

Porosity is examined first globally and then locally, with respect to the distance from the root body. Water content is investigated through the global degree of saturation of the 3D system. As seen in Section 5.2.2, the chickpea root system does not develop further than the seed in denser fine sand, and it develops mostly close to the edges in the looser configuration. For this reason, only the results of porosity and water content in reference to the maize root system -samples S-MFD04, S-MFL01 and S-MCL01 -are presented.

Changes in porosity

Global porosity changes and macroscopic porosity maps

Figure 5.14 presents the bulk mean porosity measured each day of observation, in the three soil configurations. In the looser specimens, fine sand exhibits densification over time, while coarse sand dilates. Similar dilatant behaviour is found for the denser system with fine sand. In all sand configurations, the evolution of porosity is not monotonic. To understand the non-monotonic evolution of porosity and locate possible porosity heterogeneities, the 3D porosity fields is measured, as explained in Section 4. 5. Figures 5.15,5.16,and 5.17 show some of the most representative vertical and horizontal sections of the porosity maps for S-MFD04, S-MFL01, and S-MCL01, respectively. All the vertical sections cross the root path, and the areas with higher porosity are in the root vicinity. Each pixel of the porosity map represents the mean porosity calculated on the cubic REV (16 voxels per side). For all three soil configurations, the observations are:

• localised heterogeneities are noted in the specimens in fine sand;

• wall effects are noted, i.e., soil close to the edges of the container is looser than towards the centre of the specimen;

• the volume of soil close to the root ("traversed by the root") reaches a porosity > 60% in the three configurations.

In the specimen S-MFD04 (Figure 5.15), the top part initially presents a denser core, but as soon as the root develops, the porosity starts to increase. The portion of the soil around the root elements reaches a porosity higher than 70% (see horizontal sections). As a result, the bottom appears as a densified zone (Day 07). The porosity maps of specimen S-MFL01 are shown in Figure 5.16. Section -A-is taken next to the primary root whose trace is visible in the middle of the slice as a lighter line which indicates a porosity of about 60-65%. Moreover, in both sections, a reduction of porosity (in orange/purple) is noticed to occur in the sand at a farther distance from the root trace. In fact, from Day 05 to Day 07 a densification occurs in the sand that is trapped in the root elements. The porosity evolution of specimen S-MCL01 is presented in Figure 5.17. Porosity maps are less detailed than in the case of fine sand, because porosity is measured in a subvolume of about 3 times the D 50 of the sand. A clear change of porosity can be noticed in Section -A-in the roots vicinity. The trace of the porosity changes near the root are visible from Day 01 until the end of the analysis. 

Section-B-

Section

INFLUENCE OF ROOT GROWTH ON SOIL DENSITY AND WATER CONTENT

The bulk porosity taken from the porosity map is compared to the bulk measurement from the binarised images for each soil configuration, to check the accuracy of the results. The percentage error between the two measurements is between 0.2% and 2.7%. Such error is reasonable, considering the factors of uncertainty in the experiments, including:

• the ratio grain size-pixel resolution;

• the threshold used to identify the solid phase (sand grains);

• the size of the subvolume investigated around the root.

The initial bulk porosity measured right after preparing the sample is 0.471 for S-MFL01, 0.422 for S-MFD04 and 0.474 for S-MCL01 -dashed lines in Figure 5.14. The global influence of the primary root is studied on fine soil porosity by analysing portions of the soil that surround the entire primary root and its laterals. The labellised root system was used to extract the primary root from the entire root system. A cylindrical volume of soil, sharing the same axis as the root, is identified. Figures 5.18 and 5.19 show the results. The porosity in the soil around the primary root increases over time for sample S-MFD04 and decreases for sample S-MFL01. These porosity trends are clearly indicating that the specimen with an initial D R of 30% is subjected to an apparent densification. The grains are free to rearrange in the existing macropores, which explains the porosity reduction. In the sample with initial D R =80%, grains are already densely packed, and the only course of action for the grains is to push against themselves and dilation occurs. Such results are in agreement with those presented in literature by [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF], [START_REF] Helliwell | The role of plant species and soil condition in the structural development of the rhizosphere[END_REF] and others. 

Local porosity changes around the root elements

Root growth affects the bulk global porosity of the specimen. Zooming in the porosity maps, the porosity shows changes close to the root sometimes with an opposite sign to those far from the root. In the following, a cylindrical volume of soil, with a radius of 16 mm, is analysed around the root axis. The inscribed cubic volume is extracted centred at the root tip from that cylinder. That cube defines a subvolume of observation. Within this subvolume, the investigation is done radially starting from the root tip with 3D dilation steps. From the external surface of the root the porosity is calculated at each step, not cumulatively but incrementally -as explained in Section 4.5 -until the farthest edge of the subvolume. This dilation step has a thickness that vary according to the type of sand within the system. It is 2 and 10 voxels in thickness for HN31 and HN1.5-2, respectively (i.e., 160 and 800 µm). Eulerian and Lagrangian analyses are performed on the porosity field, as sketched in Figure 5.20. Finally, analyses for the primary root (labelled as R1) and for one of the seminal roots (labelled as R4) are presented.

Denser fine sand

In the Lagrangian approach, an increment of porosity occurs while the root is going forward, as shown in Figures 5.21a and 5.22a. After a distance of 7 mm, porosity stabilises to a value higher than the initial bulk porosity. Figure 5.21b shows that the root affects the subvolume porosity. The tip arrival brings an increment of porosity in the first 7 to 7.5 mm from the root surface. While the root is growing, the porosity at a distance above 7 mm decreases with respect to Day 00. Figure 5.22a shows that the different sub-volumes occupied by the root tip exhibit a decrease of porosity followed by an increase of porosity beyond 16 mm. Porosity does not reach a plateau around the seminal root. Most of the sand in the subvolume undergoes to dilation. The subvolumes in S-MFD04 reach the bulk porosity at a farther distance from the root (> 1 cm), which confirms again the previous conclusions for the porosity maps on 

Eulerian approach Lagrangian approach

Figure 5.20: Sketch for the description of the Lagrangian and Eulerian approaches used for studying the porosity variations in space and time. In the Eulerian approach, the observed subvolume of soil is fixed in space. In the Lagrangian approach, the observed subvolume of soil follows the root tip. .23a shows that the increase of porosity in looser sand around the root affects a smaller portion of soil than in the denser case. The root diameter is very close in both configurations, so this is not due to the size of the root itself, but rather, to the initial sand structure. From 2 to 5 mm (inside and outside the rhizosphere), soil porosity rapidly decreases. Beyond 5 mm, porosity is 43±3%, which is lower than the initial bulk density. Figure 5.24b shows that while the seminal root R4 is crossing the subvolume, the overall porosity outside the rhizosphere decreases, and a similar result is found for R1 (Figure 5.23b). In summary, porosity measurements reveal that in the first 2 mm of sand around the root -the so-called rhizosphere -, porosity is high and highly variable. Such results are comparable to the one presented by [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF], who noticed that the volume of the pores in contact with the roots show reduction at the same distance from the root surface.

Looser coarse sand

In looser sand, similar observations can be made from both the Lagrangian and Eulerian analyses -Figures 5.25, 5.26. For both roots, in the first 2 mm around the root, porosity is high (> 70%). Outside the rhizosphere, porosity reaches a plateau value that is close to the initial bulk density. The curves exhibit some variability because of the large pore size in coarse sand. From the Eulerian analysis, it can be seen that the primary root dilates the soil up to a distance of ∼ 9 mm, while in the case of the seminal root, the dilation propagates up to ∼ 6 mm. The Lagrangian analysis shows a trend similar to the Eulerian. Generally, it can be noticed that in the first 2 mm the root strongly dilates the soil, as in the case of the fine sand and as reported in literature. Outside the rhizosphere, the influence on the density reduction is visible but not as strong as in the samples with finer sand. Thus, the hypothesis on the root impacting the porosity is still valid, but its magnitude dependent on the grain size. 

Changes in degree of saturation

Root soil interaction is strongly dependent on the water content. Specimens were watered only at the beginning and at the end of the experimental campaign. No additional water was added in the system in order to avoid fluctuations in the results due to water flows. Saturation maps are reconstructed according to the method presented in Section 4.6 to analyse the effect of evapotranspiration. For the sake of consistency, only the saturation maps of those specimens selected for porosity analyses are presented. Results are presented in Figures 5.27 analysis, but the REV partially or fully occupied by the root components are represented in green in the figures, to facilitate the interpretation of the results. The slowest decrease of the degree of saturation is observed in specimen S-MFD04. Due to the high soil density, the water remains trapped in the pores for the first three days of the experiment. After Day 04, the degree of saturation reduces in the entire volume, with a more pronounced decrease at the vicinity of the root. The decrease of the degree of saturation is more progressive in specimen S-MFL01. Due to the lower soil density, it is also faster, starting from Day 02, as shown in the horizontal section. Figure 5.28 -vertical section of Day 07 -highlights that, besides the edges, the core of the specimen, where most of the seminal root tips are located, is experiencing 

Concluding remarks on porosity investigation

By noticing that a sample with Dr = 80% presents a porosity of ∼ 42%, while a sample with Dr = 30% has a porosity of ∼ 47%, the porosity fluctuations of a few percentage points on the soil response can be important. Thus, the fact that root growth strongly affects porosity can be argued. At the global scale, the porosity profile of the initial soil state does not reveal strong heterogeneities, which can be seen also in the rendering of the porosity maps. If the analysis moves to the local scale at the root tip, the effects of root growth on porosity in the experiments correlate positively with those reported by [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF] and [START_REF] Helliwell | The role of plant species and soil condition in the structural development of the rhizosphere[END_REF]. Porosity increases close to the root axis (> 70%), while it decreases (and occasionally reaches values lower than the initial bulk porosity) further away from the root. This observation agrees with previous results reported in the literature (e.g., [START_REF] Kooistra | Root-soil contact of maize, as measured by a thin-section technique[END_REF], [START_REF] Schmidt | Estimating root-soil contact from 3d x-ray microtomographs[END_REF], [START_REF] Colombi | Artificial macropores attract crop roots and enhance plant productivity on compacted soils[END_REF]), where it was found that the root looses contact with the soil if a connected macropore is traversed by the root. Looser specimens exhibit strong root-induced compaction, and the compaction rate decreases over time. The visible compaction beyond the so-called rhizosphere is comparable to that predicted by the model introduced by [START_REF] Dexter | Mechanics of root growth[END_REF]. Importantly, this study highlighted the distance of influence of the roots on porosity. Maize root growth induces a visible porosity increase in the surrounding soil up to a distance of 2 mm (looser condition) -7 mm (denser condition). In most of the studied cases, after these distances, the porosity reaches values lower of the mean bulk porosity. The larger zone of influence noted in denser soils can be attributed to the 'surface/wall effect' evidenced by [START_REF] Suzuki | Study of the wall effect on particle packing structure using x-ray micro computed tomography[END_REF], and confirmed by [START_REF] Koebernick | Imaging microstructure of the barley rhizosphere: particle packing and root hair influences[END_REF], where an increased porosity was measured directly next to the root exodermis. In conclusion, the porosity is strongly affected by root growth but the propagation distance depends on the mean grain size. Hostun HN1.5-2 sand is not as impacted by root growth as the case of the fine sand. But the usual trend is still visible. Increase of porosity close to the root surface and then a slow decrease below the bulk value. Soil kinematics, presented in the next two sections, will shed light on the mechanical behaviour of the granular assembly to root growth. neighbouring pores. Higher displacements are produced around the crown roots. Maize initially grows horizontally at shallow depth, where there is little resistance to root growth. So, at the top of the specimen, a 4 th order displacement intensity is observed. Crown roots induce displacements up to 1.5-1.7 D 50 . Similar results are found in specimen S-MFD02 (6) . Main and seminal root tips do not induce a displacement higher than 1.2 D 50 , as can be seen from both the vertical sections (Figure 5.30) and the horizontal sections (Figure 5.31). Note that secondary roots with a diameter of about 240 ± 80 µm generate displacements of the same order as their diameter. Displacements of the 4 th order are measured only in the vicinity of the maize seed, which opens when producing seminal roots and the stem. At the tip, the magnitude of the displacements starts increasing on the day when roots grow downwards. Along the root body, the displacement keeps increasing due to the growth of lateral roots. This can be explained by the fact that the root does not encounter large resistance to growth induced by soil confinement. The primary root keeps pushing even when it reaches the bottom of the container, producing displacements of the order of twice the mean grain size. All root elements keep growing over time and so, the magnitude of the displacement field does not reach a plateau. Displacements in the core of the specimen increase up to an intensity of the 4 th order, reaching maximum values of 3.5D 50 , as shown in Figure 5.32. Sand mobilisation increases when lateral shoots grow from seminal roots. At the bottom of the specimen, first order negative vertical displacements are recorded (going upwards). Such displacements are attributed to water evapotranspiration.

In sand S-MFL01 (respectively S-MFD04), the vertical distance of influence of the root is of the order of two to three times (respectively, three to four times) the mean diameter of the first primary root observed. This observation implies that the zone of influence of the root (in terms of displacement field) extends over a larger area if the soil is initially denser. This can also be noticed in Figure 5.33, where the horizontal displacements are plotted with respect to the root position. The root pushes grains away and this effect is propagated far from the root elements.

5.4.1.2 Chickpea roots 5.4.1.2.1 Denser conditions Note that the denser specimen containing chickpea was only observed for 5 days, because the seed could not grow afterwards. During this 5-days period, no displacement of 4 th order was measured (see Figure 5.34). Like for the S-CFL01 specimen, displacements develop in a small bulb of soil below the root body, with an initial intensity of the 2 nd order. At the vicinity of the seed, displacements of the 3 rd order are recorded. Despite their higher intensity, the displacements close to the seed in the kinematic analysis are not considered, which focuses on the effect of root growth on soil displacement fields. From Figure 5.35, horizontal displacements are of the first order at most. Chickpea growth in denser soil, thus, does not bring much information about soil kinematics, and that configuration will be partially omitted in the subsequent kinematic analyses. displacements below the root tip gradually decrease and at a distance of about 8±1.3 mm, they become smaller than D 50 /2. Because the diameter of the chickpea roots is larger than that of the maize roots, displacement magnitudes are overall larger in specimens that contain a chickpea root system than a maize root system under the same initial soil density conditions (initial relative density of 30%). As in the case of maize roots, chickpea laterals push grains away while they grow. In Figure 5.37 such phenomenon is visible in the plot of the horizontal displacements.

Translation and rotation fields of the grains in coarse looser sand

Discrete DIC is used to analyse the kinematics of Hostun sand HN1.5-2. In coarse sand, the grain D 50 is 1.9 mm≈24 voxels (7) , hence it is possible to identify the individual grain. Unlike displacement fields obtained from local DIC, all the displacements bigger than the pixel size (i.e., 80 µm) are taken into consideration. Grain displacements were visible in the vicinity of the root already from preliminary observations (see Figure 5.6). To better understand the kinematics involved, the container is divided into two domains of investigation: the top, where the soil is affected by the root system and the stem, and the bottom, where most of the water is trapped in the pores. Most of the displacements at the bottom of the sample are pointing upwards and they are caused by the water flow -since the bottom of the container is rigid. Hence, the evapotranspiration produces displacements of the order of 0.4 ± 0.2 mm (about D 50 /4). A similar conclusion can be drawn from the analysis of porosity presented above (Section 5.3.1): most of the roots are smaller than the pores and so, the pores size and their network does not have consistent impact on sand density or kinematics. The layer of soil above the maize seed is affected by larger displacements. This is attributed to the opening of the seed accompanied by the stem development. In conclusion, the order of displacement registered in coarse sand close the to root body is in the range of 0.4-0.8 mm, which is a lower magnitude than that measured in the Hostun sand HN31 (S-MFL01). This difference is attributed to the ratio between the pore sizes and the root size reached at this young age of the plant. 

Rotation

The orientation of each individual grain of Hostun sand HN1.5-2 is extracted directly from the grain displacement components, as explained in Section 5.4.2. Figure 5.39 shows the magnitude of the grains rotation obtained for the tests performed on specimen 5.4. DISPLACEMENT AND ROTATION FIELDS INDUCED BY ROOT GROWTH S-MCL01. Like for the displacement field, root growth strongly affects grain rotation in the vicinity of the root system. This translates into grains rotations of up to 6.8°±2.3°next to the root. The rotation intensity is relatively small in most of the system (smaller than 2°). By contrast, the changes of grains orientation due to the water uptake (at the bottom of the sample) is in the range of 3°to 8°. Some grains at the bottom of the specimen exhibit rotations greater than 15°. From the horizontal sections, it can be noted that within a range of 2±0.5D 50 from the root, grain orientation does not change with respect to the initial configuration (Day 00). The analysis of the region above the seed cannot be interpreted because the anisotropy due to the stem growth cannot be measured. Lastly, evapotranspiration produced important changes in grain orientation because of water flow at the bottom of the container. In the following, the volumetric (ε v ) and deviatoric (ε q ) strain fields are analysed in specimens containing Hostun HN31 sand and Hostun HN1.5-2 sand. ε v and ε q are both obtained from local DIC and discrete DIC. Deviatoric strain (ε q ) in the context of root-soil interaction can be understood as a deformation consequent to sideways forces exerted by the root on the sand. The volumetric strain is the local change in volume that the sand undergoes when the root develops. The interpretation of these two quantities is strictly dependent on the root position. Figures 5. 44, 5.45, 5.46 and 5.47, show the deviatoric and volumetric fields of the samples of Hostun sand HN31. The deviatoric strain plotted is a "maximum" projection, whereby only the maximum value of deviatoric strain in the plane of observation is displayed. The volumetric strain plotted is the "mean" volumetric strain in the plane of observation, only the mean value of volumetric strain in the plane of observation is displayed . In the samples having initial bulk density equal to 1.6 g cm -3 the root system mostly expands in the top half of the container, producing relatively high shear strain in the zone of soil investigated by the roots.

Figures 5.44 and 5.46 show that the deviatoric strain ε q exceeds 10% and that a volumetric dilation occurs close to the root. Dilation fades away from the root, until ε v reaches zero. In comparison, in the samples S-MFL01 and S-CFL01 (Figures 5.45 and 5.47), with a bulk density of 1.45 g cm -3 , both root systems spread in the specimen. The deviatoric strain in the vicinity of the root is above 10%, but the volumetric response has another pattern of behaviour different from the denser.

The volumetric strain fields in Figures 5.45 and 5.47, show that, while the root dilates the soil in its vicinity, ε v decreases and tends to be negative farther from the root. In other words, the soil undergoes compaction away from the root. Figure 5.50 compares the ε v distribution around the maize primary root in looser and denser configurations, the different behaviour respect to the root distance in the two densities is clear.

Figures 5.48 and 5.49 represent respectively the deviatoric and volumetric strain fields evolution of specimens S-CCL01 and S-MCL01. The deviatoric strain presents the same maximum values as in fine sand, but it is localised in the vicinity of the root, and in the case of the taproot system, it remains of the order of 3 ± 1 % further away from the root. Regarding the volumetric strain, the root keeps producing dilation around itself but the volumetric response far from the root is not clear, a deeper investigation is needed to validate the influence that root growth has on soil strains. So, no conclusions can be easily drawn for Hostun sand HN1.5-2.

Max projection of deviatoric strain field

Mean projection of volumetric strain field 

Identification of the sheared zone around the roots

In all the cases studied, the deviatoric (maximum shear) strain values reported correspond to the maximum value reached at the time step at which the root has just traversed the sand subvolume observed. Furthermore, the maximum value of ε q does not present significant changes in time. If the thickness of the sheared zone is defined as the thickness of the radial layer of soil engaged along the root, it can be seen that, in such zone, ε q is not uniform. In the following, the investigation of a threshold of deviatoric strain ε q is introduced. According to this threshold, the portion of soil affected by this strain is considered or not, and consecutively, the ε v correspondent to it. Above it, the volumetric response of the soil is considered as a response to the root-induced shear, and below which, the volumetric strain is considered negligible.

Figure 5.51 shows the effect of the ε q threshold selection on the frequency distribution of ε v . For a threshold of ε q > 0.5 %, the amount of pixels at any given volumetric strain is quite evenly distributed around 0 for the dense case, and no conclusions can be drawn regarding the dilatancy or contractancy of the soil. At ε q > 1%, a strong non symmetric tendency is found for both specimens: S-MFL01 exhibits mostly negative volumetric strain, while S-MFD04 exhibits mostly positive volumetric strain. Finally for ε q > 2% the non symmetrical tendency is still present but the volume engaged is too small to give a consistent representation of the phenomenon. In conclusion, from that comparison, setting a lower threshold of ε q = 1% allows understanding the effect of root shearing on soil volume change. As an example, Figure 5.52 shows the percentage of volume engaged within the zone where the deviatoric strain is at least 1%. Figure 5.53 shows the time evolution of the volumetric strain response for the volume of soil engaged in the zone where ε q < 1% for fine sands in looser and denser configurations (S-MFL01 and S-MFD04). This 5.5. SAND DEFORMATION

S-MFD04

ε q >1% ε q >0.5% ε q >2% comparison shows that S-MFL01 exhibits mainly compression (ε v < 0), while S-MFD04 exhibits mainly dilation (ε v > 0). The magnitude of the volumetric strain increases over time as the root system develops. Hence, the volumetric strain response of the sand to root growth depends on the initial density. The maximum distance over which the strain is induced by root growth is calculated for the entire root system and for each root element. At the scale of the entire RSA, the distance below the tip over which shear strains are above 1% is calculated. At the root element scale, the position of the centroid of the root is compared with that of the centroid of the polygon occupied by the engaged soil, section by section. The maximum distance between the two centroids The density function distribution also shows that, as the root system grows, the amount of soil engaged increases, and the difference in soil behaviour among specimens gets more pronounced (Figure 5.53. In the case of coarse sand, the behaviour of the sand reflect the one of the fine sand in the same loose conditions. The density function distribution shows a mild contractant (ε v < 0) predominance. 

Volume changes in the shear zone around the root body

The strain ratio is plotted according to the distance from the root. To do this, a cylindrical volume of soil is considered around the root, which is calculated incrementally, layer by layer. The layer thickness is about 1.28 mm. Figure 5.61 shows that close to the root, the cloud of blue points is spread out with a high number of outliers. The time evolution confirms that within the volume of soil considered, points located at a distance between 5±1.28 mm from the root axis (red points) exhibit a behaviour similar to the one highlighted in the global RSA scale analyses. In Figure 5.58, the vertical and horizontal sections show the correlation window (CW) which contains a root portion (in cyan colour), and the CW with sand affected by only negative changes of volume (in grey). The portion of soil surrounding the root (in black) has a positive ε v , i.e., it dilates. The remainder of the soil contracts, with a lower intensity, but over a wider zone. All the rest -black voxels-is either affected by a positive volumetric strain, or is subjected to a deviatoric strain less than 1%. Figure 5.59 compares the dilatancy behaviours around the maize and chickpea root systems, for both sand densities, at Day 04. The clouds of points referring to the chickpea samples (S-CFD03 and S-CFL01) have no outliers. This is due to the fact that the volume engaged in the zone where ε q > 1% does not contain much sand, since the chickpea root system develops later than the maize. However, a similar dependence of the dilatant/contractant is observed on the initial density of the sand specimen for both plants. A further confirmation of the volumetric behaviour of sand dependent of the soil density is presented in Figure 5.60. The volumetric strain in function of the deviatoric strain shows that also for coarse sand in looser condition, the soil compacts at low ε q (far from the root).

Flow rule of Hostun sand under low mean pressure

From the previous sections, the dependency of the sand volumetric response to root growth on initial density is found. To confirm this conclusion, the deformation response of sand subjected to root shear are compared to the response of sand subjected to a triaxial compression test at low confining pressure. The strain ratios measured in this work are compared with the results of triaxial compression tests performed on Hostun sand RF (8) under 5 kPa confinement by Gay 5.5. SAND DEFORMATION (1998). The deviatoric strain is calculated in the triaxial tests as the Euclidean norm of the second invariant of the strain tensor (using the same formula as the one implemented in SPAM). The linear regression curves (9) of the data set are determined [ε q , ε v ]. Figures 5.62 and 5.63 show the results for looser and denser specimens, respectively. The dashed lines represent the results obtained by Gay (1998) at 5 kPa for looser samples with D R ≈100% and for denser samples of D R = [29-33]%. The continuous lines represent the linear regression of the results obtained in this work, at different days of observation. In the triaxial tests, dilation is observed for high values of deviatoric strain for both sand densities. In contrast, for low values of deviatoric strain, ε v is lower than 0 (contraction) when the initial bulk density is lower, while for the denser cases, ε v tends to zero. The ratio β=∆ε q /∆ε v is calculated. The shear produced by the root has a β of 40°± 6°in the denser specimen and 31°± 5°for the looser one. The shear produced in the triaxial tests has a β of 44°± 4°in denser specimens, and 30.5°for looser specimens. [START_REF] Gay | essai triaxial de revolution sous tres faible contrainte de confinement. calage des parametres geomecaniquews[END_REF] and the results from the regression curves obtained from the strain fields of this work.

In conclusion, even though the comparison with triaxial tests is only qualitative, the shear induced by natural root growth produces a volumetric soil response similar to that observed in standard triaxial compression tests.

Role of the root tip in the shearing of the soil

Now the strain ratio is analysed in different sub-volumes that follow the root tip. Primary and seminal roots are first identified. Then, the tip coordinates are calculated. Next, cubic regions of sand of side 6.4 mm are defined. Each cube is centred at the root tip, or positioned in the middle of the root body. The behaviour of the soil in the cube is compared following the volume in space -Lagrangian approach -and in time -Eulerian approach -(Figure 5.20). Figures 5.64 and 5.65 shows the deviatoric vs. volumetric strain plot for a seminal root tip, in samples S-MFD04 and S-MFL01, respectively. The plot confirms that the displacement of the root tip triggers the volumetric sand behaviour previously observed at larger scales of observation. Figures 5.66 and 5.67 show the deviatoric vs. volumetric strain plots for cubes of soil centred around the body of the primary root for S-MFD04 and S-MFL01, respectively. For low shear deformation S-MFL01 is initially contractant, and S-MFD04 is initially dilatant. Later, the zone of soil around the root is mostly dilatant upon root growth. There are more outliers in Figure 5.67, but the overall volumetric response of the soil is similar in the looser and denser configurations. To summarise, the volumetric response of the sand is affected by the displacement of the root tip. After the root has penetrated the soil, the volumetric strain in the area around the root axis does not evolve over time. All root system elements produce similar effects in different spatial locations of the specimen (in the inner part of the specimen and closer to the edges). (9) An example of linear regression of the strain ratio is given in Figure 5.59. 

Summary

Root system evolution Grain size and initial porosity affect root growth. In particular, the chickpea taproot system is strongly influenced by the initial soil density. In the S-CFD04 sample, the root cannot expand axially and mostly increases in diameter. In S-CFL01, the taproot reaches a diameter of 1.2 mm. In the coarse sand, the taproot diameter exceeds 0.7 mm but it reaches a greater depth. The root diameter determines the possible length and number of the root elements in the architecture [START_REF] Bidel | Massflowdyn i: a carbon transport and partitioning model for root system architecture[END_REF]. The growth of the fibrous maize system is also impeded by soil density. The maximum radius is similar in all the studied configurations (0.65 mm), but roots reach a greater depth in looser soils.

Sand response: porosity In fine Hostun sand, the growth of the maize root system increases porosity in the vicinity of the root. This trend can be confirmed by the analysis of the horizontal displacements of the grains. The extent of the zone of influence of the root depends on the initial bulk density of the soil. The lower the D R , the thinner the dilation zone. In addition, beyond a distance of 1 cm from the root, porosity becomes lower than the initial bulk porosity in the looser specimens, indicating soil compaction. While, in the denser specimens, the measured porosity was higher than the initial bulk density, indicating soil dilation away from the primary root. In coarse sand, porosity changes around the root reveals that close to the root, the soil dilates. Then, there is a transition zone until reaching the initial bulk density, from the distance of about 1 cm.

Sand response: displacement and rotation fields Local DIC is used to calculate the displacement for samples with Hostun sand HN31. Discrete DIC is adopted to measure sand grain displacements and rotation in Hostun sand HN1.5-2. Displacements around the root maize elements all have similar magnitude. The chickpea root mainly produces displacements around the taproot, and the displacements at the tip are smaller than D 50 /2 for Hostun HN31. In coarse sand, discrete DIC highlights grain displacements and rotations produced by evapotranspiration at the bottom of the sample, beside the displacements due to root extension. Evapotranspiration effects on soil kinematics are more pronounced during maize growth than chickpea growth.

Volumetric and shear deformation Root growth induces shear strain in the soil, the magnitude is > 10% both for the two sand densities and the two sand grading. The portion of sand next to the root dilates always, but the further volumetric response induced by root growth depends on the initial sand bulk density. In fine sand, for ε q < 5% looser soil is mainly subjected to compaction, while denser soil mostly dilates. In coarse sand the initial density is looser and the behaviour of the sand is similar to the case with fine sand and same initial density. In addition, this behaviour is confirmed in both plant species. The volumetric strain to deviatoric strain ratio is consistent with the results of triaxial compression test performed on Hostun sand at low confining pressure. Initial soil structure plays a key role in root-induced compaction, as it can be seen in the relation between volumetric strain, and shear deformation. Thus, the porosity trend presented in this work and confirmed by few more authors in literature (e.g., [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF][START_REF] Helliwell | The emergent rhizosphere: imaging the development of the porous architecture at the root-soil interface[END_REF][START_REF] Bodner | Coarse and fine root plants affect pore size distributions differently[END_REF], is due to the behaviour of the sand.

Conclusions and recommendations for future work

Summary of the presented research

This research has provided new information concerning the sand response to the natural growth of plant roots. Particularly, the work focuses on the investigation of the mechanical response of a granular soil during root growth and the effect of root growth on the properties of the sand. Root-soil interaction is analysed through the investigation of different samples obtained with two types of plant root systems, a fibrous root system generated by maize seed (Zea L. Mays) and a taproot system generated by chickpea seed (Cicer L. arietinum). The plants are allowed to sprout in sand. Two Hostun sands were chosen with different grain sizes, but similar grading (HN31 -D 50 =338 µm and HN1.5-2 -D 50 =1.9 mm). Sand is preferred over other types of soil to identify and follow the single elements. Hostun sand is selected because its physical properties and mechanical behaviour are relatively well known. As for the root system, its choice is based on crop seeds well described in the state of the art and whose growth rate is 1-4 cm d -1 , in order to reach a complete hierarchical root system within few days of observation. A specific protocol is designed to prepare cylindrical samples with an initial homogeneous sand distribution, where a germinated seed is planted without altering the sand microstructure. Both sand granulometries are used to prepare samples with an initial relative density D R of about 30%, and Hostun sand HN31 is used also to prepare samples with a D R of about 80%. Having two different initial densities gives the opportunity to investigate also the influence of this factor on the sand response. The root-sand system is imaged through x-ray Computed Tomography, from the time of the seed sowing -defined as Day 00 -until the plant is about 7-days-old, with a time step of 24 hours. The dimensions of the container where the system develops are chosen in order to optimise the trade-off between pixel size and field of view during x-ray imaging (which encourages small diameters for small pixel sizes). The data obtained from the x-ray tomographies are processed through a specific protocol, designed with a combination of previous and newly developed algorithms used to extract the information concerning the sand kinematics, the root system architecture expansion, the root-sand interface and its temporal evolution.

The high resolution 3D images are first processed with an algorithm related to the corrections of inhomogeneities on CT values within the volume. The 3D images are then processed in order to normalise all the greyvalues distributions of each set of scans in order to finally have matching histograms among the scan. The latter step is essential to avoid incoherent results while assigning each voxel to the corresponding phase of the system. In the end, the corrected greyvalues 3D images are treated in order to segment the sand particles, the pore network, and the root body; in the case of coarse Hostun sand, each particle is identified and individually labelled. A final four-phased volume can be obtained and analysed. Thereafter, from the identification of the complex root system architecture and of each root component, a numerical tool is developed to identify and track the root and thus to investigate the evolution of the sand physical properties by following the root local reference rather than the global one. The trinarised version of the volume -sand grains, plant roots and pores (water + air) -is used to measure the porosity evolution globally, with 3D porosity maps, and locally, at the tip scale. Additionally, the greyscale volume is used to quantify the degree of saturation within the system during the whole experiment. Lastly, the 3D greyscale images of the system are used to investigate the evolution of strain in sand. Local DIC (for Hostun HN31) and Discrete DIC (for Hostun HN1.5-2) are the mathematical tools used to measure sand kinematics. The strain tensor is computed from displacements measured with image correlation, and the behaviour of the sand is explored through the volumetric and deviatoric strain. To complete the interpretation of the results, the volumetric strain to deviatoric strain ratio is compared with previous results of triaxial compression tests performed on Hostun sand at low confining pressure.

A summary of the main conclusions is presented in the following.

Main conclusions and novel contributions Methodology

The experiments confirmed that x-ray Computed Tomography is a good tool to image the 3D evolution of the root-sand systems. In addition, short term observation did not reveal any influence of x-ray radiation on the root and plant growth. The results obtained show that the protocol developed can be effectively applied for the study of root-soil interaction. The combination of the image processing techniques proposed enables the identification of each phase within the system, especially all the components of each hierarchical order of the root system (excluding root-hairs and laterals with diameter < 200 µm).

Root system architecture

The analysis of the root system architecture (RSA) reveals that grain size does not affect particularly the evolution of the RSA in either plants (at least for the two grain sizes tested). On the contrary, the initial soil density has a strong influence on the development of the root systems, for both plant species. Such finding is a confirmation of the constraints induced by soil environment on the root system growth: when soil was densely packed the root system could not reach a great depth. This conclusion is supported by some previous findings including, among others, the one by Goodman & Ennos (2001). These authors noticed that when a maize root system undergoes mechanical stimulation, the primary maize root is thicker, stiffer and stronger. In this doctoral work, the analysis of the root diameter distribution shows that the maize primary root has very similar dimensions both in the sample with fine and loose conditions (for both sand sizes) and fine and dense conditions. Perhaps, the root is still too young to present an effect on the thickness due to highly dense packing. Finally, concerning the number of lateral roots in the maize root systems, fewer laterals are found in the coarser sand sample than in the finer one. This might be explained by the very low water content present in the pores in the samples with coarse sand. As stated by [START_REF] Bay | Methods and applications of digital volume correlation[END_REF], water content influences the development of lateral roots.

Degree of saturation

3D maps representing the degree of saturation of the samples revealed that water is mostly absorbed by the root tip. Indeed, as confirmed by the state of the art of root biology, the portion of soil surrounding the root body is not involved in the water uptake. In addition, the most obvious finding regards the denser samples that remain saturated longer than the looser ones. This phenomenon occurs mostly for two reasons: (i) the root reaches a deeper layer of sand in the looser case, investigating a bigger portion of soil, and (ii) in the denser packing, water remains interlocked within the pores and roots must apply a higher suction in order to drain the soil.

Porosity evaluation

The first sand property analysed is the porosity since it is one of the few parameters whose interpretation can be compared with the literature. 3D porosity maps are initially obtained to investigate the whole system in its reference state and no major anomaly was found. The results of the entire set of 3D maps, encouraged the examination of the porosity in the root vicinity at a smaller scale. In all the sample configurations, the sand surrounding the root body undergoes an increase of porosity. Nevertheless, in the coarse sand, soil dilates close to the root surface, but at a distance of 6-9 mm from the root surface the porosity reaches an average value close to the bulk one. In the fine sand, for the denser configuration, the porosity reaches the values of the bulk porosity (or even lower) at 7-10 mm from the root surface. However, in the case of the fine sand in looser configuration, two different responses are found for the primary and seminal roots. In the first case, after 2 mm porosity is already below the bulk value and stabilises in this range, while for the seminal root, porosity at 2-3 mm tends to a constant value larger than the bulk density. These differences are due to the fact that the primary root grew in the core of the sample, while seminal roots were very close to the edges. In conclusion, the growth of the maize root system increases soil porosity in the vicinity of the root and the extent of the zone dilated by the root depends on the initial bulk density: the lower the relative density, the thinner the zone affected by the root. Such a finding is consistent with what previously observed (e.g., [START_REF] Bodner | Coarse and fine root plants affect pore size distributions differently[END_REF][START_REF] Helliwell | The role of plant species and soil condition in the structural development of the rhizosphere[END_REF][START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF].

Sand response to root-induced shear deformation

The measurements of the strain tensor relative to the soil phase reveals that roots shear the sand when they elongate. The magnitude of shear strain is not affected by the sand grain size nor by the initial bulk density. However, the initial density strongly affects the volumetric response of the sand to the root growth. One of the main findings of this doctoral work is the link between sand density, shearing, and volumetric strain. In the vicinity of the root, sand shows high values of shear deformation and it dilates. As the distance from the root increases, the shearing decreases and the volumetric response is different for loose(r) and dense(r) sand state. In the samples with high relative density the dilation dissipates with shear, while in the samples with low relative density, further from the root, the soil stops dilating and starts to compact. To validate these results an approach is proposed based on the ratio of the deviatoric strain to the volumetric strain (ε q /ε v ). This ratio effectively shows that for low values of ε q (far from root), ε v tends to be negative in the looser conditions while tends to 0 in the denser cases. Besides, the strong root-compaction effect detected is evident in both coarse and fine sands. Under the hypothesis that the root yields low confining pressure to the soil, the trend of the strain ratio is compared to triaxial compression tests on the same sand at 5 kPa confining pressure. The two types of trends reveal similarities, which may indicate that the sand responds to root-induced shear as it responds to laboratory-induced shear. Hence, the conclusions obtained from the volumetric response of the sand lead to the idea that the findings on the porosity trend, both in this work and former ones, depend on the shear induced by the root itself.

Suggestions for future work

This research provides a thorough description of the mechanical response of sand to the root growth. Significant results on the behaviour of the sand are obtained, but several questions were raised during this study and many of them still remain. The main recommendations to be pursued for further work are suggested in the following:

• to complete the analysis carried out during this doctoral work, a similar analysis needs to be done on an intermediate bulk density (e.g., D R =50%) and intermediate grain size (e.g., Hostun sand HN0.4-0.8). In addition, two points need to be considered:

• the experimental campaign carried out should be repeated with a smaller incremental step of observation (i.e., a shorter scan timing and a higher number of scans per dayminimum 4 scans per day). This can be possible with the CT set-up including multiple x-ray sources and detectors. Different radiographies of the object can be obtained at the same time, without waiting for the rotation of sample. Reduced scanning time will give more specific information on phenomena that are still under investigation, such as the root-tip circumnutation motion and amplitude and the link between the exact root branching chronosequence and the soil features;

• the repeatability of the results needs to be confirmed -at least three samples with same nominal conditions have to be observed from the day of sowing until the 7-days-old root system.

• mechanical laboratory tests as direct shear and triaxial compression may be a good start to investigate the strength of the system: sand + root ("rooted sand"). These tests can be performed inside the x-ray CT scanner and the results can be compared with those available in the literature for natural soil, for example, the results presented on rooted sandy soil subjected to direct shear test by [START_REF] Bull | Mechanisms of root reinforcement in soils: an experimental methodology using four-dimensional x-ray computed tomography and digital volume correlation[END_REF]. In this way, the mechanical interaction can be evaluated and compared between rooted sand -soil with narrow granulometry -and rooted soil -soil with wider gradation;

• explore the effect of root hairs on local sand properties:

• imaging at higher resolution and localised scan on the root body can be obtained to investigate the influence of the root hairs on porosity and sand grain displacements.

• consider the water content as a fixed parameter in the investigation study. The sand deformation measured and quantified in this work may be affected by the water content changes.

To assess to what extent the sand response is due to changes of water content and to what extent it is due to the root growth, the next experimental campaign should be performed with a controlled and fixed water content within the system;

• the observations made were obtained with a young root system. Therefore, an important point is the observation of the root-soil interaction according to the age of the plant. The observation time should not be limited to only the root system's initial evolution, but it should be extended to long-term growth. A parallel study can be run to evaluate the effect that x-rays have on plant growth, as this is a factor that has never been analysed before;

• a parametric study on the soil is conducted in this work; this has to be coupled with a parametric study on the root elements. A deeper focus on the link between the root cap shape evolution and the soil particle shape is possibly needed, which might be explored with numerical tools and experimental campaigns:

• numerical tools can be advantageously implemented to model different types of root shapes and possibly evaluate the interaction between the different cap shapes and different sizes and shapes of sand particles;

• the use of mutant genotype can be helpful to inspect experimentally the cap shape and then find the mutant that best fits the numerical response in the experimental part;

• explore the effect of mucilage secretion. By using numerical tools to play with the secretion viscosity it can be possible to quantify the friction at the root-sand interface.

• one of the conclusions of this work is the confirmation that root induces shear on the soil. Designed numerical model can be developed to represent volumes of soil with pre-sheared zones, with or without the root inclusions. Subsequently, the macroscopic behaviour of the soil can be examined;

• bio-inspired geotechnics: the wider the range of parameters investigated and compared (e.g., different type of soils, different type of plants, mixed soil grading, multi-layers soils), the more information on the interaction can be extracted (e.g., interface properties evolution, branches production, water uptake, root tortuosity, elongation rate, growth velocity) with more possibilities to reproduce this interaction with plant-inspired technologies. The knowledge of the mechanisms observed in plant roots can help the design of bio-inspired solutions for soil penetration and exploration, such as: growing robots that can monitor and explore in a non-destructive, sustainable, and direct way the soil to either reinforce specific portion of soil, or extract soil samples that cannot be obtained with usual in-situ technologies.

The suggestions proposed are still related to the use of sand -an 'ideal' soil, with quite homogeneous and narrow grain size distribution. Hence, the methodology developed and the results obtained on the strains ratio need to be validated using a soil with characteristics closer to the natural root-soil interaction.

The ultimate goal will be the use of the whole set of information on the local mechanisms involved in the soil response, soil properties evolution, and root system features to build a constitutive model. Such models will be able to combine all the properties of a rooted soil, and to provide solutions to prevent natural soil hazards as slope instability, soil erosion and subsidence, and finally to contribute to the advancement of sustainable technologies.

Résumé en français

L'interaction sol-racines est un sujet qui intéresse de nombreux domaines scientifiques, dont l'agronomie (e.g. [START_REF] Lin | Rheology of apple and potato tissue as affected by cell turgor pressure[END_REF][START_REF] Bentini | Physico-mechanical properties of potato tubers during cold storage[END_REF]), la production de carburants renouvelables (e.g. [START_REF] Persson | Maize ethanol feedstock production and net energy value as affected by climate variability and crop management practices[END_REF][START_REF] Eckert | Maize ethanol production in brazil: Characteristics and perspectives[END_REF][START_REF] Zhuang | Biofuel, land and water: maize, switchgrass or miscanthus?[END_REF]) ou la stabilisation des pentes (e.g. [START_REF] Wu | Effect of vegetation on stability of soil slopes: numerical aspect[END_REF][START_REF] Waldron | Soil reinforcement by roots: calculation of increased soil shear resistance from root properties[END_REF][START_REF] Gray | Mechanics of fiber reinforcement in sand[END_REF]. Ainsi, la compréhension des processus qui gouvernent le développement des racines des plantes est une question importante dans différents domaines de recherche, de la science des sols et la botanique à la géotechnique bio-inspirée actuellement en développement. L'interaction sol-racines est un phénomène fortement couplé entre une plante vivante, qui évoluent dans l'espace et le temps, et le sol, considéré ici comme un milieu inerte. Il a été montré que l'état du sol affecte la croissance des racines. Toutefois, il y a actuellement un déficit d'études s'intéressant à la modification des propriétés du sol induites par le développement des racines des plantes. Ce travail de doctorat est plus particulièrement dédié à ce dernier aspect.

Cette thèse est composée de 3 parties principales, en commençant par l'état de l'art sur le sujet, puis la méthodologie mise en oeuvre, pour finir sur la description des résultats obtenus.

Etat de l'art

La partie introductive du mémoire est consacrée à la biologie du système racinaire, à son processus de croissance, ainsi qu'à sa composition interne. L' architecture du système racinaire final est le résultat de la génétique de la plante et des stimuli environnementaux appliqués racines. Il s'agit d'un domaine d'investigation large et complexe. La classification des systèmes racinaires utilisée dans cette thèse est présentée par [START_REF] Ennos | Comparative functional morphology of the anchorage systems of annual dicots[END_REF], elle comprend deux types de systèmes racinaires: les systèmes racinaires pivotants et les systèmes racinaires fasciculés Les systèmes racinaires sont caractérisés par leur topologie et leur morphologie. La première est importante pour établir la symétrie du système racinaire, la seconde est utile pour classer les racines en catégorie fine ou grossière -selon leur diamètre. L'étude de l'architecture du système racinaire est essentielle pour comprendre la réponse des systèmes racinaires à l'environnement. Le chapitre 1 donne des informations de base sur ces sujets, qui nous ont guidé pour le choix des plantes et la conception des expériences. Ces informations sont également nécessaires à la compréhension du développement du système racinaire dans les échantillons de sol et de leurs réponses aux différents stimuli environnementaux (tropisme) L'impact de la croissance des racines sur le sol peut être caractérisé soit à une échelle relativement large (macroscopique), soit à l'échelle de la microstructure. Cette dernière n'a commencé à être étudiée que récemment. Parmi les différents résultats publiés, les essais mécaniques à l'échelle macroscopique sur des sols enracinés met en évidence l'influence des racines, et du type d'architecture des racines, sur les propriétés mécaniques du sol. La résistance à la traction des racines contribue à la résistance au cisaillement des sols enracinés. Ainsi, la présence de racines augmente la résistance au cisaillement du sol. Les systèmes à racines pivotantes semblent améliorer plus particulièrement la résistance au cisaillement des sols enracinés. Cependant, indépendamment des racines elles-mêmes, la réponse constitutive d'un sol où les racines se sont développées peut être différente de celle d'un sol non enraciné, car la microstructure du sol peut être affectée par les racines. Pour approfondir l'étude de la réponse macroscopique et l'amélioration de la stabilité des pentes induites par des sols enracinés, plusieurs modèles ont été mis en oeuvre et certains d'entre eux confirment qu'une valeur plus élevée du facteur de sécurité vis-à-vis du glissement est donné par la présence de systèmes à racines pivotantes dans le sol. Toutefois, la réponse macroscopique donne une caractérisation globale des impacts de la présence de systèmes racinaires dans le sol, mais ne conduit pas à l'identification et à la compréhension des mécanismes locaux impliqués dans cette interaction. Plus récemment, certaines études se sont focalisées sur les changements de la microstructure du sol induits par la croissance des racines. Les principales conclusions portent sur la densité ou la porosité du sol. Ainsi, il est observé assez généralement que le sol présente une augmentation de porosité à proximité de l'élément racinaire, et qu'une tendance à la compaction peut être observées à une certaine distance de la surfaces des racines. Ce mémoire de thèse est considéré comme une continuité de ces travaux plus récents, dans le but de pousser plus loin les connaissances actuelles sur les réponses de la microstructure du sol à la croissance des racines.

Tomographie à rayons x

Le principal outil d'observation utilisé dans ce travail est la tomographie à rayons x. Dans le Chapitre 2 est présenté un court historique sur les rayons x. Leurs principales propriétés sont rappelées et on présente la configuration du tomographe du Laboratoire 3SR (France). Le tomographe fournit une série de radiographies en 2D. On détaille alors la procédure de reconstruction de l'image 3D à partir d'une série de radiographies. Les images 3D reconstruites constituent les données d'entrée utilisées pour les analyses développées dans les chapitres suivants. Enfin, une synthèse bibliographique montre comment la tomographie par rayons x, qui est une technique non invasive, permet de contribuer à la compréhension des mécanismes liés à la déformation du sol causée par la croissance des racines.

Sur la base des informations données dans cette première partie, le but de ce projet est de poursuivre les études précédentes réalisées sur le sol, en se concentrant sur une échelle plus large, impliquant l'ensemble d'un petite système racinaire, avec une analyse in-vivo 4D (3D+temps) en tomographie à rayons x. L'étude de l'interaction à une plus grande échelle, qui inclut les racines secondaires et latérales, permet d'interpréter et de quantifier l'effet des racines sur les propriétés du sol de manière plus globale. Elle comprend non seulement l'effet d'une racine considérée séparément des autres, mais aussi la comparaison entre les différents composants du système racinaire et la combinaison de ceuxci. Afin de mieux étudier ces propriétés, la tomographie a été associée à la corrélation d'images en 3D (DIC). La DIC discrète et la DIC locale sont utilisées dans ce travail. Elles conduisent à quantifier les déplacements et la déformation dans les sols induits par la croissance des racines et R ÉSUM É EN FRANC ¸AIS par l'absorption de l'eau et des nutriments dans le sol par ces dernières.

Programme expérimentale

La deuxième partie de ce manuscrit présente les méthodologies développées et utilisées dans ce projet. Il s'agit d'une part de la création en laboratoire des systèmes sol-racine étudiés, et d'autre part des techniques de traitement d'image utilisées pour extraire les informations des images 3D. Le programme expérimental inclut l'étude de l'interaction sol-racines sur deux tailles différentes de grains (fin et grossier) de sable d'Hostun (respectivement HN31 et HN1.5-2) et des systèmes racinaires issus de deux plantes: le maïs et le pois chiche (plantes qui figurent parmi celles les plus étudiées par ailleurs). Les échantillons de sable fin d'Hostun sont constitués par pluviation de manière à obtenir deux états de densité initiale différents, l'un lâche avec une densité relative de 30% et l'autre dense avec une densité relative de 80%. Des échantillons lâches de sable d'Hostun grossier sont également réalisés par pluviation. Un protocole spécifique de préparation des spécimens est développé pour obtenir en laboratoire des systèmes sol-racines représentatifs de ce que l'on pourrait trouver sur le terrain. La taille des échantillons est choisie afin d'avoir une taille de voxel suffisamment petite pour capturer la microstructure du sable et pour permettre des mesures de la cinématiques des grains de sable. Le programme expérimentale de cette thèse a été divisé en deux sessions principales. Au cours de la première session, seuls les spécimens contenant du sable d'Hostun HN31 dans un état initial dense ont été imagés, avec une taille de voxel de 30 µm. Au cours de la deuxième session, le sable d'Hostun HN31 est testé dans les deux densités initiales et le sable d'Hostun HN1.5-2 est testé uniquement avec l'état initial le plus lâche. En raison du grand nombre de spécimens à imager, la durée de chaque scan a dû être réduite lors de cette deuxième session. Pour cette raison la taille du voxel a été augmentée à 40 µm. Enfin, pour chaque session, seul un spécimen par type de configuration (combinaison du type de plante, du type de sable et de l'état de densité) a été observé sur une durée de développement du système racinaire de 7 jours. Pour résumer, chaque spécimen a été observé toutes les 24 heures à partir du moment de la germination de la graine, jusqu'à une semaine de vie de la plante.

Protocole développé pour l'analyse d'images

Le chapitre 4 détaille les outils utilisés lors de ce travail pour traiter et analyser les images obtenues lors des campagnes expérimentales. On commence par expliquer l'importance du prétraitement des images. Chaque ensemble de scans est traité afin d'avoir des histogrammes de niveau de gris cohérents entre eux. Au cours de la deuxième campagne, un problème d'absorption des photons lors des radiographies est apparu à cause de la source de rayons x arrivant en fin de vie. Pour cette raison, une nouvelle méthode de correction des images est introduite afin de corriger la distribution des niveaux de gris des images suivant l'axe vertical. Cela a facilité l'identification des niveaux de gris seuils utilisés pour la segmentation des phases des systèmes sol-racines. Suite à ce pré-traitement des images, différentes techniques d'identification sont introduites pour d'abord identifier les grains de sable et la phase aqueuse, puis pour suivre le système racinaire -un exemple de résultat est présenté sur la Figure 5.68. Concernant l'identification du système racinaire, les développements proposés consistent également en une vectorisation de ce dernier où chaque élément du système racinaire est identifié séparément, et l'orientation de l'axe de la racine déterminée en continue. De ce fait la cinématique et la déformation du sol peuvent être analysées vis-à-vis d'un système de référence local lié aux racines. Ainsi, un volume trinarisé (pore -grains -racines) est utilisé pour quantifier l'évolution de la porosité à la fois localement (au voisinage de la racine) et globalement (à l'échelle de l'échantillon de sable). Enfin, la méthode de corrélation d'images 3D mise en oeuvre est exposée. Comme indiqué précédemment, celle-ci donne accès à la cinématique du sol via une approche locale pour le sable d'Hostun fin (HN31) et via une approche discrète dans le cas du sable d'Hostun grossier (HN1.5-2).

Principaux résultats

La troisième et dernière partie de la thèse explique en détail les résultats obtenus et leurs interprétations. L'analyse porte d'abord sur l'architecture du système racinaire et ses évolutions, pour poursuivre sur les effets de la croissance des racines sur la porosité du sol, le déplacement des particules de sable et la déformation du sol.

Développement du système racinaire La taille des grains et la porosité initiale affectent la croissance des racines. En particulier, le système à racines pivotantes du pois chiche est fortement influencé par la densité initiale du sol. Dans l'échantillon de sable fin et dense, la racine ne peut pas s'étendre axialement et son diamètre augmente. Concernant l'effet de la taille des grains de sable, la racine pivot atteint un diamètre de 1.2 mm dans l'échantillon de sable fin et lâche, alors que son diamètre est voisin de 0.7 mm dans le sable grossier, mais elle atteint dans ce cas une plus grande profondeur. Le diamètre de la racine détermine la longueur et le nombre possible des éléments constituant son architecture [START_REF] Bidel | Massflowdyn i: a carbon transport and partitioning model for root system architecture[END_REF]. La croissance du système fasciculé du maïs est également entravée par la densité du sol. Le diamètre maximal est similaire dans toutes les configurations étudiées (0.65 mm), mais les racines pénètrent plus profondément dans les sables plus lâches.

Réponse du sable: porosité Dans le sable fin d'Hostun, la croissance du système racinaire du maïs conduit a une augmentation de la porosité du sable à proximité de la racine. L'étendue de la zone d'influence de la racine dépend de la densité initiale du sol. Plus la densité relative D R est faible, plus la zone de dilatance est fine. Autour de la racine dans toutes les configurations du sol, le sables dilate, mais au-delà d'une distance à la racine de 1.5 cm, la porosité devient inférieure à la porosité initiale dans les spécimens avec sable fine les plus lâches, ce qui indique une compaction du sol. Au contraire, dans les échantillons plus denses, au-delà de 8 cm la porosité mesurée se stabilise à une valeur supérieure à la densité apparente initiale, ce qui indique une dilatation du sol à partir de la racine primaire. Dans le sable grossier, les changements de porosité autour de la racine révèlent qu'à proximité de la racine, le sol se dilate. Ensuite, il y a une zone de transition jusqu'à atteindre la densité apparente initiale, à une distance d'environ 1 cm. Au-delà de 1.5 cm le sol présente une légère compaction.

Réponse du sable : champs de déplacements et de rotations Le DIC local est utilisée pour calculer les champs de déplacement dans les échantillons de sable fin d'Hostun (HN31). La DIC discrète est adoptée pour mesurer les déplacements et la rotation des grains de sable dans le sable d'Hostun HN1.5-2. Les déplacements autour des éléments du système racinaire du maïs ont tous une amplitude similaire. La racine de pois chiche produit principalement des déplacements du sol autour de la racine pivot, et les déplacements à l'extrémité de la racine (??) sont inférieurs à D 50 /2 pour le sable d'Hostun HN31. Dans le sable grossier, la DIC discrète met en évidence les déplacements et les rotations des grains produits par l'évapotranspiration au fond de l'échantillon, en complément des déplacements dus à l'extension de la racine. Les effets de l'évapotranspiration sur la cinématique du sol sont plus prononcés pendant la croissance du maïs que pendant la croissance du pois chiche.

Déformations volumique et déviatoire La croissance des racines induit une déformation de cisaillement dans le sol, dont l'amplitude est supérieure à 10% à la fois pour les deux densités de sable et les deux granulométries testées. Le volume de sable au voisinage direct de la racine présente toujours une dilatation, mais la réponse volumétrique sur la zone plus éloignée de la racine dépend de la densité initiale du sable. Dans le sable fin, pour une déformation déviatoire ε q < 5%, le sol le plus lâche est principalement contractant, alors que le sol le plus dense est essentiellement dilatant. Dans le sable grossier à la densité la plus lâche le comportement est similaire à celui du sable fin à densité initiale identique. En outre, ce comportement est confirmé pour les deux espèces de plantes comme le montre la Figure 5.69. Le rapport entre la déformation volumique et la déformation déviatoire est en accord avec les résultats issues d'essais de compression triaxiale réalisés sur le sable d'Hostun à faible pression de confinement. La structure initiale du sol joue un rôle clé dans la compaction induite par les racines, comme on peut le voir dans la relation entre la déformation volumique et la déformation déviatoire. Ainsi, les modifications de la porosité du sol induites par la croissances des racines, et présentées dans ce travail, sont en accord avec les mesures réalisées par d'autres auteurs (e.g., [START_REF] Lucas | Roots compact the surrounding soil depending on the structures they encounter[END_REF][START_REF] Helliwell | The emergent rhizosphere: imaging the development of the porous architecture at the root-soil interface[END_REF][START_REF] Bodner | Coarse and fine root plants affect pore size distributions differently[END_REF]. Néanmoins, on montre que cette réponse volumique est en partie induite par la réponse intrinsèque du sable à une déformation cisaillante.

En conclusion, ces travaux de recherche présentent une description approfondie de la réponse mécanique du sable à la croissance des racines. Des résultats significatifs sur le comportement du sable sont obtenus, mais ceux-ci ont aussi conduit à poser de nouvelles questions dont beaucoup persistent encore. La méthodologie développée et les résultats obtenus sur la réponse mécanique des sables d'Hostun doivent être validés en utilisant un sol dont les caractéristiques sont plus proches de celles d'un sol naturel.L'objectif final sera d'utiliser l'ensemble des informations sur les mécanismes locaux impliqués dans la réponse du sol, l'évolution des propriétés du sol et les caractéristiques du système racinaire pour construire des modèles de comportement de sols en présence de racines. De tels modèles sont voués à être appliqués dans le contexte de la prévention des risques naturels tels que les glissements de terrain, et l'érosion superficielle des sols, mais aussi pour le développement de technologies durables mettant en oeuvre des végétaux dans des solutions d'ingénierie géotechnique. 
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 1 Figure I.1: Examples of root-inspired designs: a) Pali-radice: root piles -referred to as micropiles -by Lizzi (1993); b) Root-inspired anchorage designed by Mallett (2019); c) Root-inspired osmotic actuator designed by Mazzolai et al. (2008).

Figure 1 . 1 :

 11 Figure 1.1: Root tissues: longitudinal section through the meristem and respective cross-section. Figure adapted from Braszewska-Zalewska et al. (2013).

Figure 1

 1 Figure 1.2: Left: six-day-old seedlings of different phenotypes of Lotus japonicus. Right: zones of root hair development in L. japonicus. Source Karas et al. (2009).

  Figure 1.3: Plant apices and bases: scheme of a plant (e.g., Arabidopsis) to indicate the apices (A) and bases (B) of its two principal vegetative organ systems: the root system (brown) and the shoot system (green). The base of the main root attaches to the base of the shoot and vice versa. The double-headed arrows indicate the acropetal direction (arrows pointing towards the apices -[A]) and basipetal direction (arrows pointing towards the bases -[B]). Source Baluška et al. (2005).

  Figure 1.4: a) Representation of the structures of a developing root (Bellairs 2018); b) Scheme representing the root cells organisation within a root cap, adapted from Hawes et al. (2002).

Figure 1 . 5 :

 15 Figure 1.5: Mucilage exudation: a) Picture of mucilage around the root tip of a maize seedling. b) Mucilage around the tip of a brace root of 2-month-old maize. Adapted from Carminati et al. (2016).
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 16 Figure 1.6: Radicle growth from a Cicer Arietinum seed. The two seeds are 24 and 36 hours old, respectively, from the beginning of the germination.
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 17 Figure 1.7: Representation of generic: a) dicotyledonous, b) monocotyledonous plants with the common root elements nomenclature (Gregory 2008).
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 1 Figure 1.9: a) Two distinct root architectures used through an in situ shear block. b) Mobilised shear strength of the rooted soil subjected to direct shear test according to root morphology; Image adapted from Docker & Hubble (2009).

  Figure1.10: Shear resistance of a rooted (continuous line) and an unrooted (dashed line) blocks of soil tested in situ under 300 N normal force. Plot adapted from[START_REF] Mickovski | Root morphology and effects on soil reinforcement and slope stability of young vetiver (vetiveria zizanioides) plants grown in semi-arid climate[END_REF].
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 111 Figure 1.11: Two time-series from synchrotron x-ray Computed Tomography. a) Root extends into dry soil with a trajectory indicated with the white arrow. b) Root extends in wet soil, a series of grains (red) are translated with displacements aligned to the rot growth orientation. c) Root elongates within a macropore with minimal soil disturbance. Image extracted from Keyes et al. (2017).
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 112 Figure 1.12: Porosity variation with time and distance from the root, for a) sand and b) clay. Values are representative of the mean among four replicates (Helliwell et al. 2017).

  Figure 1.13: Processes involved in root-induced effects on the pore size distribution according to the different rooting types (Bodner et al. 2014).
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 1 Figure 1.14: Schematic representation of soil packing close to the root (green). The white sphere are representing the soil particles and their distribution can be divided into 3 zones. The first zone shows an increase in porosity (sparser spheres in the root vicinity), in the second zone apparent compaction occurs, finally, in the third zone, the soil has an undisturbed density. Image adapted from (Van Veelen et al. 2020).
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 115 Figure 1.15: Mean shear strain intensity with respect to the vertical distance from the root tip.The investigation is presented for intact root in wet samples, in compacted and loose conditions. Image adapted from[START_REF] Keyes | Measurement of micro-scale soil deformation around roots using four-dimensional synchrotron tomography and image correlation[END_REF].
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 2 Figure 2.1: a) Wihelm C. Rontgen; b) Anna Rontgen's hand, the official 'first radiograph'.
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 222 Figure 2.2 represents an example of radiograph: the darker is, the more photons have been absorbed by the matter.

Figure 2 . 3 :

 23 Figure 2.3: An example demonstrating the beam hardening effect on a reconstructed slice, before (a) and after correction (b). Top row: slice containing Hostun sand HN31. Bottom row: the respective greyvalues along the red dotted line.

  2.3. X-RAY SCANNER AT LABORATOIRE 3SRout any risk for the user. In this section, a brief introduction to the scanner setup and technical details are given.
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 2 Figure 2.4: a) The x-ray scanner used in Laboratoire 3SR -Grenoble; b) Labels of the different components.

  Figure 2.5: Description step by step of the image acquisition and analysis.

  2.4. X-RAY FOR GEOMECHANICS AND ROOT SOIL INTERACTION

Figure 2

 2 Figure 2.6: a) Greyscale images showing examples of field structured and sieved clay sand soil at 275 kPa, in the scale bar, 5 pixels are 0.25 mm, (Tracy et al. 2015); b) 2D vertical slice from a tomography showing Arabidopsis roots in a sandy loam soil at a spatial resolution of ca. 10 µm with example of root tracing (Mooney et al. 2012); c) 3D representation of the root system, extracted from the Computed Tomography scan data (Lontoc-Roy et al. 2005); d) A 3D visualisation of early growth stage chickpea root system grown in sand[START_REF] Perret | Non-destructive visualization and quantification of roots using computed tomography[END_REF]).
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 31 Figure 3.1: Scanning electron microscope images of Hostun Sand HN31 -showing the angularity of the particles[START_REF] Flavigny | Note technique: le sable d'hostun rf[END_REF]).
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 33 Figure 3.3: Typical maize root system architecture. a) Root extracted from a tomography obtained as part of this doctoral work, on Day 07 of the observation. b) Sketch of a typical maize system, from Hochholdinger & Tuberosa (2009) observed in 14-day-old wild type maize seedlings.
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 34 Figure 3.4: Typical chickpea root system architecture. a) Root extracted from a tomography obtained as part of this doctoral work, on Day 07 of the observation. b) Sketch used to label the root system elements, showing lateral roots of a 1-week-old chickpea plant.
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 36 Figure 3.6: Main steps to summarise the sample preparation setup: a) seeds germination; b) sand deposition by air pluviation; c) germinated seed placed in the sample, during the sand pluviation; d) sample watered from the bottom with a solution of water and nutrients.

  Figure 3.7: Growth chamber installed in Laboratoire 3SR.
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 41 Figure 4.1: Greyvalues distribution along the sample height. A clear difference of mean greyvalue can be noticed between the top and the bottom of the sample. On the left the staked radiographies help to identify the difference in greyvalue. On the right the corresponding greyvalues distribution of the reconstructed volume. The blue dashed line identifies the section related to the greyvalue profile. The red dashed line identifies the interface between the two radiographies.

  Figure 4.2: Steps followed to identify the sample inner volume and to mask the outside.
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 443 Figure 4.3 displays the different greyvalue profiles before and after the correction. At the end of the procedure the error between top and bottom greyvalue distribution is measured, and the applied correction reduced the error of 97.6 ±1.2%.

  65535. With respect to other histogram equalisation techniques (e.g., dynamic histogram equalisation (Abdullah-Al-Wadud et al. 2007), adaptive histogram equalisation (Pizer et al. 1987)) it does not alter the greylevel distribution. Finally, a python script is designed for the normalisation.Figure 4.4 shows an example of the results. Such correction is important to pursue the next steps of the image processing.

Figure 4 . 4 :

 44 Figure 4.4: Normalisation of the greylevel histograms: comparison set of scans imaging specimen S-MFD02, before (top) and after (bottom) normalisation.

Figure 4 . 5 :

 45 Figure 4.5: Comparison histograms between coarse and fine Hostun sand.

  Figure 4.7: Example of Bilateral filtering at different σ s and σ r . The comparison is between the same horizontal slice subjected to different variations of the bilateral filter parameters, against the relevant histogram.

Figure 4 . 8 :

 48 Figure 4.8: Before and after the Bilateral filtering. After the filter application, the histogram highlights a peak for each phase. The residual reveals the structure of the input image.

Figure 4 . 9 :

 49 Figure 4.9: Steps for the sand grains identification. Binarisation for the fine sand (first row), and further segmentation for the coarse sand (second row).

Figure 4 . 10 :

 410 Figure 4.10: Slice from S-MFL04: output of the 3D variance filter with different distances of neighbourhood r v .

Figure 4

 4 Figure 4.11: Methodology steps used to identify the entire root system architecture. (i) 3D variance filter, (ii) threshold to identify the root body, (iii) labelisation of neighborhood connected voxels, (iv) identification of the root body(R), (v) dilation r v /2 times, (vi) comparison between the binarised root and the initial greyscaled image.

Figure 4 . 12 :

 412 Figure 4.12: Example of aerenchyma in maize root system growing in coarse sand: a) greyscale image; b) binary as output of the variance; c) binary after the application of scipy.ndimage.morphology.binary fill holes to fill the internal holes.

Figure 4 .

 4 Figure 4.14: Four-phased volume example: the greyscale volumes (a, e); the 3D four-phased volumes (b, f ); middle vertical sections (c, g); middle horizontal sections (d, h).

Figure 4 . 15 :

 415 Figure4.15: Example of root system represented as vector field. On the left the root system of S-MFD04 on Day 03. On the right, the primary root (R1) of the system and the identification of its branches.

Figure 4 . 16 :

 416 Figure 4.16: Flowchart used to obtain the root labellisation.

Figure 4 . 17 :

 417 Figure 4.17: Description of the steps followed to vectorialise the root system of specimen S-MFL01 on Day 04. a) Root system; b) Skeleton identification; c) Vectorialised root system; d) Detail of the vectors path; e) Root section showed according to the local root axis -it displays the root n. 3 of the system.

  Figure 4.18 shows the region of interest (ROI) and two slices of the configuration S-MFL01 at Day 00 and at Day 02. Φ should be such as to minimise the error between the

Figure 4 .

 4 Figure 4.18: Left: ROI used to measure the global registration (in orange). Right: the same horizontal section is shown in two different status Day 00 and Day 02, before and after the registration.Focusing on a specific point, the difference of its coordinates can be seen in between states. The aim of this tool is to find the best correlation to match configurations in different states. The residual shows the differences between the two images. After the registration the only difference highlighted is due to the phases evolution in the pores, not to the mismatch of the voxels.

( 6 )

 6 Defined in Section 4.7.

  4.5. MEASUREMENT OF THE POROSITY reference configuration Im r and the deformed configuration Im d . The (scalar) error function of Φ returns the sum of squared difference of the two images (Equation 4.8).

Figure 4 . 19 :

 419 Figure 4.19: Porosity profile of the specimen S-MFL01 on Day 03.

Figure 4

 4 Figure 4.21: Porosity investigation through the use of macroscopic porosity maps: a) 3D map, b) mid vertical section (black voxels contain part of the root system), c) mid horizontal section.

  Figure 4.23, where the 3D field of the degree of saturation refers to Day 01 of S-MFD04.

Figure 4 .

 4 Figure 4.23: Degree of saturation map. a) 3D map, b) mid vertical section (black voxels contain part of the root system), c) mid horizontal section.

Figure 4 .

 4 Figure 4.24: Local DIC on a regularly-spaced grid: each grid elements (of size w s ) is correlated between the deformed greyscale image and the reference one. In each correlation window of the grid, the three components of displacements are obtained, and the first and second invariants (ε v and ε d ) of the strain tensor are computed.

Figure 4 .

 4 Figure 4.25: Discrete DIC: steps on the left and output on the right.

Figure 5

 5 Figure 5.1: A few representative porosity profiles in the initial state. All the samples configurations are taken into account: MFD: Maize in fine dense sand, CFD: Chickpea in fine dense sand, MFL: Maize in fine loose sand, CFL: Chickpea in fine loose sand, MCL: Maize in coarse loose sand, CCL: Chickpea in coarse loose sand.

Figure 5 . 2 :

 52 Figure 5.2: Comparison of porosity and degree of saturation maps in the initial state of each sample investigated in this experimental campaign.

Figure 5

 5 Figure 5.3: Specimen S-MFL01: time evolution of the maize root system from the sowing day (Day 00) up to 8-days-old root system. The diameter distribution shows the roots evolution occurring below the seed level.

Figure 5 Figure 5 . 6 :

 556 Figure5.4: Specimen S-MFD04: time evolution of the maize root system from the sowing day (Day 00) up to 8-days-old root system. The diameter distribution shows the roots evolution occurring below the seed level.

Figure 5 . 7 :

 57 Figure 5.7: Specimen S-CFL01: time evolution of the maize root system from the sowing day (Day 00) up to 8-days-old root system. The diameter distribution shows the roots evolution occurring below the seed level.

  Root system vectorisation, sample S-MFD04. n. roots (b) Root system vectorisation, sample S-MFL01.

Figure 5 . 10 :

 510 Figure 5.10: Root system vectorisation for the maize system developed in fine dense sand (a) and in fine loose sand (b).

  Figure 5.12 presents the cumulative RLD [m/m 3 ] quantified for 5.2. INFLUENCE OF INITIAL SOIL CONDITIONS ON ROOT SYSTEM ARCHITECTURE -Time evolution of chickpea laterals.

Figure 5 . 11 :

 511 Figure 5.11: Time evolution of the lateral roots in maize and chickpea RSAs.

Figure 5

 5 Figure5.12: Time history of the root density length for both plants. Results presented for one sample per sand conditions studied in the experimental campaign.

Figure 5 . 13 :

 513 Figure 5.13: Volume evolution of the maize root system with depth. Comparison between sample S-MFD04 and S-MFL01. Each bar chart shows the root volume in one of the three subvolumes of the specimen (top chart for top subvolume, etc.). Each subvolume contains about 65±1 cm 3 of Hostun sand HN31.

Figure 5 . 14 :

 514 Figure5.14: Time history of sand bulk mean porosity around maize root systems (continuous lines). The trend is compared with the initial bulk porosity (dashed lines).

  Figure 5.15: S-MFD04: Porosity Map.

Figure 5 .

 5 Figure 5.18: S-MFD04: Total porosity in the cylindrical portion of the sand surrounding all the branches of the primary root.

Figure 5 .

 5 Figure 5.19: S-MFL01: Total porosity in the cylindrical portion of the sand surrounding all the branches of the primary root.

  5.3. INFLUENCE OF ROOT GROWTH ON SOIL DENSITY AND WATER CONTENTthe root dilating effect for dense cases.

Figure 5 . 21 :

 521 Figure 5.21: Eulerian and Lagrangian porosity analyses around the primary root tip (R1) in S-MFD04. The dashed line represents the bulk density on Day 00.

Figure 5 . 22 :

 522 Figure 5.22: Eulerian and Lagrangian porosity analyses around a seminal root tip (R4) in S-MFD04. The dashed line represents the bulk density on Day 00.

  Eulerian approach: R1.

Figure 5 . 23 :

 523 Figure 5.23: Eulerian and Lagrangian porosity analyses around the primary root tip (R1) in S-MFL01. The dashed line represents the bulk density on Day 00.

Figure 5 . 24 :

 524 Figure 5.24: Eulerian and Lagrangian porosity analyses around a seminal root tip (R4) in S-MFL01. The dashed line represents the bulk density on Day 00.

  , 5.28 and 5.29 for specimens S-MFD04, S-MFL01 and S-MCL01. The root systems are masked for the computational 5.3. INFLUENCE OF ROOT GROWTH ON SOIL DENSITY AND WATER CONTENT Eulerian approach: R1.

Figure 5 . 25 :

 525 Figure 5.25: Eulerian and Lagrangian porosity analyses around the primary root tip (R1) in S-MCL01. The dashed line represents the bulk density on Day 00.

Figure 5 . 26 :

 526 Figure 5.26: Eulerian and Lagrangian porosity analyses around a seminal root tip (R4) in S-MCL01. The dashed line represents the bulk density on Day 00.
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 5 Figure 5.29: S-MCL01: Saturation Map.

Figure 5 . 30 :Figure 5 . 31 :

 530531 Figure 5.30: Displacement fields in S-MFD04. The root is coloured in green.

Figure 5 . 32 :Figure 5 . 33 :Figure 5 Figure 5 . 35 :

 5325335535 Figure 5.32: Displacement fields in S-MFL01. The root is coloured in green.

Figure 5 . 36 :Figure 5 . 37 :

 536537 Figure 5.36: Displacement fields in S-CFL01. The root is coloured in green.Day 01Day 04 Day 07

Figure 5

 5 Figure 5.38: Grain displacements in sample S-MCL01. The root system is included in purple.

Figure 5 Figure 5 Figure 5

 555 Figure 5.39: S-MCL01: Vertical sections showing the individual grain rotations. The portion of root crossing the section is represented in green.

Figure 5 Figure 5

 55 Figure 5.45: S-MFL01: Deviatoric and volumetric strain fields.

Figure 5 Figure 5 . 52 :

 5552 Figure5.51: Volumetric strain frequency distribution. The x axis is ε v and the y axis is the frequency of occurrence of a volumetric strain value. On the left (respectively, in the middle, on the right), the ε v values considered are those within the zone where the deviatoric strain is at greater than 0.5% (respectively, 1%, 2%).

Figure 5

 5 Figure 5.54: Vertical and horizontal sections of the volumetric strain fields around maize RSA on Day 05, for S-MFL01 and S-MFD04. The dotted green line represents the contour of the sheared zone (ε q > 1%).

Figure 5 . 55 :

 555 Figure 5.55: Dilatancy plot and density function of the volumetric strain obtained on Day 03 for S-MFD04.

Figure 5 .

 5 Figure 5.56: Dilatancy plot and density function of the volumetric strain obtained on Day 03 for S-MFL01.

Figure 5 .Figure 5 . 59 :

 5559 Figure 5.57: Dilatancy plot and density function of the volumetric strain obtained on Day 03 for S-MCL01.

Figure 5 .

 5 Figure 5.61: Dilatancy phenomenon investigated as a function of the distance from the root axis. The colour bar denotes the distance identification (blue = close, red = far).

Figure 5 . 58 :

 558 Figure 5.58: Vertical and horizontal section of specimen S-MFL01, referred to Day 03. Correlation windows (CW) that contain a portion of the root are marked in cyan. CW with ε v < 0 and ε q > 1% are marked in grey.

Figure 5 . 62 :

 562 Figure 5.62: Triaxial compression vs. root-induced shear strain. Dashed lines represent the results of triaxial tests from Gay (1998), while solid lines represent the regression curve approximating the cloud of points on a specif day of observation. Dense packing fraction: S-MFD04.

Figure 5

 5 Figure 5.63: Triaxial compression vs. root-induced shear strain. Dashed lines represent the results of triaxial tests from Gay (1998), while solid lines represent the regression curve approximating the cloud of points on a specif day of observation. Loose packing fraction: S-MFL01.

Figure 5 . 67 :

 567 Figure 5.67: Eulerian and Lagrangian analyses of the influence of the primary root on sand in S-MFL01. The analysis on subvolumes surrounding the root body shows that part of the volume is compacting.

Figure 5 .

 5 Figure 5.68: Exemple d'image 3D de deux échantillons de sable d'Hostun respectivement fin et lâche, et initialement lâches (D R = 30%), ensemencé avec du Maïs: images initiales en niveaux de gris (a, e) ; volumes 3D segmentés en quatre phases (b, f ) ; sections verticales (c, g) ; et horizontales (d, h).

Figure 5 . 69 :

 569 Figure 5.69: Déformation volumique du sable sable fin d'Hostun (HN31) induites par un système racinaire fasciculé (maïs) et un système racinaire pivotant (pois chiche). Les coupes verticales présentent le champs de déformation volumique pour le jour 02, la ligne verte en pointillée identifie la limite d'une zone de cisaillement important (ε q > 1%). Sur les graphiques montrés en zone centrale, chaque point représente le couple déformation déviatoire -déformation volumique mesurés en un point de la zone de cisaillement important.

  

  

  Déformation volumique du sable sable fin d'Hostun (HN31) induites par un système racinaire fasciculé (maïs) et un système racinaire pivotant (pois chiche). Les coupes verticales présentent le champs de déformation volumique pour le jour 02, la ligne verte en pointillée identifie la limite d'une zone de cisaillement important (ε q > 1%). Sur les graphiques montrés en zone centrale, chaque point représente le couple déformation déviatoire -déformation volumique mesurés en un point de la zone de cisaillement important. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 Morphology and geometrical approximations of roots systems according to Köostler's classification, after Kokutse et al. (2006), Wu et al. (2015). . . . . . . . . . . . . . . 3.1 Hostun sand index properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2 Main features of the radicle -before sowing. . . . . . . . . . . . . . . . . . . . . . . 3.3 Summary of pluviation factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 1 .1: Morphology and geometrical approximations of roots systems according to Köostler's classification, after

 1 

	Class of root system	Real morphology	Geometrical approximation
	FIBROUS		
	ROOT		
	SYSTEM		
	TAP		
	ROOT		
	SYSTEM		
	PLATE		
	ROOT		
	SYSTEM		

Table 3 .

 3 3 details the parameters used for air pluviation at constant pluviation intensity and gives the relative densities of the samples.

		HN31	HN1.5-2
	Pluviation Factor	Looser	Denser	Looser
		D R =30% D R =80% D R =30%
	Drop height [mm]	2	100	20
	Opening width funnel [mm]	7	7	12
	Pouring rate [cm 3 /s]	1.51-1.64 2.45-2.80 7.85-9.80

Table 3

 3 

.3: Summary of pluviation factors.

  Chemical components of the soluble plant feed -Vitafeed 111 (Vitax company).

		percentage
	Total Nitrogen (N)	19 %
	Phosphorus Pentoxide (P 2 O 5 ) -	
	soluble in neutral ammonium citrate and in water 19% (8.3% P)
	Phosphorus Pentoxide (P 2 O 5 ) -	
	soluble in water	19% (8.3% P)
	Potassium Oxide (K 2 O)	19% (15.8%) K
	Boron (B) soluble in water	0.15%0.013%
	Total Copper (Cu)	0.025%
	Total Iron (Fe)	0.05%
	Total Zinc (Zn)	0.009%
	Total Manganese (Mn)	0.025%
	Table 3.4:	

Table 3

 3 

	Properties	1 st campaign 2 nd campaign
	Voltage	135kV	135kV
	Current	220mA	220mA
	Spot size	Middle	Middle
	Source filter	0.2 mm Cu	0.2 mm Cu
	Pixel size	30 µm	40 µm
	Number of projections	5760	2240
	Number of reference projections 32	32
	Detector orientation	Landscape	Portrait
	Number of tomography stacks	4	2
	Average frame	8	10
	Scan duration	3h55	1h50

.5: Scan settings used for the two experimental campaigns.

Table 3 .

 3 6: Sand sample properties of the first experimental campaign.

		[cm]	Total Volume [cm 3 ]	Dry mass [g]	Wet mass [g]	Water Content[%]	Initial Porosity [-]	Bulk Density[g/cm 3 ]	Dr[%]	Last scanning Day
	S-MFD01	11.76	220.89	335.32	433.42	29.26	42.5	1.52	75	02
	S-MFD02	10.75	196.35	307.04	389.83	21.24	42.1	1.57	80	07
	S-MFD03	11.15	220.50	333.90	426.61	27.78	42.6	1.51	73	01
	S-CFD01	11.19	219.62	336.98	430.45	27.73	41.9	1.53	82	05
	S-CFD02	11.23	212.20	324.11	407.71	25.79	42.1	1.53	79	07
	S-CFD02b 11.18	219.92	338.14	425.24	25.76	41.8	1.54	84	02
	Samples	Height [cm]	Total Volume [cm 3 ]	Dry mass [g]	Wet mass [g]	Water Content[%]	Initial Porosity [-]	Bulk Density[g/cm 3 ]	Dr[%]	Last scanning Day
	S-MFD04	9.83	192.95	294.44	375.40	27.49	42.2	1.53	79	
	S-MFD05 10.75	211.08	320.61	406.45	26.77	42.2	1.52	76	
	S-CFD03	10.75	211.08	328.71	420.73	27.99	41.4	1.58	93	
	S-CFD04	11.19	219.62	336.32	422.20	25.54	42.4	1.53	81	
	S-MFL01	11.15	218.93	308.35	405.55	31.53	47.1	1.41	27	
	S-MFL02	11.20	219.92	310.39	404.89	30.45	46.9	1.41	28	
	S-CFL01	11.23	220.50	310.83	408.87	31.54	46.5	1.41	27	
	S-CFL02	11.20	219.84	308.71	408.36	32.28	46.8	1.40	25	
	S-CFL03	10.81	212.19	298.99	390.20	30.51	46.6	1.41	27	
	S-MCL01 11.25	220.89	373.54	413.29	10.64	47.4	1.69	28	
	S-MCL02 11.76	230.91	383.09	422.90	10.39	46.3	1.66	25	
	S-CCL01	11.19	219.72	372.69	414.75	11.29	46.8	1.70	30	

Table 3

 3 

.7: Sand sample properties of the second experimental campaign.

  Table 4.1 shows the equivalent size in pixel for the two sands.

	HN31 1st campaign 2nd campaign	HN1.5-2
	REV size [px] 22	16	75
	REV size [D 50 ] ≈4	≈4	≈3
	Table 4.1: REV size.	

  Table 5.1 summarises the results. Value of β: comparison between the results of the triaxial compression tests from

		Denser Looser
	Root shear	40°± 6°31°± 5°T
	riaxial compression test 44°± 4°30.5°T
	able 5.1:	

(5) Even though the samples were scanned only in the first 7 days of growth, the plants are kept alive longer.

(2) All the root components included are the ones detected in the thresholding step described in Section 4.2.2.

(8) Volume reconstructed during the first experimental campaign. Original voxel size of 30 µm, and then the reconstructed images are binned 2x2x2, the pixel size is consequently doubled to 80 µm.

(9) In this case the zone of elongation is meant as root tip. Due to the pixel size and the interval time of observation, it is not possible to determine the boundary between the elongation zone and the meristem.

(2) Bulk density of 1.6 g cm -3 .

(8) In[START_REF] Combe | Comportement du sable d'hostun s28 au triaxal axisymétrique. comparison avec le sable d'hostun rf[END_REF] the mechanical behaviour of Hostun sand S28 and RF were found to be equivalent. Furthermore, Hostun sand RF and S28 are extracted within few kilometres from the current quarry of Hostun sand HN31. Hence, Hostun sand HN31 and Hostun RF are assumed to have similar mechanical properties.
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ROOT VECTORISATION

Algorithm 1: Roots labelisation.

Output: M2: Labelled skeleton of the root system initialisation; Input : L1: list of the first coordinates of the root elements attached to the seed. Input : M1: Binarised 3D root skeleton -1: root, 0: no root -i=1:length(L1 In Figure 5.28, the horizontal section crosses the body of the main root (centre of the section). The region surrounding the root is the last one to present a low degree of saturation. In Figure 5.27, the horizontal section is crossing the root, and the region close to the root tip is the one that dries first. This observation confirms that water uptake occurs from the tip and not from the body of the roots. From Figure 5.29, it is highlighted that water is located at the bottom of the coarse sand specimen. The horizontal section is extracted in the bottom third of the height, so any further conclusion cannot be draw. The water content steadily decreases over time, but this cannot be directly attributed to the vicinity of the root. To summarise, even though the resolution of the images does not allow the punctual quantification of the water content within the system, the 'desaturation' of the samples can be observed and evaluated from the 3D greyscale images. 

Translation fields in fine sand

Local DIC is performed on the scans chrono-sequence for specimens with Hostun sand HN31. Scans are recorded every 24 h. The DIC method is described in Section 4.7. The local DIC approach assists in quantifying the soil displacements during plant root growth. The maps are generated directly from sub-volumes of the 3D reconstructed images. Note that the sand-root interface is not axisymmetric. Maps of the magnitude of the displacement field show that concentration of displacements is strongly dependent on the initial bulk density of the specimen and on the volume fraction of the root. In order to better interpret the results, the magnitude of displacement is classified in 4 orders of intensity depending on the grain size (5) :

• 1 st order: 0 -D 50 /2 → [0 -0.17 mm);

• 2 nd order: D 50 /2 -D 50 → [0.17 -0.34 mm);

• 3 rd order: D 50 -2.5D 50 → [0.34 -0.85 mm);

Displacements with a magnitude intensity of the 1 st order are not taken into consideration in this analysis. In the particular case of specimen S-CFD05, there was no displacement induced by the root evolution since the seedling did not pass the germination phase. In this case, all displacements were assumed to be due to water evapo-transpiration. Moreover, it is noticed that the maximum displacement reached is about 2±0.5 pixels, which correspond to about 0.2 mm. Hence, the 1 st order displacements are considered as not caused by the root system.

In order to separate the displacements of the 2 nd from those of higher orders, two different colour shades are used (blue: 2 nd order; orange: 3 rd and 4 th order), as can be seen, e.g., in Figure 5.30. The displacement fields shown here are the cumulative displacements measured with respect to the initial configuration (Day 00), i.e., each displacement is the sum of the displacements from all previous time increments. Each 3D displacement field is superimposed on the root system (in green) of the corresponding time step to better highlight the effect of root growth on displacement fields. Non-zero displacement fields localise in the vicinity of the root system. Displacements first occur at the root tip, and then increase in magnitude as the root grows.

All the results presented below refer to samples, whose root system is observed and has grown in the same time sequence, under the same conditions and the same imaging parameters (during the second experimental campaign). Images used as input for DIC are down-scaled by a factor of two and the z axis direction corresponds to the axial direction of the specimen. Thus, negative values of vertical displacements imply that the sub-volume (grid element) displaces upwards. 

Concluding remarks from translation and rotation fields

Roots grow more easily in soil with lower initial bulk density. In the case of the maize root, the distance of influence of the root on soil porosity, displacement and rotation fields is wider for denser soils. Displacements occur around all the maize root elements with similar intensity. By contrast, chickpea produces a displacement close to the taproot body and the displacements around the tip are negligible. In both sand densities, the fibrous root system produces displacements larger than twice the mean grain diameter, in contrast with the results found for the taproot system. Maize roots have a wider zone of influence than chickpea roots. Variations of the displacement field with respect to the root axis are shown in Figures 5.42 and 5.43. At a distance of 1 cm, the median displacement recorded is of the order of D 50 (respectively, D 50 /2) for the denser (respectively, looser) configuration. The increase of displacement is attributed to the increase of laterals -noise in the signal-as the experiment proceeds. Water evapotranspiration induces grain rotation at the bottom of the container, mostly in specimens with a maize system. Investigations on a higher number of samples could help understand whether differences in the displacement or rotation field is due to the difference in RSA, to the specimen preparation technique, or to both. is defined as the maximum distance of influence. For S-MFD04, the primary root influences the soil over a radial distance of 3.13±0.6 mm, and over a vertical distance of 1.28 mm below the tip. For S-MFL01, the global analysis shows that root growth affects soil below the tip over a distance of 5 mm±1.28 mm. The local analysis with respect to the primary root on Day 01 shows that the radial distance of influence is about 9±1.52 mm. It can be concluded that the root effect, in terms of shear strain, propagates over a distance that depends on the initial density of the soil. Radially, shear strains influence soil kinematics over a wider area in the looser configuration (S-MFL01). On the contrary, below the tip, the effect of root shearing spreads over a greater depth in the denser case (S-MFD04).

Max projection of deviatoric strain field

Relation between shear and volumetric deformations in sand

In the following, the subvolume of soil engaged in shear (where the deviatoric strain is at least 1%) is analysed, in order to gain a fundamental understanding of soil dilatancy, defined as volume changes due to shear. The focus is on maize, which exhibits a more distributed root system than chickpea. Figure 5.54 illustrates the portion of soil taken into account for the dilatancy analysis for S-MFL01 and S-MFD04, the green dotted line indicates the portion of volume engaged with ε q > 1%. Dilatancy is assessed by plotting the increments of ε v as a function of the increments of ε q at the global scale of the RSA, at the local scale within the volume surrounding the primary and seminal roots, and at the local scale, in the sub-regions affected by the root tip. Each data point represents the couple [ε v , ε q ] computed in each correlation window, defined during the DIC computation. Consistent results are found throughout the scales of investigation. The cloud of points shown in Figures 5. 55, 5.56, 5.57 clearly show that for both bulk densities and both grain size distributions, large deviatoric strains ε q close to the root induce sand dilation. Further from the root, where ε q is lower, the densely packed fine sand exhibits a dilatant behaviour. In samples with looser fine sand, the soil is subject to contraction further away from the root. In coarse sand, no apparent pattern of behaviour can be identified, mainly because the roots are too thin compared to the grain size, and therefore, may have no significant influence on soil kinematics. Overall, the density function of the volumetric strain shows that contraction (negative ε v ) dominates in the looser specimen whereas dilation (positive ε v ) is slightly more predominant in the denser specimens.