Executive Summary

Materials, Sensing and Manufacturing are important parameters for developing physical models. Here the novelties in the three fields are explored, particularly concerning 3D Printing. Before starting the redaction of this report, an inquiry has been developed, thanks to our TU Delft colleagues, and transmitted to the whole GEOLAB community for feeding the most important points to be developed. This induced the structure in three parts more or less independent. The 1 st topic "New materials for critical infrastructures" has been leaded by Cedex; the second one, devoted to "New sensing" was directed by TUDelft, when the third one, directed by Uni Eiffel, illustrates "3D printing or additive manufacturing for physical modelling. Table 2- 

List of Tables

List of Figures

Figure 3-1. The Shape-Acceleration Array (SAA) (http://www.geo-observations.com/shape-arrays) .................... Figure 3-2. Druck PDCR 81 pore water pressure transducer [START_REF] Cabrera | Experimental modelling of granular flows in rotating frames[END_REF] 4-7 The impact of particle shape on mechanical response: (a) Sketch of a triaxial test procedure; (b) the change of stress-strain response from single spheres to dimers consisting of two rigidly connected spheres; (c) the rugged, nonlinear relationship between shape and stiffness for particles made from three adjoined spheres [START_REF] Miskin | Adapting granular materials through artificial evolution[END_REF] 4-36 Real and discretized liquid limit field in soil sample: (a) realisation of the random field for a liquid limit whose mean is 205% and coefficient of variation is 50% with correlation lengths of 12 cm in x and y directions and 4 cm in the z direction; (b) discretisation of the liquid limit field in terms of soil type [START_REF] Pua | Reproducing the inherent variability of soils using a three-dimensional printer[END_REF] During Transnational Access (TA), users outside the consortium gain access to the GEOLAB installations to perform research and innovation. The scientific research community will use the enhanced capabilities of GEOLAB from the JRA to perform ground-breaking experiments. For CI managers and policy makers, the activities will result in a more comprehensive understanding of the challenges facing CI and evidence to base decision making upon. The construction industry will use GEOLAB to proof innovative solutions for the CI and so gain more leadership in the industrial and enabling technologies.

List of Abbreviations

There will be close interaction with Small and Medium-sized Enterprises (SME) that develop user-friendly engineering software from numerical modelling advances which are validated in the TA projects. We will explicitly challenge SME on sensing, new materials and other niches for innovative solutions, which will have spinoff in other fields of application, contributing to the competitiveness of Europe.

Networking Activities (NA) are another core element of GEOLAB, culminating in workshops and other outreach events that foster a digital and In Real Life community, thereby providing a productive channel to communicate with different stakeholder groups.

The GEOLAB consortium is a collaboration of renowned organizations coordinated by Deltares (the Netherlands).

Other consortium partners are: CEDEX Spain, NGI Norway, University of Cambridge (United Kingdom), Delft University of Technology (the Netherlands), University of Maribor (Slovenia), Technical University Darmstadt (Germany), ETH Zürich (Switzerland), Université Gustave Eiffel (France) and KPMG Future Analytics (Ireland).

More information: www.project-geolab.eu.

Joint Research Activities (JRA)

The Joint Research Activities (JRA) are an essential element of GEOLAB and contribute significantly to the declared overarching goal of the project by aiming for the following subordinate goals:

• Synergetic integration of experimental research infrastructure in the disciplines of subsurface behaviour (soil mechanics and hydrogeology), engineering (geotechnical, structural, engineering geology and environmental) and data science (ICT, advanced data analyses and virtual access)

• Improvement of physical modelling and measurements techniques beyond present state-of-the-art that allow for studying complex and interdisciplinary effects.

• Provision of guidance on and integration of data management methods (standardization); set-up of an open access database of well-documented experiments for efficient data exchange between installations and re-use of experiment data sets.

Consequently, JRAs are crucial to create synergy and stimulate innovation of the GEOLAB RI beyond present stateof-the-art. In alignment with the previously mentioned subordinate goals, JRAs comprise the following components:

• JRA1 "Guidance" improves and harmonizes the operation of our installations by conducting an inventory of the installations and development of GEOLAB user's manual, among others.

• JRA2 "Innovation" enhances the capabilities of GEOLAB by: (a) advancing physical modelling of the impact of climate change, aging and extreme events on CI; (b) developing 3D-4D measurement laboratory and field techniques; (c) using new materials and applying new sensing techniques.

• JRA3 "Data management" offers virtual access to a database of performed experiments that is suitable for future re-use of data and easy comparison across installations.

GEOLAB will disseminate achievements of the JRA work packages through journals publications, national and international conferences, workshops, as well as through other communication channels such as social media, website and personal contacts. The results of JRA1 "Guidance" will be published on the project website as valuable information to potential new users, new generation (NG) researchers, other laboratories and academia. JRA2 "Innovation" will display advances of the GEOLAB infrastructure and demonstration projects that highlight the interaction between physical and numerical models and between physical models and the environment. Finally, JRA3 "Data management" offers virtual access to a database of performed experiments that will become available to all stakeholders to allow for re-use of data.

The current report on New materials, new sensing and new manufacturing methods contributes to JRA2 "Innovation", informing the development of new investigation methods and innovative solutions based on the current challenges faced by society, RI owners and users, as well as on available technologies ready for adoption in GEOLAB facilities. New measurement techniques and transformative use of sensing networks can provide substantial advancement in experimental methods and improve the quality of the obtained data, information and results. Ultimately, high-density measurements and advances in physical modelling techniques, provide more, and possibly unexpected, insights into the behaviour of Europe's CI. The topics covered are very large, particularly if ones would include application of innovative technology, recommendations on how to test the application or how to use to enhance the GEOLAB RI. This is why the choice of the authors was to focus on three items, namely: 1) new materials, based on an inquiry done inside the GEOLAB group; 2) New sensing, using the experience of the experimentalist authors and the possible adaptability of existing sensors; 3) New manufacturing, limited to 3D Printing, which is a world by itself.

A lot of other items could have been included in such a deliverable, like smart materials, self-healing materials, Structural health monitoring, data driven maintenance, data and forecasting models, prefabricated retrofitting and nature base solution. Unfortunately, if all those topics present a real interest, it was not possible to include them in this deliverable.

New materials for critical infrastructures

Supervised by Jose ESTAIRE, Cedex 

Introduction

Some examples of new materials

Geofoam is expanded polystyrene (EPS) or extruded polystyrene (XPS) manufactured into large lightweight blocks. The blocks vary in size but are often 2 m × 0.75 m × 0.75 m. The primary function of geofoam is to provide a lightweight void fill below various civil engineering structures (highway, bridge approach, embankment or parking lot). EPS Geofoam minimizes settlement on underground utilities. Geofoam is also used in much broader applications, including lightweight fill, green roof fill, compressible inclusions, thermal insulation, and (when appropriately formed) drainage. Geofoam shares principles with geocombs (previously called ultralight cellular structures) which has been defined as "any manufactured material created by an extrusion process that results in a final product that consists of numerous open-ended tubes that are glued, bonded, fused or otherwise bundled together". The cross-sectional geometry of an individual tube typically has a simple geometric shape (circle, ellipse, hexagon, octagon, etc.) and is on the order of 25 mm across. The overall cross-section of the assemblage of bundled tubes resembles a honeycomb that gives it its name. Presently, only rigid polymers (polypropylene and PVC) have been used as geocomb material.

On other hand, biocalcification is a process in which calcite is formed in soil or civil structures due to action of microbes, especially urease-producing organisms. This phenomenon, known as microbiologically induced calcite precipitation (MICP), is dependent on the urease enzyme activity, and a large number of soil microorganisms are found to contribute to the process. Undesirable effects of biofilm formation resulting in biodeterioration in civil works have gained attention and have been extensively studied. However, the calcite precipitation for strengthening cement concrete, plugging of sand, remediation of cracks in granite and ornamental stone have proved to be successful [START_REF] Sarda | Biocalcification by Bacillus pasteurii urease: a novel application[END_REF].

And finally, LECA is a lightweight aggregate that is manufactured from clay heated in rotary kilns. During the manufacturing process, the clay expands making the grains to have a heterogeneous structure, formed by a rigid outer shell and a very porous core that gives it its characteristic lightness. Some of these voids are accessible, so they can be saturated, and others are inaccessible.

As it is a manufactured product, its characteristics (grain weight density, diameter, shell thickness) can vary depending on the specifications that are desired for the final use of the material. In civil engineering, the main applications are related to its use as a light fill in geotechnical works and in the manufacture of lightweight concrete.

LECA has been used successfully as a geotechnical fill in Europe for more than 40 years. [START_REF] Lehners | Verwendung Von Blahton Als Leichtbaustoff Beim Straßenbau Auf Wenig Tragf¨ahigem Untergrund, Erfahrungsbericht Über Durchgeführte Baumaßnahmen[END_REF] compiled numerous cases in which this product was used in abutment fills, embankments on soft soils or fillings attached to existing embankments. Some other guides [START_REF] Exca | Expanded clay LWA in CEA, Lightweight fill and thermal insulation products for civil engineering applications Installation and structural quality control on site[END_REF][START_REF] Arlita | Guía técnica[END_REF] summarized some of the many applications of this product in geotechnical engineering. In this type of work, one of the main precautions to consider is the maximum load applied to the filling, generally not greater than 150 kPa, to limit grain breakage. Another of the main uses of LECA is the manufacture of lightweight concretes (those with a weight density lower than 2000 kg/m3 are usually considered as such (Ministerio de Fomento, 2008). [START_REF] Rashad | Lightweight expanded clay aggregate as a building material-An overview[END_REF] compiled the main characteristics of both LECA used in concrete manufacturing and the concrete manufactured with LECA.

Procedures to test new materials

The first step in testing these new materials should be to perform the CEN standardized laboratory tests which are compulsory or recommended for the desired application. Usually, these standardized tests are focused in obtaining intrinsic characteristics of the materials, such as grain size distribution, weight density, strength, deformability and others. If the materials, either new or usual, fulfill all the CEN standard requirements is understood these materials will have a good performance inside the civil engineering structure. So, If the "new materials" fulfill all the requirements, their use in civil engineering construction should be allowed. However, in many cases, those standardized laboratory tests were developed for the usual materials which make them not completely suitable for these new materials. In these cases, some modifications in the laboratory procedures should be done to accommodate them to the material specific characteristics. This implies, in many cases, not to completely fulfill the standard requirements so further steps must be done.

Those second and further steps are usually to carry out what is called "performance testing" that can be defined as "the practice of evaluating how a system or a material performs in terms of responsiveness and stability under a particular workload".

In this context, the GEOLAB testing facilities are very suitable to carry out those "performance tests" in which the new materials will be subjected to the normal working conditions. The interpretation of the test results and the comparison with tests performed with usual materials will show the capabilities of these new materials to be used in CI.

New sensing

Supervised by Stefano Muraro and Amin Askarinejad, Technical University of Delft.

The capability to assess the performance of critical infrastructure to anthropogenic and environmental loads through physical modelling strongly relies on accurate actuation mechanisms capable of accurately reproducing complex loading histories. At the same time, understanding the complex soil behaviour and its interaction with structures can only be achieved through the interpretation of physical quantities (e.g. forces, displacements, acceleration, pressure, strains, etc.), measured from sensors implemented in tests. In recent years, sensing techniques have been advancing significantly towards smaller, compact, integrated, wireless and non-interacting.

In the following, some selected examples of innovative sensors related to different applications of physical modelling in geotechnical engineering are provided, specifically:

• Shape arrays are chains of rigid elements connected by flexible joints which can be instrumented with various types of sensors. Benefiting from their design, shape arrays are ideally suited for field applications where measurements over long distances are required. • Miniature sensors are much smaller in size compared with their bulkier counterparts, owing to advances in silicon hardware, sensing technologies and manufacturing capabilities. These miniature sensors offer the same functionality as their bulkier counterparts and thereby offer users the possibility to minimize unwanted interaction between the sensor and the surrounding medium. • Multifunctional sensors use a single casing to house several (types of) sensors. This allows measuring several physical quantities in one discrete point. • Fibre-optic sensors use fibre optics technology to conduct measurements or to relay signals from a remote sensor. The signals are interpreted by an optical interrogator, which converts the signals into the appropriate physical unit. Due to their small size, high accuracy and reliable performance in challenging environments, the demand for fibre-optic sensors in the field of physical modelling is rising. • Wireless sensing systems possess the same functionalities as their wired counterparts but eliminate the need to maintain a wired connection between the sensor and data acquisition system (DAQ). The possibility to transmit data wirelessly mitigates the risk of cable damage. Furthermore, it allows for more flexible sensor placement and eliminates the risk of sensor/sample disturbance due to the physical connection to the DAQ. For some physical modelling applications, the use of wireless sensing systems is therefore the preferred solution.

• Non-contact measuring systems allow users to measure various physical quantities without direct interaction with the object of interest. An example of this technology is Particle Image Velocimetry (PIV). • Ballast particles with triaxial accelerometer embedded, a specific development from Cedex track box.

Shape-Acceleration Array system (SAA)

Zheng Li, University Gustave Eiffel.

The Shape-Acceleration Array (SAA) is a new type of sensor developed very recently (Figure 3-1). It contains an array of rigid segments separated by joints that move in any direction but do not twist. The SAA takes advantage of developments in Micro-Electro-Mechanical Systems (MEMS) technologies (Geotechnical Observations Ltd. & Measurand Inc., 2018). MEMS gravity sensors are used to measure tilt in two directions, while processors transform the position of each joint to produce shape and change of shape. This sensor array is capable of simultaneously measuring 3D ground deformations and 3D soil vibrations up to a depth of one hundred meters. The significance of the SAA is its wireless data transmission and the accuracy of the deformation measurement. The SAA is capable of measuring in situ (field) 3D ground deformation every 0.305 meters and 3D soil vibration at 2.4 m intervals. The system accuracy of the SAA can reach ±1.5 mm per 30 m based on the study from a large number of datasets. This sensor array can be installed both vertically, similar to the traditional inclinometer casing, and horizontally. Installation and removal of SAA are extremely simple because it does not require the joining of individual sensors in the field and the single wire output from an SAA means there is very little wiring work during installation. The SAA can be used in vertical, horizontal and circular orientations. For inclined and near-vertical orientations (< 60 degrees to the vertical), SAA will record three-dimensional coordinates of each joint and for horizontal arrays, settlement can be recorded. For the application in circular orientations, it can be used for measuring convergence in tunnels and sewers. SAA sensor has already been applied in the field quasi-static measurement, such as monitoring the soil deformation of the bridge abutment [START_REF] Abdoun | Real-Time Construction Monitoring with a Wireless Shape-Acceleration Array System[END_REF]. SAA can also be used in measuring the dynamic response of soil movement under earthquakes (Xu et al., 2020).

Miniature pore pressure transducers without pre-saturation

Zheng Li, University Gustave Eiffel.

Over the past 30 years, the PDCR-81 (Figure 3-2) pore pressure transducer (PPT) has been a standard instrument for measuring pore pressures in centrifuge experiments. [START_REF] Cabrera | Experimental modelling of granular flows in rotating frames[END_REF] For a typical PPT used in soil testing, a porous filter is normally realized inside the sensor to remove the influence of soil effective stresses on the recorded output. However, the response of diaphragm PPTs is affected by the presence of these filters, through which pore fluid will flow in to deflect the sensing diaphragm (Stringer et al., 2014). To reduce the influence of the filter, a perfect pre-saturation is required. However, in the large-scale test, e.g. 1g shaking table or centrifuge test, it is almost impossible to have a pre-saturation of the filters once they are instrumented in the model. Therefore, it is of great interest to develop a new type of pore-pressure sensor which requires no pre-saturation process. Recently, a double diaphragm type of pore water pressure transducer P306-A was developed by SSK, Co., Ltd. (Figure 3-3). Instead of using a porous stone as the filter, this type of pore pressure transducer uses a layer of grease to protect the sensitive measuring cell. The great advantage of this pore pressure sensor is its simplicity of use without a pre-saturation process. P306-A A linear installation pattern along the centreline of the liquefaction tank (LT) was selected as the one which represents the overall kinematic of the ideally planestrain inclined flat bed with minimum boundary effects inside the LT. MS sensors were suspended above the centreline of the LT using the data cables. The length of the data cables was arranged so that they could reach the desired depth within the sand layer (e.g., the middle of the sand layer). As shown in Figure 3-5 (b) and (c), the sensors were installed above the tank before the fluidization stage and they settled down along with the soil particles when the upward flow was terminated. This method ensures a minimum disturbance in the loose sand specimen due to the installation of the sensors. It should be noted that, since the sensors were connected to flexible data cables, their location may not be exactly in the middle of the sand layer due to the possible local bending of the cable. The data is complemented by standard miniature pore pressure transducers embedded in the soil mass that allow the radial distribution of excess pore pressure to be measured. The pore pressure sensor is produced by FISO and is made of a Micro-Opto Mechanical System (MOMS) bonded to the tip of a fibre optic [START_REF] Pinet | Fabry-Pérot fiber-optic sensors for physical parameters measurement in challenging conditions[END_REF]. This system is composed of a deformable membrane (mechanical part) which is assembled over a cylindrical cavity. The membrane deflects towards the base of the cavity when external fluid pressure is applied and this results in a decrease in the length of the sensing cavity (Figure 345678). • Installation

Optical fibres were installed at the interface of the pile and the soil and were housed by capillary tubes (with an inner diameter of 0.8 mm). The capillary tubes were embedded into the outer periphery of the model piles. By filling the capillaries with silicon oil, and subsequently closing them off at the top with a water-resistant silicon adhesive, a closed chamber is obtained in which pressure fluctuations along the shaft can be monitored. At the bottom of the capillary, a small slit (behind which a filter is installed), allows for the transmittance of pressure from the pore fluid at the interface to the sensor. An advantage of this installation method is that the sensors follow the movement of the pile.

• Measurement results

To capture the development of excess pore fluid pressure during the driving operation, static pore fluid pressure sensors (SPS) are installed in the soil layer. The results of the pore pressure measurements as a function of the model time and centrifugal acceleration are presented in Figure 3-9. Both conventional and optical fibre pressure sensors were installed at similar depths with respect to the soil surface. Both sensors measure an increase in the hydro-static pressure due to the increase of centrifugal acceleration. A very good agreement is seen between the two measurements. Moreover, the decrease in the centrifugal acceleration and its effect on the hydrostatic pore pressures is very well captured by both sensors.

The optical fibre sensor shows higher values of pore pressure after installation compared to pre-installation measurements. This increase in hydro-static pore pressure indicates the added embedment of the pile. Whereas, the static PPT measures equal values before and long after the hammering. The area confined by the rectangular zone in Figure 3-9 shows the time span of pile driving and the details of the measurements in terms of excess pore pressure (EPP) development are shown in Figure 3-10. Optical sensor which is installed at the interface of the dense sand and the driven pile has measured the accumulation of negative pressures over a set of consecutive blows. At its peak, the under-pressure is about 5 kPa, equivalent to a decrease of about 10% with respect to hydrostatic conditions. Hence, it is cautiously stated that for dense sand samples as used for this research, the accumulation of positive excess pore water pressures in the vicinity of the pile is non-existent. Hence, a state of soil liquefaction seems to be ruled out in this zone. However, the limited resolution of the data logging rate inhibits the further exploration of pore pressure generation at the soil-pile interface. On the contrary, the pore pressure transducer installed with a radial distance of about 0.3 times the pile diameter measures a 30% increase in the pore pressure with respect to the initial hydro-static values pre-installation. From a practical point of view, it could be concluded that the largest challenge lies in the area of sensor fixation and the saturation of the capillary tubes, which might tend to leak oil during the experiments. Moreover, it was observed that it would be beneficial to increase the measurement frequency of these sensors. However, it should be noted that the intrinsic data logging rate of the system used was limited to 125 Hz.

Wireless sensing systems

Zheng Li, University Gustave Eiffel.

Instruments, such as pore pressure transducers, geophones, accelerometers, settlement monitors, and inclinometers, are commonly used in geotechnical fieldwork. Traditionally, these instruments have been used with cable-based data acquisition (DAQ) systems which restrict their placement only in urban areas and construction sites. On the contrary, wireless sensing systems are compatible with many geotechnical instruments and represent an improvement over tethered DAQ by eliminating concerns about maintaining a wired connection between instruments and a global DAQ. Additionally, wireless sensors are endowed with both memory capacity and embedded data processing resources. For example, wireless sensor networks (Figure 3-11) can maintain recorded data at the node so that the data can be locally processed or held until the transmission is possible. Benefiting from their durability, economical pricing, and the previously mentioned advantages, wireless sensors have huge potential for wide use in geotechnical engineering. With a little more research and experience, it can be foreseen that the health monitoring of buried infrastructure could also become a mature area like what structural health monitoring is now. Potential applications, where wireless sensors could advance the current state of geotechnical engineering practice, include monitoring strain in buried pipelines and tunnels, recording vibrations near construction or blasting sites, measuring foundation settlement, and providing early warning of slope instability [START_REF] Saftner | The use of wireless sensors in geotechnical field applications[END_REF].

In the field of geotechnical centrifuge test, [START_REF] Gaudin | A wireless high-speed data acquisition system for geotechnical centrifuge model testing[END_REF] describe a novel high-speed wireless data acquisition system (WDAS) developed at the University of Western Australia for operation onboard a geotechnical centrifuge, in an enhanced gravitational field of up to 300 times Earth's gravity. The WDAS system (Figure 3 

Non-contact measuring by Particle Image Velocimetry (PIV) method

Zheng Li, University Gustave Eiffel.

PIV is a velocity-measuring technique that was originally developed in the field of experimental fluid mechanics [START_REF] Adrian | Particle-imaging techniques for experimental fluid mechanics[END_REF]. The technique was originally implemented using double-flash photography of a seeded flow. The resulting photographs contain image pairs of each seed particle. For PIV analysis, the photograph is divided into a grid of test patches. The displacement vector of each patch during the interval between the flashes is found by locating the peak of the autocorrelation function of each patch. The peak in the autocorrelation function indicates that the two images of each seeding particle captured during the flashes are overlying each other. The correlation offset is equal to the displacement vector. The aforementioned process is illustrated in Figure 3-13. A modified approach has been used to implement PIV in geotechnical testing. Whereas fluid requires seeding with particles to create features upon which image processing can operate, natural sand has its own texture in the form of different-coloured grains and the light and shadow formed between adjacent grains when illuminated. Texture can be added to an exposed plane of clay by the addition of coloured 'flock' material or dyed sand (White et al., 2003).

PIV method can be also generalized to measure the dynamic motion of a moving system such as the vibration of structures, the movement of cars etc. Recently, for the application of PIV in the centrifuge test (Figure 3-14), Sinha et al. [START_REF] Sinha | Use of Photron cameras and TEMA software to measure 3D displacements in[END_REF] describe the first combined use of new high-speed Photron cameras and the TEMA Classic 3D software at the Center for Geotechnical Modeling (CGM) at University of California, Davis (UCD). The cameras and their mounting, as well as the target markers, lighting, camera calibration, and camera triggering, are described, followed by a discussion on the software options selected for the analysis of videos recorded in a centrifuge model test conducted on the 9 m-radius centrifuge. The results presented show that this method is effective and reliable in obtaining the positions, displacements, velocities, and accelerations of the targets. 

Ballast particles with triaxial accelerometer embedded -cedex track box

Jose Estaire, Cedex.

Perhaps the most outstanding sensing systems at CEDEX TRACK BOX (CTB), is that one used in some ballast particles instrumented with triaxial MEMS (micro-electro-mechanical systems) accelerometers embedded.

Most of the railway track sections include a ballast layer, with an average thickness of 35 cm. These ballast particles have sizes ranging from 5 to 8 cm. The idea of transforming a ballast particle into a sensing device, such as an accelerometer, appeared at CTB as the ideal solution to measure the real accelerations of ballast particles during the pass-by of different (high) speed trains. This fact is so important, because the accelerations of ballast particles are directly related to the ballast degradation rate. This technology has been used in several in situ campaigns, as the ones performed for the European Project C4R (Capacity for Rail, 2017), and described in the Appendix 8.2 "Insitu test campaigns in Madrid-Barcelona HSL".

For that reason, some CTB ballast particles were drilled, and a triaxial MEMS accelerometer was inserted, and fixed with epoxy, into each one. The three-vibration axis of the embedded accelerometer can be determined as long as the accelerometer cable is in the X-axis direction. Figure 3-15Figure 3-15 shows two photographs with some of the ballast particles used in the tests. The following table summarizes the characteristics of the accelerometer embedded into each ballast particle. 

External conditioning

Metallic box with a 9 V battery supply and connectors for the three axis output.

Ballast particle with the conditioning system, and all the cables: one for the direct output of the accelerometer, and other three for each vibration axis.

Improvement CTB ballast particle project CEDEX TRACK BOX is planning to achieve a better approach for ballast particles instrumented with accelerometers.

The best idea would be to have a wireless ballast particle, with no cables, so that it would be easier to install in the ballast layer.

To accomplish that, both the bias system and the transmission data system must be replaced for other systems which do not need cables. As regard the bias system, it could be substituted by a small "power pad" inserted into the ballast particle. And for the transmission data system, the best choice would be to use an "Arduino pi mini", also inserted into the ballast particle.

3D Printing (3DP) or Additive Manufacturing for physical modelling

Supervised by Luc THOREL and Zheng LI, University Gustave Eiffel

Introduction

Luc THOREL and Zheng LI, University Gustave Eiffel "3D printing, also known as additive manufacturing, is the exact opposite of the traditional way of making objects. Instead of machining or "subtracting" material to form an object -much like how a sculptor cuts away clay -3D printing adds layer upon layer of material to build an object, but only where it's needed. Product designers and engineers upload a digital (Computer Aid Design or CAD) file to a 3D printer, which then prints a solid 3D object. Thermoplastics are the most frequently used materials, but the technology also includes photopolymers, epoxy resins, metals, and more. Cutting-edge bioinks, which use a mixture of human cells and gelatin, have also been leveraged to 3D print complex tissue models. Even edible materials such as chocolate are being used in 3D printers." (Stratasys, 2022) Today, 3D printers are everywhere, for instance in the electronics [START_REF] Chua | 3D printing and additive manufacturing of electronics. Principles and applications[END_REF]. "Since the early 1980s, 3D printing has evolved into a global industry. Before 3D printing, product designers and artists lived in a twodimensional world, creating designs on paper. If a 3D model was necessary, designers had to build it by assembling parts or sculpting from blank solids. These models, also known as prototypes, were time-consuming and expensive to build. In the 1970s, CAD software emerged to improve the design process. Designers replaced tedious hand drawings with computer sketches. This saved money and time, but they still didn't have an easy way to create a model." [START_REF] Pearson | 3D printing history[END_REF] Jaber ( 2020) has made a review of the use of 3D printing in Rock mechanics, mentioning that "global revenues generated by 3D printing in 2012 were $2.204 billion (Wohlers, 2013). This income is continuously growing (Wohlers, 2019). Additive manufacturing finds its place in the markets of different fields (construction of validation models for industries, construction of architectural models, construction of spare parts for some machines such as the washing machine, medical and dental field, automobile, etc. [START_REF] Berman | 3-D printing: The new industrial revolution[END_REF]. This growth is due to the ease and speed of the technology, as well as the variety of manufacturing processes adapted to different types of materials. We can note as an example the additive manufacturing of polymers, metals, papers and composites, plaster, and pasty materials. In the geotechnical field, the use of additive manufacturing remains limited. The applications of 3DP can be classified into two main families: modeling of structures by 3DP for study their behavior as well as the soil-structure interaction [START_REF] Feng | Mechanical properties of structures 3D printed with cementitious powders[END_REF][START_REF] Ritter | 3D printing of mansonry structures for centrifuge modelling[END_REF]Stathas et al., 2018), and a modeling of test specimens are constructed by 3DP to characterize them mechanically and compare their behavior to that of geomaterials (small-scale physical modeling) [START_REF] Cui | Effect of joint type on the shear behavior of synthetic rock[END_REF], Ishibashi et al. 2019)".

3D printing techniques

Luc THOREL and Zheng LI, Université Gustave Eiffel

In the ISO standards (2015) seven process categories are identified. They are detailed below.

4.2.1. Binder jetting Additive manufacturing process in which a liquid bonding agent is selectively deposited to join powder materials.

A powder-based process similar to SLS, except that the powder is fused by a binding agent rather than a laser. This technique has been used among others by: [START_REF] Kittu | Characterization of additive manufactured particles for DEM validation studies[END_REF], [START_REF] Sharafisafa | Characterisation of mechanical behaviour of 3D printed rock-like material with digital image correlation[END_REF], [START_REF] Ritter | 3D printing of mansonry structures for centrifuge modelling[END_REF] , [START_REF] Gomez | Experimental Investigation of the Mechanical Behavior and Permeability of 3D Printed Sandstone Analogues Under Triaxial Conditions[END_REF], [START_REF] Braun | Design of sandbased, 3-D-printed analog faults with controlled frictional properties[END_REF] 

Directed Energy Deposition (DED)

Additive manufacturing process in which focused thermal1 energy is used to fuse materials by melting as they are being deposited. For instance, mechanical properties of as-printed 316L stainless steel thin-walled structures (Figure 4-2) obtained by directed energy deposition have been investigated [START_REF] Margerit | Tensile and ductile fracture properties of as-printed 316L stainless steel thin walls obtained by directed energy deposition[END_REF]. [START_REF] Margerit | Tensile and ductile fracture properties of as-printed 316L stainless steel thin walls obtained by directed energy deposition[END_REF].

Material extrusion

Additive manufacturing process in which material is selectively dispensed through a nozzle or orifice.

Fused deposition modeling (FDM)

"In 1988, S. Scott Crump was looking for a simpler way to make a toy frog for his daughter. Using a hot glue gun, he melted plastic and poured it into thin layers. He called the invention of Fused Deposition Modeling (FDM).

His machine melted and layered plastic filaments onto a flat surface. The shape formed as the plastic cooled. He then used numerically-controlled (NC) software to automate the process. With patent in hand, Crump and his wife Lisa went on to found Stratasys. FDM® is now used in many 3D printers. » [START_REF] Pearson | 3D printing history[END_REF] Fused Filament Fabrication (FFF) is another name for FDM (Ultimaker 2022): "An FFF printer extrudes a thick string of material, commonly referred to as filament, through a heated nozzle. The nozzle is mounted on a motion system that moves it around a build area, where melted filament is deposited onto a build plate. As the material cools and solidifies, the build plate moves down by a fraction of a millimeter layer by layer until the object is complete. FFF is the most commonly used 3D printing technology, due to its ease of use and lack of reliance on harsh chemicals. FFF uses a thick string of raw material, commonly referred to as filament. Filament is a constant width of either 1.75 mm or 2.85 mm, and is typically a thermoplastic that is delivered on a spool. The FFF process extrudes the filament through a heated nozzle, which is mounted on a motion system that moves it around a build area. Melted filament from the nozzle is deposited onto a build plate, where it cools and solidifies to form a layer. The bed then moves down by a fraction of a millimeter to start another layer. The process is repeated until the complete object is formed." 

Powder Bed Fusion (PBF)

Additive manufacturing process in which thermal energy selectively fuses regions of a powder bed. The principle of powder bed fusion is the use of heat energy to melt a fine layer of powder previously laid down by a roller on a build plate. A review is available in Soundararajan et al. ( 2021).

Selective Laser Sintering (SLS) 4.2.6. Sheet lamination Additive manufacturing process in which sheets of material are bonded to form a part. It combines the addition and subtraction of material: sheets or plates of material are cut up using a cutting system (laser, cutting tool, ultra-sound, etc.), stacked and then bonded to one another (positioning, glueing, ultrasonic welding, or possibly the use of inserts, etc.) to form the product [START_REF] Laverne | Additive manufacturing. General PinciplesPrinciples[END_REF].

Vat photopolymerization Additive manufacturing process in which liquid photopolymer in a vat is selectively cured by lightactivated polymerization (typically UV radiation from lasers or lamps).

This technique has been used among others by: [START_REF] Hanaor | 3d printable geomaterials[END_REF].

Stereolithography Apparatus (SLA)

"In 1982, Chuck Hall was a design engineer trying to solve a manufacturing problem. In an interview he explained the problem [START_REF] Hull | Take 5: Q&A with Chuck Hull, Co-Founder, 3D Systems[END_REF]: "The process then was, you design the part, then do blueprints of the part, discuss it with a toolmaker who would make the mold for the plastic part. Then that mold would go to a molder who would inject that first part. At least six weeks later, maybe eight weeks, you would see your first part." Hall went on to patent a design for the stereolithographic (SLA) 3D printer. He used UV light to bind polymers into layers. The light strikes a layer of polymer (a UV-curable resin) that hardens and then lowers into a bath of liquid polymer. Each layer hardens until the shape formed. » (Pearson, 2022) The resin is poured into a glass-bottomed container, into which a build platform is submerged. A laser shines UV light on the resin to selectively harden a cross-section of the required shape. The platform gradually raises out of the container to build up the print (Ultimaker, 2022). 

DLP (Direct Light Processing)

A resin-based process similar to SLA. Instead of a laser curing an individual point of resin at a time, DLP uses light to project an image of the entire layer into the resin (Ultimaker, 2022).

Continuous Liquid Interface Production (CLIP)

A liquid resin is polymerized by an ultraviolet laser in an environment where the oxygen content is controlled (FuturaSciences, 2022). 

Conclusions

Granular material printing

Huan WANG, Technical University of Delft.

Understanding the micromechanical origins of the behaviour of granular materials is of increasing interest across multiple disciplines in science and engineering. In a broad range of naturally occurring granular materials, including soils, sediment particles, sand rocks and minerals, there is a need to establish better relationships between the multi-scale particle morphology of these geomaterials and their mechanical, hydrological and rheological performance [START_REF] Hanaor | 3d printable geomaterials[END_REF]. In the past years, many experimental studies have been performed to study the mechanical and hydraulic behaviour of granular materials using different natural sands [START_REF] Cho | Closure to "Particle Shape Effects on Packing Density, Stiffness, and Strength: Natural and Crushed Sands[END_REF][START_REF] Lee | Micaceous sands: Microscale mechanisms and macroscale response[END_REF][START_REF] Altuhafi | Analysis of an image-based method to quantify the size and shape of sand particles[END_REF][START_REF] Shin | Role of particle angularity on the mechanical behavior of granular mixtures[END_REF][START_REF] Altuhafi | Effect of particle shape on the mechanical behavior of natural sands[END_REF][START_REF] Hafez | The effect of particle shape on discharge and clogging[END_REF]. However, limited by the observation techniques, it is still difficult to establish the micro-structure of granular to its bulk properties. Alternatively, the molecular dynamics (MD) or discrete element modelling (DEM) simulations provide a new investigation strategy to directly quantify the particle shape on bulk properties. However, most of the existing MD or DEM studies are limited to sphere shape particles. Recently, the improvements in the capabilities and cost-effectiveness of 3D printing technologies, combined with the availability of computational resources that permit high-resolution simulations, have made it possible to produce grain morphologies representative of real geomaterial particles in large quantities. The ability to print surrogate granular material opens the door to new research methodologies that can assist in establishing the micromechanical origins, and the role of morphology and material properties, in the behaviour of granular materials. This chapter therefore provides a comprehensive review on the existing research involving the application of 3D printing technique in the study of granular materials, including both the mechanical and hydraulic behaviour. [START_REF] Pol | Kinematics and shear-induced alignment in confined granular flows of elongated particles[END_REF] have explored the use of 3D printed grains for understanding the effect of particle shape on the kinematics and the shear-induced alignment of elongated particles in confined, heterogeneous granular flow conditions. The aim of the research is to understand the impact of particle shape on the rheology, which can be critical both in industrial and natural flows (mobility of avalanches and rockfalls). Sphero-cylindrical particles with different aspect ratios were prepared by FDM, and granular flow experiments were conducted in an annular shear cell with a rotating bottom wall and a top wall permitting confinement of the flow. The 3D printing technique allowed for preparing materials with different colors, which was useful for characterizing flow kinematics and particle orientation statistics by particle tracking using optical imaging. While translational velocity profiles were surprisingly not influenced by particle shape, rotations were found to be highly frustrated for elongated particles. In addition, a clear shear-rate dependency of the proneness of a particle to rotate is observed, with a stronger inhibition in low shear zones, which are characterized by larger relative velocity fluctuations. The orientation distributions of particles were also studied, together with the correlation of the instantaneous orientation with the angular velocity fluctuations. The richness of the results, which the authors are currently comparing to DEM simulations, witnesses of the benefits of the 3D printing technique for preparing model granular materials for laboratory testing.

4.3.1.

Study on the mechanical behaviour of granular materials [START_REF] Miskin | Adapting granular materials through artificial evolution[END_REF] performed a series of molecular dynamics (MD) simulations to study the influence of the particle shapes on packing stiffness. In each case, triaxial test was performed on the randomly packed particles under the same pressure from all axes, as shown in Figure 4-7 (a). To validate the finding from the MD simulations, the 3D printing technique was used to replicate the granular molecules (Figure 4-7 (b), (c)), confined and compressed under conditions similar to those of the simulations. The good agreement between the simulations and the experiments asserts that the 3D printing can be used to calibrate or validate MD simulations. (c) the rugged, nonlinear relationship between shape and stiffness for particles made from three adjoined spheres [START_REF] Miskin | Adapting granular materials through artificial evolution[END_REF].

Since the Additive Manufacturing (AM) technologies can be used to create 3D objects of any shape layer-by-layer, theoretically, DEM validations using a wide range of shapes and more realistically replicating natural sands and gravels can be performed using these AM particles as analogue soils. It should be noted however that the material properties of 3D printing materials are different from that of typical soil (i.e. quartz) with much smaller stiffness.

In this case, characterization of the AM material is essential to ensure its suitability for laboratory testing and to determine the intrinsic material property inputs into the DEM models. [START_REF] Kittu | Characterization of additive manufactured particles for DEM validation studies[END_REF] studied the material properties and surface characteristics of gypsum-epoxy composite (used in a binder-jetting printer) and a photopolymer resin (used in a stereolithography (SLA) system). The models of spheres and cylinders shape with different diameters were printed and tested in the inter-particle friction test and the Rockwell test as shown in Figure 4-8. Young's modulus, Poisson's ratio, shape, surface roughness, and inter-particle friction angle were measured for different material type particles. It was also found that the gypsum spheres exhibited a Hertzian behavior and the AM material is feasible for use in DEM validation studies. However, extra consideration should be given to the variability of the material properties, as discussed in Watters et al. ( 2017). Although the Additive Manufacturing (AM) 3D technologies can produce the particles with any shape, most studies are still limited to spheres and a small set of anisotropic shapes, such as ellipsoids and rods. Recently, some progress has been made by systematically investigating the microstructural configurations of more complex shapes including faceted polyhedra. However, the particular focus was on finding the highest achievable packing fraction (Torquato and Jiao 2009;[START_REF] Schaller | Densest local structures of uniaxial ellipsoids[END_REF]) instead of the mechanical behaviour. It should be also noted that those studies are all based on DEM simulations without experimental validation. To fill this gap, Athanassiadis et al. ( 2014) presented a comprehensive study on the stress response of packings formed from a wide range of particle shapes. Besides spheres, these also include convex shapes such as the Platonic solids, truncated tetrahedra, and triangular bipyramids, as well as more complex, non-convex geometries such as hexapods with various arm lengths, dolos, and tetrahedral frames (as shown in Figure 4-9(a)). All particles were 3D-printed on an Objet Connex 350 3D-printer, using 50 mm print resolution and a UV-cured resin ("Vero White Plus", Objet Geometries Inc.). Well-defined initial packing states were established through preconditioning by cyclic loading under given confinement pressure. Starting from such initial states, stress-strain relationships for axial compression were obtained at four different confining pressures (i.e. 1 kPa 10 kPa, 35 kPa and 80 kPa) for each particle type. It was found that particle shape controls the details of the stress-strain curves and can be used to tune packing stiffness and yielding. For example, while cubes pack most densely under the sample preparation conditions, they exhibit a smaller initial slope and lower onset stress for yielding than the tetrahedra and octahedra (as shown in Figure 4-9(b)), which pack at lower density. Based on the experimental results, correlation of the measured values for the effective Young's modulus under compression, yield stress and energy loss during cyclic loading with particle shape was established. This provides a set of base lines in terms of the performance that can be expected from different shapes, which can help selecting the proper particle shape for the simulation of different problems. The ability to print surrogate granular material opens the door to new research methodologies that can assist in establishing the micromechanical origins, and the role of morphology and material properties, in the mechanical [START_REF] Hanaor | Scalable surface area characterization by electrokinetic analysis of complex anion adsorption[END_REF]Russel, 2014) and hydraulic [START_REF] Fraysse | Humidity effects on the stability of a sandpile[END_REF] behaviour of granular materials. For example, [START_REF] Gupta | Open-source support toward validating and falsifying discrete mechanics models using synthetic granular materials-Part I: Experimental tests with particles manufactured by a 3D printer[END_REF] combined the powerful micro-CT and 3D printing technique to extract particle shape features of a real sand grain and replicate it using the 3D printer. In this study, a ''boxes printing'' approach (Figure 4-10(c)) was used which allows to print 100 grains together in a box instead of one single particle. This approach utilizes the characteristic of SLS printing method where all grains in a box are physically separated by easily removable not sintered plastic powder resulting 100 individually separable grains in each box. The raw materials used to manufacture the synthetic particles is Polyamide 2200, a synthetic polymer commonly used for 3D printing. As shown in Figure 4-10, the surficial characteristics of a real sand grain can be well captured by the micro-CT and replicated by the 3D printer. The oedometer tests (Figure 4-11) were then performed on a specimen composed of the printed particles of identical size and shape to create benchmark cases for calibrating and validating discrete element models. Results from digital image correlation on the synthetic sand assemblies reveal that the fracture and fragmentation of the synthetic particles are minor, which in return makes particle position tracking possible. The study proves that the 3D printing technique opens doors for modelers to design further controlled experiments using synthetic granular materials such that the individual influence of each morphological feature of granular assemblies (e.g., shape and size distribution, void ratio, fabric orientation) can be individually tested without being simultaneously affected by other variables.

(a) (b) Figure 4-11 Oedometer test using the printed particles: (a) 3D view of the reconstructed image slack and the stress-strain response of oedometer test; (b) particle displacement from image analysis [START_REF] Gupta | Open-source support toward validating and falsifying discrete mechanics models using synthetic granular materials-Part I: Experimental tests with particles manufactured by a 3D printer[END_REF].

To further evaluate the performance of 3D printing to create an artificial granular medium that reproduces the morphological characteristics of a natural sand, [START_REF] Adamidis | Assessment of Three-Dimensional Printing of Granular Media for Geotechnical Applications[END_REF] combined the microcomputed tomography (μCT) scanning and the 3D printing technology. The 3D geometry of individual Hostun sand grains was captured first using the μCT. The PolyJet was then employed to print the particles with the same 3D geometry. The PolyJet was selected because it provides an avenue for nonmanual support material removal using a caustic solution bath and it is quick and affordable and can thus be used to efficiently produce thousands of grains. However, it should be noted that the resolution of 40 μm of PolyJet is insufficient for printing the scanned particles in real scale with adequate detail. Thus, scaling up was necessary. In this study, difference scaling up factor were adopted, namely 4, 8 and 16.

Figure 4-12 PolyJet 3D printing process (Adamidis et al.2019).

The 3D printed grains of scaling factors 4, 8, and 16 were then subjected to drained triaxial compression tests in the specimens of 50 mm in diameter and 100 mm in height prepared by wet pluviation in de-aired water. The test for scaling factor 16 was repeated to assess whether the 3D-printed media can be reused for triaxial testing. Results of Hostun sand tested at 10 kPa (same as the printed grains) and 270 kPa of initial confinement were also included in Figure 4-13. It can be seen that the 3D printed media can capture certain aspects of Hostun sand's shear response, where the stress ratio q/p' increased to a peak before reducing toward the critical state. In terms of volumetric response, the 3D printed media exhibited a more pronounced initial contractive phase than Hostun sand but did eventually dilate as expected. This increased initial contraction was likely due to the softer material of the grains, because particle shapes and packing were not that different from the specimens of Hostun sand. In addition, it was found the mechanical response of 3D printed media at 10 kPa is closer to that of real Hostun sand at a confining stress of 270 kPa instead of 10 kPa. This suggested that maintaining the same ratio of confining stress to stiffness of grain material for the 3D printed media as for Hostun sand is critical to produced good agreement in terms of maximum friction and dilation angle, as opposed to using the same level of confinement.

(a) (b) Figure 4-13 Triaxial test results using the printed grains: (a) axial strain-stress ratio response; (b) axial strain-volumetric strain response [START_REF] Adamidis | Assessment of Three-Dimensional Printing of Granular Media for Geotechnical Applications[END_REF]. [START_REF] Adamidis | Assessment of Three-Dimensional Printing of Granular Media for Geotechnical Applications[END_REF] emphasized that applications of using 3D printing technique where particle roughness is important should be avoided because this aspect of morphology cannot be reproduced with 3D printing. In applications where material stiffness is crucial, selective laser sintering or selective laser melting 3D printing should be considered as potentially preferential to PolyJet, thanks to the availability of much stiffer materials. In applications where particle shape, roundness, and packing are of interest, PolyJet 3D printing performs well, for example, when creating experimental setups for DEM validation.

The importance of choosing the right cell pressure for replicating the real grain behaviour using the 3D printed particles was also reported in [START_REF] Ahmed | Triaxial compression behavior of 3D printed and natural sands[END_REF]. In this study, drained and undrained isotropicallyconsolidated triaxial compression tests were performed on specimens composed of angular and rounded 3D printed and natural sands, as shown in Figure 4-14 and Figure 4-15. The test results from [START_REF] Ahmed | Triaxial compression behavior of 3D printed and natural sands[END_REF] indicate that the 3D printed sands exhibit stress-dilatancy behavior that follows well-established flow rules, the angular 3D printed sand mobilizes greater critical state friction angle than that of rounded 3D printed sand, and analogous drained and undrained stress paths can be followed by 3D printed and natural sands with similar initial void ratios if the cell pressure is scaled. The results suggest that some of the fundamental behaviors of soils can be captured with 3D printed soils, and that the interpretation of their mechanical response can be captured with the critical state soil mechanics framework. However, important differences in response arise from the 3D printing process and the smaller stiffness of the printed polymeric material. Same response was also observed in [START_REF] Ahmed | Modeling the mechanical behavior of coarse-grained soil using additive manufactured particle analogs[END_REF]. Apart from the strength and volumetric response, the shear wave velocity and shear modulus are also strongly affected by the shape and material properties of the printed particles. Ahmed and Martinez (2020) performed a comprehensive of bender element tests on the 3D printed sand analogs of different shape parameters (i.e., round and angular) and material properties (i.e., steel, glass, polymer). As shown in Figure 4-19, shear wave velocity and shear modulus measurements obtained with bender elements indicate that the dependency with mean effective stress and void ratio for the 3D printed materials is similar to that of natural sands. Apart from printing soil grains based on the microcomputed tomography (μCT) scanning, the concept of printable granular geomaterials offers an avenue to "standardize" soil for quality control and calibration in geotechnical testing. Instead of using the standard materials in geotechnical laboratories, like the mineral sands and soils from particular geological sources, the 3D printing technology allows us to fabricate uniform and consistent geomaterial specimens with controlled standardized properties. [START_REF] Hanaor | 3d printable geomaterials[END_REF] described the use of 3D printing to generate surrogate granular particles of irregular shape with the objective to create standard granular soils. Three different approaches are demonstrated for the 3D generation of model grains. The first method involves the superimposition of a fractal surface with higher level stochastic features on the face of a closed volume (FSO method), such as a geodesic spheroid. It should be noted that while generation of particles with fractal surface overlays allows a wide range of shapes to be generated, acquiring appropriate input parameters from natural geomaterials through morphological analyses is difficult owing to the complexity of meaningful multi-scale surface analysis.

Figure 4-20 Grains simulated using the FSO method [START_REF] Hanaor | 3d printable geomaterials[END_REF] The second method involves the use of Fourier descriptors or fractal geometry generated from two-dimensional (2D) cross-sections and their interpolation (CRI method) to produce simulated geomaterial particles in three dimensions. Although the grains generated by this method can exhibit irregularity typical of natural particles, the interpolation method currently employed yields some unrealistic parallel ridges.

Figure 4-21 Grains simulated using the CRI method [START_REF] Hanaor | 3d printable geomaterials[END_REF] The third method involves the generation of complex particles by the aggregation of polyhedral elements such as cubes or octahedra which is suitable for the simulation and fabrication of porous or branching particles. In contrast to methods, such as FSO and CRI, that generate particles by varying the surface structure of initial primitive geodesic spheroids or Voronoi type cells, the DPA method employs an aggregation algorithm to construct particles of varied porosity and volume fractality from many convex polyhedral primary particles.

Figure 4-22 Grains simulated using the DPA method [START_REF] Hanaor | 3d printable geomaterials[END_REF].

The morphologies obtained by the three methods can be fabricated using 3D printing methods and are further utilizable in DEM models. In the study of [START_REF] Hanaor | 3d printable geomaterials[END_REF], the 3D printer output from the polyjet fabrication of particles using these three methods were performed, as shown in Figure 4-23, Figure 4-24 and Figure 4-25. It can be seen that with the three different methods, grains with complex morphologies can be defined and printed. The benefits and drawbacks of each method are summarized and presented in 4-1 Summary of grain generation methodologies investigated in [START_REF] Hanaor | 3d printable geomaterials[END_REF] Triaxial tests was also performed on particles produced by the CRI method, which most readily allows input parameters to be obtained from natural geomaterials. As shown in Figure 4-26, the stress ratio (q/p′) of the denser specimen rises to a peak, before reducing, with associated dilation, towards an ultimate state, while the stress ratio of the looser specimen rises gradually and the specimen compresses throughout. The second test was a repeat test using the same particles to confirm the high resistance and also to investigate whether changes in shape of the soft particles could be influencing the shear behaviour. Although a few particles were noticeably changed, it can be seen that the bulk response is not significantly affected. These results from triaxial tests using the printed grains show the ability of the printed particles to reproduce soil behaviour, and demonstrate the effect of particle shape on the material response. (c) volume strain, axial strain [START_REF] Hanaor | 3d printable geomaterials[END_REF].

Study on the hydraulic behaviour of granular materials

As the pore complexity and micro-heterogeneity are pivotal in characterizing biogeochemical processes in soils, Dal [START_REF] Ferro | From Real Soils to 3D-Printed Soils: Reproduction of Complex Pore Network at the Real Size in a Silty-Loam Soil[END_REF] combined the X-ray computed microtomography (microCT) with 3D printing technology to evaluate the reproducibility of 3D-printing soil structures at the original scale and compared the hydraulic properties of original soil samples with those obtained from the soil-like prototypes. The printer (ProJet 3510 HD, 3D Systems, http://www.3dsystems.com/) was selected as it provided a fast prototype reconstruction with high resolution and available at a relatively low price. The 3D structure was printed with resin. The whole working flow is outlined in Error! Reference source not found.. To check the reliability of 3D printing technique for capturing the pore structures inside the soil, the saturated hydraulic conductivity K was measured with both constant and variable head method for both original soil and the printed prototypes. A result of X-ray computed microtomography (microCT) analysis of the spatial soil-like porosity and pictures of its 3D-printed copy is presented in Figure 4-28. It can be seen that the porosity of original soil can be re-constructed by the 3D printer. However, when comparing the measured hydraulic conductivity values, a significant difference can be observed in Figure 4-28(b). This is believed to be caused by the macropore surface smoothing and the hydrophobic nature of wax which ideally should be removed completely after 3D printing. Despite the deficiency, the microCT and 3D printing technology provide a completely new way to study the soil structure and its interaction with biogeochemical processes. In fact, a higher microCT scanning and 3D-printed resolution will favor the representation of the soil pore system at the nanoscale and its heterogeneity. Moreover, the use of soil-like materials will be able to model the physical-chemical interaction between water and the pore surface.

As the cohesion and capillary forces between grains are also governed by surface structures [START_REF] Fraysse | Humidity effects on the stability of a sandpile[END_REF], the 3D printing could be used to elucidate how microscale characteristics affect macroscale behavior. This is possible because the 3D printed media share the same coefficient of uniformity, the same packing, and practically the same morphological characteristics while having different grain sizes; a feat impossible to achieve with natural granular media. [START_REF] Adamidis | Assessment of Three-Dimensional Printing of Granular Media for Geotechnical Applications[END_REF] presented such an application where the hydraulic conductivity of the three available 3D printed media (as shown in As shown in Figure 4-30, a linear relation between the hydraulic gradient and the flow velocity was realized for Hostun sand (Scale 1 in Figure 4-30(a)) and for scaling factor 4 using water, as one would expect considering critical velocities. For the other two media, a linear relation was captured using the viscous HPMC solution. It is also worth pointing out how well Kozeny-Carman's formula performed in predicting hydraulic conductivity. The results of 2021) also explored water permeability of uniformly graded irregular grains using 3D printing with controlled shapes and fractal morphological features at low Reynold's number for viscous flow. In this study, the 3D Fourier Transformation was used to transform spherical surfaces into a sum of Spherical Harmonic (SH) function. A poly-jet layer-printing 3D printer (Objet Eden 250) with horizontal and vertical resolutions of 4 and 32 μm was used. The shape parameter inputs for the printed grains, the printed grains and the experimental setup are presented in Figure 4-31. 4-32(a) shows the measured absolute coefficients of water permeability as a function of porosity for different particle shapes. With the increase of Df (SH fractal dimension, representing the particle shape), the tortuosity of pores in porous media of same porosity becomes higher, resulting in lower permeability. Based on the experimental results, a modified Kozeny-Carman equation was proposed through more accurate determination of specific area, as a function of relative roughness and fractal dimension, than approximation using the volume-equivalent sphere. By isolating the contributions from specific area, the shape coefficient is found to be insensitive to particle morphology. Through benchmarking the model prediction against experiments from both this work and past literature, the validity and wide applicability of the modified Kozeny-Carman equation were checked.

Apart from the hydraulic response, the granular flow is commonly encountered across different fields including silo discharge in the food industry, cement production and the transport of mining products [START_REF] Hafez | The effect of particle shape on discharge and clogging[END_REF]. Migrating particles may jam and form arches that span constrictions and hinder particle flow. Most studies have investigated the migration and clogging of spherical particles. However, natural particles are rarely spherical, but exhibit eccentricity, angularity and roughness. The 3D printing technique provides the possibility to produce particles with any arbitrary shapes. Therefore, [START_REF] Hafez | The effect of particle shape on discharge and clogging[END_REF] studied the discharge of spherical, elongated, faceted, and non-convex particles during both dry granular and particle-laden fluid flow. Plastic particles of four different shapes: cube, 2D cross, 3D cross and sphere were printed with acrylonitrile butadiene styrene plastic filament, as shown in Figure 4-33. and peat beds are from [START_REF] Li | Coalescence of oil-in-water emulsions in fibrous and granular beds[END_REF], [START_REF] Carman | Fluid flow through a granular bed[END_REF]Mathvan andViraraghavan (1992), respectively;[START_REF] Hull | Take 5: Q&A with Chuck Hull, Co-Founder, 3D Systems[END_REF] relations between porosity and water permeability coefficients with lines for the proposed equation and data points for experimental data. The color orange and purple denote natural Ottawa sand and LBS particles. The unit of c0 is cm; (d) comparisons between experimental results and predictions of modified Kozeny-Carman equation, including two natural LBS (Taylor et al., 2017) and Ottawa sand [START_REF] Schroth | Characterization of Miller-similar silica sands for laboratory hydrologic studies[END_REF] particles. As shown in Figure 4-34, cubes and 3D crosses are the most prone to clogging because of their ability to interlock or the development of face-to-face contacts that can resist torque and enhance bridging. Spheres arriving to the orifice must be correctly positioned to create stable bridges, while flat 2D crosses orient their longest axes in the direction of flowlines across the orifice and favor flow. Intermittent clogging causes kinetic retardation in particleladen flow even in the absence of inertial effects; the gradual increase in the local particle solidity above the constriction enhances particle interactions and the probability of clogging. The discharge volume before clogging is a Poisson process for small orifice-to-particle size ratio; however, the clogging probability becomes historydependent for non-spherical particles at large orifice-to-particle size ratio and high solidities, i.e., when particleparticle interactions and interlocking gain significance. 

Conclusion

In this section, a comprehensive review was presented on the application of 3D printing technologies in the study of granular materials' behaviour. Amazing work has been done using the powerful 3D printing technologies to replicate the complex morphology of granular particles. It is clear that this new technology can already be used for validating the reliability of the molecular dynamics (MD) or discrete element modelling (DEM), at the same time, contributing to the multi-scale investigation of the mechanical and hydraulic behaviour of granular materials.

However, there is still a fundamental issue left to solve when using the 3D printing technologies in granular material studies: the different stiffness of the printing material and granular material (i.e. quartz) as one of the most important mechanical features of granular materials is their dependency on stress level. Bridging the behaviour of 3D printed granular materials (i.e. using much softer materials) with that of real granular materials (i.e. much stiffer) at different stress levels will be a challenge. In addition, the size and surface roughness of 3D printed particles are far from those of real granular particles. How to address this "scale effect" will be another challenge. In the end, although significant developments haven been made in 3D printing technologies, the efficiency of printing particles in large scale is still low relative to the number of particles we are facing in any problem involving granular materials.

Clay printing

Stefano MURARO, Technical University of Delft.

Execution of physical testing in geotechnics requires reproducing as accurate as possible soil field conditions in the laboratory. Thus, the natural variations and characteristics of the soil deposits must be incorporated during the model construction and monitored during testing to obtain significant results. Doing so requires developing and applying innovative and modern technologies and laboratory techniques to prepare models closer to natural conditions.

Innovative Sample Preparation

Soil masses are natural materials with complex physical, chemical and geological relationships that amount to sizeable natural variation and randomness at different scales. This variation leads to uncertainty in geotechnical engineering analysis and design. Traditionally, physical modelling and laboratory practices have tested and characterized the properties of soil materials through the assumption of homogeneousness. Thus, physical modelling often uses homogeneous layers of site materials and disregards the effects of natural soil variation, which can be substantial. This assumption contributes to the usual difference in the behaviour that is commonly expected between physical models and their real-scale counterparts. To increase the representativeness of the experimental results, the natural variations and characteristics of the soil deposits should be incorporated during the model construction and monitored during testing. This requires developing and applying innovative and modern technology and laboratory techniques to prepare models closer to natural conditions.

Recent research has explored different ways of preparing samples for centrifuge and laboratory testing that account for natural variation in fine grained soils. Garzon et al. (2015) used random field theory to model spatial variations of the liquid limit of clays within a soil mass and showed that it could be reproduced on a centrifuge testing sample by using coloured mixtures of kaolin and bentonite clays. A centrifuge model sample is constructed by depositing the clay mixtures via extrusion at water contents above the liquid limit in a grid-like array . Using this technique, Garzon et al. ( 2018) tested a shallow foundation in a centrifuge and found a reduction in bearing capacity with respect to the homogeneous case, as suggested by theory. Pua et al. ( 2018) and [START_REF] Pua | Reproducing the inherent variability of soils using a three-dimensional printer[END_REF] extended the extrusion concept and developed a 3D printer for clayey soils. As shown in Figure 4-36, a random liquid limit field was generated first for the soil sample using the random field theory whose mean is 205% and coefficient of variation is 50% with correlation lengths of 12 cm in x and y directions and 4 cm in the z direction. During the 3D printing of soil sample, the initial random field is discretised using eight types of homogeneous clays, which are mixtures of kaolin and bentonite. In addition, mineral colorants were added to differentiate the mixtures.

(a) (b)

Figure 4-36 Real and discretized liquid limit field in soil sample: (a) realisation of the random field for a liquid limit whose mean is 205% and coefficient of variation is 50% with correlation lengths of 12 cm in x and y directions and 4 cm in the z direction; (b) discretisation of the liquid limit field in terms of soil type [START_REF] Pua | Reproducing the inherent variability of soils using a three-dimensional printer[END_REF] The 3D printer works by a set of 8 syringe pumps that presents eight types of homogeneous soils to reproduce the complex pattern defined previously. The key element is a commercial VICI (Valco Instruments Company Inc.) hydraulic valve, which has eight inputs and one output. This valve works as a multiplexer for the slurries coming from the extrusion syringes. The 3D clay printer has three movement axes and can build a model with maximum seize of 30*30*30 cm and a controlling voxel of 5 mm (Figure 4-37). [START_REF] Pua | Reproducing the inherent variability of soils using a three-dimensional printer[END_REF] Soil water content and consistency is selected according to an indirect extrusion test, and all the equipment is sealed to prevent drying. The liquid consistency required means that the clay is not self-supported, so a modular acrylic container is used during the process. In this study, a 20*20*20 cm model sample was printed. As shown in Figure 4-38, the pattern of heterogeneous models matches well. Unwanted shallow traces generated by movement of the machine can be seen but do not detract from the basic patterns. [START_REF] Pua | Reproducing the inherent variability of soils using a three-dimensional printer[END_REF] After construction of a heterogeneous sample, consolidation stress is applied by applying extra surcharge at sample surface. However, it should be noted that the model has heterogeneous compressibility in space. Consequently, using a rigid plate for consolidation could lead to biased results. To minimise this problem, and considering the still very liquid initial consistency of the model, only the first two consolidation steps of low stress (i.e. 3 and 6 kPa) were applied with a rigid plate but the following three consolidation stages of higher stress up to 50 kPa were applied using a flexible latex membrane filled with water (Figure 4-39). . This forced the larger soil particles and agglomerates to sediment first with the finer material sedimenting later. This process created the layered soil structure that can be seen in standard sedimentation columns but across a soil container suitable for larger scale centrifuge model testing.

The undrained shear strength of a typical sample prepared using this method is presented in Figure 4-42(b) from the T-bar penetration test using the setup in Figure 4-42(a). The soil on the top layer was very weak and had very little "stand-up" time. This was assumed to be owing to the unloading process during deceleration of the centrifuge and the standing water above the soil as part of the sedimentation process. As shown in Figure 4-42(b), at shallow clay layer, there is a shear strength of 0.25 kPa. But, the readings from T-bar increase dramatically when passing through the sand layer below and then drop to approximately 0.65 kPa. This layer is assumed to be the second clay stratum. This has been stressed by the weight of the layer above and therefore has a slightly higher undrained shear strength compared with the uppermost layer. After this, the readings decrease for the intermediate clay layer before increasing once again for the sand layer. This shows it is possible to identify the sand and clay layers and possibly their relative strengths. 

Conclusion

This section presents two advanced sample preparation methods to replicate the natural variations of soil. The printer is an enticing proof of concept for 3D printing samples with clayey materials with controlled variability in three dimensions. This equipment allows analysis of the effects of soil variability and can be used for validating and calibrating the extensive numerical studies that are available in the literature. However, there are still some problems that should be addressed. The coloring minerals added to keep track of different printed materials can impact the properties of the clay mixtures, so their use should be controlled and studied. The printing time can be a large issue as the sample must be protected from drying to avoid the development of cracks or voids. The appearance of gaps between layers and or in the corners can be a problem; however, exposing the printed piece to a vacuum can help prevent the apparition of bubbles. The consolidation process can introduce frontier effects and change the volumetric distribution of the material as more compressible layers get compacted further and change stress distribution. [START_REF] Pua | Development of a 3D clay printer for the preparation of heterogeneous models[END_REF] show that the printer concept is a viable way of generating samples generated from a liquid limit random field; however, further studies are required to understand how to create model samples that reproduce other field properties and conditions.

The other sample preparation is designed to create a centrifuge model with a sedimented soil structure as defined by Mitchell (1976). A novel procedure for creating a layered soil model within a geotechnical centrifuge was proposed and proved promising based on the undrained shear strength profile from T-bar testing. However, one major shortcoming of this method is that the method currently creates very weak soil samples. This would be overcome by creating more layers and allowing drainage after the layers have been created, to remove the surface water. This would help prevent the soil swelling and reabsorbing the standing water on top of the final layer. In addition, the required sedimentation time will increase exponentially with the target sample size, making it less efficient and practical.

Rock type material printing

Luc THOREL, University Gustave Eiffel; Huan WANG, Technical University of Delft Jaber (2020) has made a review of the use of 3D printing in Rock mechanics, which has given the core of this part. [START_REF] Jiang | A Preliminary Study of 3D Printing on Rock Mechanics[END_REF] were among the first to test the applicability of 3DP in rock mechanics. They studied the behavior of PLA (polylactic acid) specimens using the FDM technique. Several geometries are tested: continuous specimens, specimens having a lattice configuration (nodes + bars) and specimens with a microstructure and voids (Figure 4-43). The aim was to compare the behavior obtained with that of rocks and to study the effect of microstructures on the overall behavior of PLA. However, this 3DP technique and the material used are not the most suitable for simulating a rock matrix. The mechanical behavior of PLA under uniaxial compression is ductile, and it is a very deformable material, not showing crack propagation at rupture (Figure 4-43). This work was followed by preliminary studies to find the "ideal" analogue rock material (Jiang et al., 2016c;Zhou and Zhu, 2018). In order to optimize the results and approach the behavior of rocks, [START_REF] Fereshtenejad | Fundamental Study on Applicability of Powder-Based 3D Printer for Physical Modeling in Rock Mechanics[END_REF] were interested in studying the effects of printing parameters on the mechanical parameters of compression specimens.

The printer used is powder-based (ZPrinter 450) and the material used is ZP 150 powder with Zb 63 as a binder. This study highlights the dependence between the mechanical properties of the parts and the printing parameters. The studies cited above are general characterization studies. Other more specific studies are carried out. They can be classified according to the type of 3DP application: study of porosity and permeability, study of crack propagation and study of stress distribution inside a heterogeneous mass.

Porosity and permeability

The technique mainly used in this type of study is sand-based 3DP. The main advantage of this technique is the use of geomaterials respecting similar behavior than rocks. In the manufacturing process, the sand is mixed with binders, and the cohesion between the different layers is ensured by a chemical reaction during the deposition of the layers. [START_REF] Osinga | Study of geomechanical properties of 3D printed sandstone analogue[END_REF] tested continuous compression specimens and others containing a single through fracture. These tests have made it possible to highlight the interest of this technique, especially since the base material used is a geomaterial. In the same perspective, and given the influence of manufacturing parameters on mechanical properties, [START_REF] Primkulov | 3D Printed Sandstone Strength: Curing of Furfuryl Alcohol Resin-Based Sandstones[END_REF] studied the influence of temperature on binders added to sand. [START_REF] Gomez | Reservoir Geomechanical Properties Characterization of 3D Printed Sandstone[END_REF]2019 (Figure 4-44) characterized the porosity and permeability of compression specimens constructed by sand-based 3DP. They found that this technique can reproduce a porosity similar to the porosity of rocks. However, and for application to reservoir studies, specimens fabricated by 3DP are more compressible and permeable than typical reservoir rocks. Optimizations of the manufacturing technique are therefore necessary to achieve the authors' goal. Other techniques have been tested to validate the possibility of using 3DP to concretely model the porosity of rocks. [START_REF] Head | Effects of changes in rock microstructures on permeability: 3-D printing investigation: Permeability Of Printed Microstructures[END_REF] used a resin in the construction of their heterogeneous model from which they calculated the permeability. [START_REF] Ishutov | 3D printing sandstone porosity models[END_REF] printed connected porosity networks using an FDM filament printer (materials: ABS3 and PLA 4 ) (Figure 4-45). However, this technique, with its basic parameters, is one of the least precise in 3DP and does not allow good resolutions to be obtained when the geometry becomes complex. Suzuki et al. (2016Suzuki et al. ( , 2017) generated a network of fractures in a test piece built by 3DP (VisiJet ® EX200 Plastic Material for 3-D Modeling, 3D Systems), and injected water to study the hydraulic behavior of the test piece. They find that even if the geometry of the fracture network is globally respected, the experimental result is far from the numerical simulations and therefore questions must arise as to the ability of the material used to simulate rocks. [START_REF] Liu | Visual representation and characterization of three-dimensional hydrofracturing cracks within heterogeneous rock through 3D printing and transparent models[END_REF] found similar trends (gap between experimental and theoretical properties) using transparent (vero clear 5 ) materials for the matrix and opaque (RGD white) for reservoir heterogeneities. 

Stress distribution

The materials used for visualization of the stress distribution in the rock mass as a function of the fracture network, are photoelastic polymers. [START_REF] Ju | Visualization of the complex structure and stress field inside rock by means of 3D printing technology[END_REF][START_REF] Ju | Visualization and Transparentization of the Structure and Stress Field of Aggregated Geomaterials Through 3D Printing and Photoelastic Techniques[END_REF], [START_REF] Ju | Visualization and Transparentization of the Structure and Stress Field of Aggregated Geomaterials Through 3D Printing and Photoelastic Techniques[END_REF] studied the stress distribution in 3DP specimens simulating rock formations, in the presence of heterogeneities (Figure 4-47). They used the Object Connex 500 printer to make cubic test tubes in "Vero Clear" photopolymers for the matrix and opaque materials, such as "Vero Xhite plus" and "Fullcure 705" for the fractures. The choice of materials is driven by the possibility of visualizing the distribution of stresses by photoelastic techniques. However, these tests remain preliminary and lack a detailed study of the characterization of the intact material and its comparison to real rocks. Sand-based 3-D-printing, enables to adjust the geometry and roughness of analog fault interfaces [START_REF] Braun | Design of sandbased, 3-D-printed analog faults with controlled frictional properties[END_REF]. Binder-jetting allows one to create composite materials by controlled mixing of two components: powder and binder. Among the various potential granular materials, silica sand is used as the powder component. Before the printing process, silica sand is mixed with an acidic activator. This activator serves later as a catalyst for the polymerization reaction of the binder. Specimens created by powder-based 3-D-printing are characterized by their micro-structure (composition of powder, binder and pore phases) and macro-structure (phase composition, macroporosity, pore geometry). Uniaxial compression tests, direct shear tests without and with designed roughness have been performed to characterize the surrogate material, also in the post-pic domain. This material has been tested on a new apparatus (Figure 4-49) designed to reproduce earthquake-like instabilities in the lab (Gutierrez-Oribio et al., 2022). promising, with an awareness of some limitations of additive manufacturing technologies such as respecting the laws of similarities not mentioned in the article, and the limit of the dimensions of the printed models. More than 30 discontinuous samples were printed to investigate the global mechanical properties of a joint relative to its geometric features including Young's Modulus (E), shear stiffness (ks), cohesion (cj), friction angle (φj) and dilation (i). The results show that the number of rock bridges (Nrb) and the roughness significantly influence the mechanical properties. A failure criterion that considers these parameters is proposed. These 3D-printed joints can be used in physical modeling of rock mass to understand the influence of the fractures on its stability by applying scaling laws. The application of scale factors to the experimental results shows the possibility of representing actual rocks with artificial 3DP joints.

Conclusions

Following this panoramic view of the applications of 3DP in rock mechanics, it is remarkable that the existing works seek to approach the real behavior of rocks at scale 1, by reproducing test specimens and laboratory tests. The work does not target analog materials with the aim of applying them to physical modeling of geotechnical structures.

Since the design of structures operated in rocky environments requires an understanding of the mechanical behavior of the rock mass, controlled both by the properties of the intact rock, as well as by the presence of rock discontinuities at any scale, two questions arise: 1) how can and should discontinuities be represented in scale models? 2) what techniques and what analog materials should be used to both reproduce a discontinuous solid mass and respect the scale factors applied to the properties of the matrix and the joints?

Concrete printing

Luc THOREL, Université Gustave Eiffel; Huan WANG, Technical University of Delft

The introduction of digital manufacturing techniques, such as 3D printing applied to concrete material, opens up new perspectives on the way in which buildings are designed [START_REF] Perrot | 3D printing of concrete. State of the art and challenges of the digital construction revolution[END_REF]Zhang et al., 2019). Research on this theme is thriving and there is a high rate of innovation related to concrete. At the same time, the first life-size constructions made from printed concrete are emerging from the ground. Initially reserved for polymers, additive manufacturing is opening up to more and more materials. The transfer of this technology to construction, and therefore to concrete, initiated by [START_REF] Pegna | Exploratory investigation of solid freedom construction[END_REF], benefited from the progress of computer-assisted construction design, with the implementation of the first BIM (Building Informative Modeling) digital models. [START_REF] Buswell | 3D printing using concerte extrusion: a roadmap for research[END_REF] indicates a rise in the large-scale additive manufacturing since the concept inception in 1997.

Figure 4-52 The rise in large-scale additive manufacturing for construction applications since the concept inception in 1997 [START_REF] Buswell | 3D printing using concerte extrusion: a roadmap for research[END_REF] A recent example is the creation in Nantes of a 3D printed house (Figure 4-53), named Yhnova [START_REF] Poullain | On site deployment of 3D printing for the buikding construction. The case of Yhnova TM[END_REF]. The ETH Zurich has developped a 3D printed and unreinfored concrete bridge (Figure 4-54), and plenty other applications seem possible, such as artificial reef (Figure 4-54). Other applications are in the pipeline, such as the prevention of electromagnetic interference (Wanasinghe, 2022), or concrete beam reinforcement [START_REF] Gebhard | Structural behaviour of 3D printed concrete beams with various reinforcement strategies[END_REF]. (ETH Zurich, 2021). Artificial reef on right (XtreeE, 2017).

Conclusion

This report has presented an overview on new materials, new sensing and new manufacturing methods available in the European facilities of GEOLAB, but also outside its perimeter.

It shows that the limitations on the use of new approaches reduce gradually with time, and that the instrumentation based on low cost products and new technologies open the field of possibilities.

The developments on materials are still going on, when the technologies (in mechanics, electronics and software) offer a series of more and more miniature sensors.

Additive manufacturing or 3DP includes different techniques which offer a quite large range of mechanical or hydraulic properties, with a clear set of new researches in (geo)mechanics. This report could be considered as a photography of the developed topics, but it is clear that other hot topics concern novelties in materials, sensing and manufacturing in the laboratories, but also in the industrial practice.
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  Infrastructure (CI) of Europe in the water, energy, urban and transport sector is facing major challenges because of pressures such as climate change, extreme weather, geo-hazards, aging and increased usage in combination with pivotal changes in the CI to meet long-term societal goals (e.g. energy transition). To address these challenges, scientific research and innovative solutions are needed that can only be achieved by an interdisciplinary, cross-boundary approach and by equipping expert teams with the most advanced suite of physical research infrastructure available that allows them to work across spatial scales, explore different theories that describe the pressures and adopt innovative techniques for solutions.The GEOLAB Research Infrastructure (RI) consists of 11 unique installations in Europe aimed to study subsurface behavior and the interaction with structural CI elements (e.g. a bridge) and the environment. The overarching aim of GEOLAB is to integrate and advance these key national research infrastructures towards a one-stop-shop of excellent physical research infrastructure for performing ground-breaking research and innovation to address challenges faced by the Critical Infrastructure of Europe. During the Joint Research Activities (JRA), the capabilities of the integrated GEOLAB RI services are improved beyond present state-of-the-art. Topics are: (1) Harmonizing operation (2) Advancing physical modelling of the impact of climate change, aging and extreme events on CI; (3) Development of 3D-4D measurement techniques; (4) Application of new materials and new sensing techniques; (5) Data management of performed experiments for future re-use.

Figure 3

 3 Figure 3-1. The Shape-Acceleration Array (SAA) (http://www.geo-observations.com/shape-arrays)

Figure 3

 3 Figure 3-2. Druck PDCR 81 pore water pressure transducer[START_REF] Cabrera | Experimental modelling of granular flows in rotating frames[END_REF] 

  has been widely used for model experiments in various fields such as liquefaction tests, centrifuge tests and wave pressure measurements (Ueda et al. 2019; Higo et al. 2015).

Figure 3

 3 Figure 3-3. P306-A pore pressure transducer

Figure 3

 3 Figure 3-4. Illustrations of: (a) accelerometer chip (ADXL327) and two reference orientations with respect to gravity; (b) water pressure electronic sensor (MPX4250A) and its connection to the porous stone; (c) final assembly of the mobile sensor

Figure 3

 3 Figure 3-5. (a) Fixed sensors' installation pattern; (b) schematic representation of the MS installation steps; (c) installation pattern of 10 MS sensors along the centreline of the LT

Figure 3

 3 Figure 3-6. Resultant acceleration and pore water pressure evolution recorded by Sensors MS03 and MS08 during one liquefaction triggering test

Figure 3

 3 Figure 3-7. Test setup, model pile and capillary tube Figure 3-8. Pressure optical fibres (after Pinet 2009)

Figure 3

 3 Figure 3-9. Results of pore pressure measurements as a function of model time. The rectangle shows the time span of pile driving.

Figure 3 -

 3 Figure 3-10. Development of excess pore pressure in the vicinity of the pile.

  Figure 3-11. System overview of wireless sensor network (https://shamatec.com/wireless-sensing/)

  -12) consists of up to eight separate miniature units distributed around the circumference of a 0.8 m diameter drum centrifuge, communicating with the control room via wireless Ethernet. Results from a centrifuge test of a submarine landslide show good performance of the new WDAS.

Figure 3

 3 Figure 3-12. A novel high-speed wireless data acquisition system (WDAS) developed at the University of Western Australia : (a) drum centrifuge; (b) the tool table actuator; (c) WDAS units[START_REF] Gaudin | A wireless high-speed data acquisition system for geotechnical centrifuge model testing[END_REF] 
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 3 Figure 3-13. Principles of PIV analysis (White and Take 2002)

Figure 3 -

 3 Figure3-14. The application of PIV in the centrifuge test and typical results[START_REF] Sinha | Use of Photron cameras and TEMA software to measure 3D displacements in[END_REF] 
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 3 Figure 3-15 Ballast particles instrumented with accelerometers

  characteristics of the accelerometers inserted in a ballast particle cedex track boxModelADXL 335ManufacturerANALOG DEVICES; www.analog.comAccelerometer typeCapacitive. Triaxial. MEMS technology g (Sensitivity is ratio metric to the bias voltage level)
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 41 Figure 4-1 Comparison of industrial techniques for in terms of cost vs quantity (Hubs, 2022)

Figure 4 - 2

 42 Figure 4-2 Close image of the as-build material surface showing the printing layers and the unmelted particles. Interlayers are separated of a distance of 200 μm[START_REF] Margerit | Tensile and ductile fracture properties of as-printed 316L stainless steel thin walls obtained by directed energy deposition[END_REF].

Figure 4 - 3

 43 Figure 4-3 Removing a finished SLS 3D printed part (Ultimaker, 2022)

Figure 4

 4 Figure4-4 3D printing principle with SLS[START_REF] Jaber | Investigation of the Mechanical Behavior of 3D Printed Polyamide-12 Joints for Reduced Scale Models of Rock Mass[END_REF] 

Figure 4

 4 Figure 4-5 A model printed in resin on an SLA printer (Ultimaker, 2022)

  This technique has been used among others by: Ishibashi et al. (2020), Kittu et al. (2019), Su et al. (2020), Zhou and Zhu (2018), Zhu et al. (2018).

Figure 4 -

 4 Figure 4-6 shows current uses in industry of the seven processes defined by NF ISO 17296-2 during the product development with prospects for their development over the coming years (Laverne et al., 2019).

Figure 4 - 6

 46 Figure4-6 Uses of AM processes (fromLaverne et al., 2019) 

Figure 4 - 7

 47 Figure 4-7 The impact of particle shape on mechanical response: (a) Sketch of a triaxial test procedure; (b) the change of stress-strain response from single spheres to dimers consisting of two rigidly connected spheres; (c) the rugged, nonlinearrelationship between shape and stiffness for particles made from three adjoined spheres[START_REF] Miskin | Adapting granular materials through artificial evolution[END_REF].

  study on different 3D printing materials: (a) gypsum spheres; (b) photopolymer spheres; (c) Inter-particle friction testing setup; (d) Rockwell testing setup[START_REF] Kittu | Characterization of additive manufactured particles for DEM validation studies[END_REF]).

  study on particle shape: (a) Photo of 3D-printed particles; (b) Triaxial test set-up; (c) Ensemble-averaged stress-strain curves at confining pressure of 80 kPa; (d) Definition of yield stress and strain; (e) Energy loss during the final conditioning (Athanassiadis et al. 2014).

  10 micro-CT scanning and 3D printed Hostun sand: (a) micro-CT and image processing of sand particle; (b) real (left) and printed (right) grain; (c) 3D printed grains[START_REF] Gupta | Open-source support toward validating and falsifying discrete mechanics models using synthetic granular materials-Part I: Experimental tests with particles manufactured by a 3D printer[END_REF]).

Figure 4 -

 4 Figure 4-14 Natural and 3D printed angular and rounded particles (Ahmed and Martinez 2021).

Figure 4 -

 4 Figure 4-15 Comparison of shape factors for natural and printed grains (Ahmed and Martinez 2021).

Figure 4 -

 4 Figure 4-16 Drained triaxial test results on a-d natural angular sand and e-h 3D printed angular sand[START_REF] Ahmed | Triaxial compression behavior of 3D printed and natural sands[END_REF] 

Figure 4 -

 4 Figure 4-18 Printed particles of different shapes and materials in[START_REF] Ahmed | Modeling the mechanical behavior of coarse-grained soil using additive manufactured particle analogs[END_REF] 

Figure 4 -

 4 Figure 4-19 Small-strain moduli for specimens of a, b, c spheres and d, e, f angular and rounded natural and additive manufactured particles (Ahmed and Martinez 2020)

Figure 4 -

 4 Figure 4-23 Grains from FSO method Figure 4-24 Grains from CRI method Figure 4-25 Grains from DPA method

  Figure 4-26 Triaxial shear behaviour of printed grains: (a) printed grains; (b) stress ratio, axial strain;

Figure 4 -

 4 Figure 4-27 Outline of steps used to obtain soil-like prototypes and sample measurements (Dal Ferro and Morari 2015)

  Figure 4-29(b)) is measured and then compared with commonly used formulas. (a) (b) Figure 4-28 Soil samples and hydraulic test results: (a) Three-dimensional representations of original and printed soil samples; (b) comparison of hydraulic conductivity of original and printed samples (Dal Ferro and Morari 2015). (a) (b) Figure 4-29 Laboratory setup and printed particles for hydraulic conductivity measurements: (a) experimental setup; (b) printed particles (Adamidis et al. 2019) 30 Hydraulic conductivity measurements and its variation with scale factor: (a) hydraulic conductivity measurements; (b) comparison to the predictions of the formulas of Hazen and Kozeny-Carman (Adamidis et al. 2019).

  Figure 4-30(b) confirm the square law linking hydraulic conductivity to particle size. Wei et al. (

Figure 4 -

 4 Figure 4-31 The printed grains and the test setup: (a)-(d) Cumulative distributions of classical shape indices of printed grains; (e) Snapshots of printed grains; (f) Schematic of the modified TST-55 permeameter for experiments (Wei et al. 2021).

Figure

  Figure4-32(a) shows the measured absolute coefficients of water permeability as a function of porosity for different particle shapes. With the increase of Df (SH fractal dimension, representing the particle shape), the tortuosity of pores in porous media of same porosity becomes higher, resulting in lower permeability. Based on the experimental results, a modified Kozeny-Carman equation was proposed through more accurate determination of specific area, as a function of relative roughness and fractal dimension, than approximation using the volume-equivalent sphere. By isolating the contributions from specific area, the shape coefficient is found to be insensitive to particle morphology. Through benchmarking the model prediction against experiments from both this work and past literature, the validity and wide applicability of the modified Kozeny-Carman equation were checked.

Figure 4 -

 4 Figure 4-32 experimental water permeability coefficients as a function of porosity; (b) relations between CK-C and porosity for S0 calculated from STLs (void symbols) or volume equivalent spheres (solid symbols). Values for fibrous and granular beds, uniform spheres,and peat beds are from[START_REF] Li | Coalescence of oil-in-water emulsions in fibrous and granular beds[END_REF],[START_REF] Carman | Fluid flow through a granular bed[END_REF] Mathvan and[START_REF] Mathavan | Manufacture of Bonded Granular Soil Using X-Ray CT Scanning and 3D Printing[END_REF], respectively; (c) relations between porosity and water permeability coefficients with lines for the proposed equation and data points for experimental data. The color orange and purple denote natural Ottawa sand and LBS particles. The unit of c0 is cm; (d) comparisons between experimental results and predictions of modified Kozeny-Carman equation, including two natural LBS(Taylor et al., 2017) and Ottawa sand[START_REF] Schroth | Characterization of Miller-similar silica sands for laboratory hydrologic studies[END_REF] particles.

  33 Granular particles and the test setup: (a) the four different shape particles; (b) the dry granular flow and particle-laden fluid flow test setups (Hafez et al. 2021).

  34 The influence of particle shape on clogging: (a) clogging probability; (b) discharge volume; (c) bridge topology from CT scan[START_REF] Hafez | The effect of particle shape on discharge and clogging[END_REF]).

  Figure 4-35. Construction of the heterogeneous model: (a) container box with the porous stone and the grid, process of placing the strings of slurries into the container and (b) Heterogeneous physical model(Garzon et al., 2015) 

  Figure 4-37. 3D printer for clay slurry: (a) photograph of the experimental set-up (b) heterogeneous model constructed with the 3D clay printer

Figure 4 -

 4 Figure4-38 View of the printed layer for z = 14 cm and the corresponding layer generated numerically[START_REF] Pua | Reproducing the inherent variability of soils using a three-dimensional printer[END_REF] 

Figure 4 -Figure 4 -Figure 4 -

 444 Figure 4-39. Consolidation set-up using a flexible membrane[START_REF] Pua | Reproducing the inherent variability of soils using a three-dimensional printer[END_REF] 

Figure 4 -

 4 Figure 4-42 Sample characterization: (a) T-bar penetrometer and frame used for determining the undrained shear strength with depth; (b) T-bar readings with depth for the layered soil sample

Figure 4 -

 4 Figure 4-43 : Different geometries built by the FDM technique of 3DP and tested by Jiang and Zhao, 2015 to characterize them mechanically.

Figure 4 -

 4 Figure 4-44 : a) Compression specimens built by 3DP based on sand; b) corresponding SEM image in order to characterize the porosity of the specimens (from Gomez et al., 2019).

Figure 4 -

 4 Figure 4-45 Networks of fractures obtained from 3D printing by the FDM technique (fromIshutov et al., 2014).

  . (2016a) and[START_REF] Sharafisafa | Characterisation of mechanical behaviour of 3D printed rock-like material with digital image correlation[END_REF] used the same material (VisiJet PXL Core hemihydrate CaSO4.0.5H2O, a gypsum-based material) and the same 3DP technique to study the ability of this material to initiate crack propagation, from a pre-existing defect in the matrix. The common conclusion of these two works is the possibility of initiating crack propagation and reproducing brittle behavior under uniaxial compression, unlike specimens constructed from polymers. A second material, plastic, is used in the study of crack propagation: transparent resin. This material(Zhu et al., 2018; Zhou et al., 2019) is mainly used to visualize the mode of crack propagation inside the specimen constructed by 3DP (Figure4-46).

Figure 4 -

 4 Figure 4-46 Comparison between crack propagation in a resin, in a sandstone rock, and in resin specimens built by 3DP (from Zhou et al., 2019).

Figure 4 -

 4 Figure 4-47 Visualization of the stress distribution in slices of test specimens in photoelastic material, constructed by 3DP. An example of a heterogeneous specimen (50 x 50 5 50 mm) is shown on the right of the figure (from Ju et al., 2014). 4.4.4. Rock joint Jiang et al. (2016b) investigated the ability of additive manufacturing to reproduce the roughness of rock joints (Figure 4-48). For this, they generated a CAD model from a 3D scan of the rock joints. The model built by 3DP is a

Figure 4 -

 4 Figure 4-48 A surface of a rock joint being 3DP printed (fromJiang. et al., 2016b).

Figure 4 -

 4 Figure 4-49 Experimental apparatus: (a) Scheme; (b) real configuration (Gutierrez-Oribio et al., 2022) 4.4.5. Small scale models Up to now, the work performed did not target analog materials with the aim of applying them to physical modeling of geotechnical structures. Song et al. (2018) tried to build a scale model of a tunnel from additive manufacturing. Their massif is built with a gypsum-based printer, and contains a pre-excavated tunnel. A coating is printed with the FDM technique. Studies are carried out with and without coatings on a model with a total dimension of 20 cm × 20 cm (Figure 4-50). The results obtained are compared with numerical and physical models. The results are

Figure 4 -

 4 Figure 4-50 Scale model built by 3DP of a tunnel. The block is printed with a gypsum-based material, and the coating is PLA (from Song et al., 2018). Jaber et al. (2020) present the experimental results of the mechanical characterization of artificial rock joints constructed by 3D-printing (3DP). The mechanical behavior of rock masses is controlled by the presence of joints (Figure 4-51). Understanding the mechanical behavior of rock joints is essential to predict their influence on a rock mass. The application of innovative 3DP technology in rock mechanics to model artificial rock-like joints allows strict control of joint geometry (orientation, roughness, number of rock bridges, etc.), and thus of its mechanical behavior. The 3DP technology used in this work is selective laser sintering, and the material is Polyamide 12.Geometric characterization shows that this technology gives high dimensional precision for details smaller than 0.4 mm.

Figure 4 -

 4 Figure4-51. Samples of 1cm 3 used to characterize the joint aperture "e" (top) and SEM images (bottom), from[START_REF] Jaber | Application of additive manufacturing to the physical modeling of joints and rock masses, by experimental and numerical approaches[END_REF] 

Figure 4 -

 4 Figure4-53 Yhnova, the 3D printed house under construction in Nantes(CNRS, 2022) 

  

  

  

  

  

  

  

Table 2

 2 

	-1 Secondary materials susceptible to be used in CI
	Group	Source		Class	Specific material
				A1	Reclaimed asphalt
				A2	Reclaimed concrete
				A3	Reclaimed bricks, masonry
		Construction demolition	and recycling	A4 A5	Hydraulically bound and unbound materials Mix of A1, A2, A3 and A4
	A	industries		A6	Reclaimed railway ballast
		Municipal solid waste	B1	Municipal incinerator bottom ash1 (excluding fly ash) (MIBA)
	B	incineration industry	B2	Municipal incinerator fly ash (MIFA)
				C1a	Coal fly ash -siliceous
				C1b	Coal fly ash -calcareous
				C2	Fluidized bed combustion fly ash (FBCFA)
				C3	Boiler slag
				C4a	Coal bottom ash-siliceous
		Coal power generation	C4b	Coal bottom ash-calcareous
	C	industry		C5	Fluidized bedcombustion bottom ash (FBC bottom ash)
				D1	Granulated blast furnace slag (GBS) (vitrified)
				D2	Air-cooled blast furnace slag (ABS) (crystallized)
				D3	Basic oxygen furnace slag (converter slag, BOS)
				D4	Electric arc furnace slag (from carbon steel production, EAFC)
				D5	Electric arc furnace slag (from stainless/high alloy steel production, EAFS)
	D	Iron and steel industry	D6	Secondary metallurgical slags SMS
				E1	Copper slag
				E2	Ferromolybdenum Slag
				E3	Zinc slag
	E	Non ferrous industry	E4	Phosphorous slag

2.2 Capabilities for testing in the GEOLAB Network GEOLAB testing facilities are able to test these new materials to fulfill the past and new requirements of

  CriticalInfrastructures, as shown in Table2-2 that collects the experience in this field.

Table 2 -2 Experience in GEOLAB facilities with new materials Testing facility Physical model scale New materials TU Delft Geotechnical centrifuge

 2 

		Small	---
	Schofield Centre (UCAM)	Small	---
			Biocalcification
			Bio-inspired materials
	Uni-Eiffel Geo-Centrifuge	Small	Geofoam
	Geo-Centrifuge (Deltares)	Small	---

Beam and Drum Centrifuge (ETH) Small

  

			Lightweight Expandable Clay Aggregates (LECA),
			Geosynthetics
			Geofoam,
			Soil mixing,
			Self-healing materials,
			Biocalcification,
			Saturated clays consolidated by electro-osmosis,
			Alternative (secondary, waste) materials
	TU Delft Large Scale Geotechnical		
	Physical Modelling Facility	Medium	---
	GeoModel Container	Medium	Geosynthetics
			Prototype of new sleepers
			Prototype of modular slab track
			Innovations in Pad design
			Recycled ballast
			New materials for sub-ballast layer: LECA (lightweight
			expanded clay aggregates) and
	CEDEX Track Box	Large	slug material
			HydroxyPropyl MethylCellulose (HPMC)
	TUDa Geotechnical Test Pit	Large	Biocalcification
	Geo-Test Sites	Full	---
			Biocalcification
			Bio-inspired materials
			Geofoam
			Soil mixing
	Large-scale triaxial apparatus	Small	Bio-inspired materials,

Table 4 -

 4 1.

"Focused thermal energy" means that an energy source (e.g. laser, electron beam, or plasma arc) is focused to melt the materials being deposited.

The distinction which exists between fusion and sintering is to do with the amount of energy supplied. In sintering, the powder is heated without reaching its melting point. The grains of powder then weld themselves to one another, which causes the layer to build.

Acrylonitrile Butadiene Styrene, (C8H8)x•(C4H6)y•(C3H3N)z, is a common thermoplastic polymer. Young's Modulus 2.28 GPa; Tensile Strength

43MPa. 4 Polylactic acid, also known as poly(lactic acid) or polylactide, (C3H4O2)n or [-C(CH3)HC(=O)O-]n is a thermoplastic polyester. . Young's Modulus 2.7-16 GPa; Tensile Strength 16MPa. 5 VeroClear TM simulates PMMA (polymethyl methacrylate), commonly known as acrylic, and enables the visualization of internal components
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