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SUMMARY: 
The protocol describes procedures to acquire high-spatial resolution computed tomography (CT) images of a granular soil during triaxial compression, and to apply image processing techniques to these CT images to explore the grain-scale mechanical behavior of the soil under loading.

ABSTRACT:
The rapid development of X-ray imaging techniques with image processing and analysis skills has enabled the acquisition of CT images of granular soils with high-spatial resolutions. Based on such CT images, grain-scale mechanical behavior such as particle kinematics (i.e., particle translations and particle rotations), strain localization and inter-particle contact evolution of granular soils can be quantitatively investigated. However, this is inaccessible using conventional experimental methods. This study demonstrates the exploration of the grain-scale mechanical behavior of a granular soil sample under triaxial compression using synchrotron X-ray micro-tomography (μCT. With this method, a specially fabricated miniature loading apparatus is used to apply confining and axial stresses to the sample during the triaxial test. The apparatus is fitted into a synchrotron X-ray tomography setup so that high-spatial resolution CT images of the sample can be collected at different loading stages of the test without any disturbance to the sample. With the capability of extracting information at the macro scale (e.g., sample boundary stresses and strains from the triaxial apparatus setup) and the grain scale (e.g., grain movements and contact interactions from the CT images), this procedure provides an effective methodology to investigate the multi-scale mechanics of granular soils.

INTRODUCTION: 
It is widely recognized that the macro-scale mechanical properties of granular soil, such as stiffness, shear strength and permeability, are critical to many geotechnical structures, for example, foundations, slopes and rock-fill dams. For many years, on-site tests and conventional laboratory tests (e.g., one-dimensional compression tests, triaxial compression tests and permeability tests) have been used to evaluate these properties in different soils. Codes and standards for testing soil mechanical properties have also been developed for engineering purposes. While these macro-scale mechanical properties have been intensively studied, the grain-scale mechanical behavior (e.g., particle kinematics, contact interaction and strain localization) that governs these properties has attracted much less attention from engineers and researchers. One reason is the lack of effective experimental methods available to explore the grain-scale mechanical behavior of soils. 

Until now, most of the understanding of the grain-scale mechanical behavior of granular soils has come from discrete element modeling1 (DEM), because of its ability to extract particle-scale information (e.g., particle kinematics and particle contact forces). In earlier studies of using DEM techniques to model granular soil mechanical behaviors, each individual particle was simply represented by a single circle or sphere in the model. The use of such over-simplified particle shapes has led to the over-rotation of particles and thereby a lower peak strength behavior2. To achieve a better modeling performance, many investigators have used a rolling resistance model3-6 or irregular particle shapes7-12 in their DEM simulations. As a result, a more realistic understanding of particle kinematic behavior has been acquired. Aside from particle kinematics, DEM has been increasingly used to investigate grain contact interaction and to develop theoretical models. However, because of the requirement to reproduce real particle shapes and the use of sophisticated contact models, DEM requires extremely high computational capability in the modeling of granular soils with irregular shapes. 

Recently, the development of optical equipment and imaging techniques (e.g., the microscope, laser-aided tomography, X-ray computed tomography (CT) and X-ray micro-tomography (μCT)) has provided many opportunities for experimental examination of the grain-scale mechanical behavior of granular soils. Via acquisition and analysis of soil sample images before and after triaxial testing, such equipment and techniques have been utilized in the investigation of soil microstructures13-19. More recently, in situ tests with X-ray CT or μCT have been increasingly used to investigate the evolution of void ratio20, strain distribution21-24, particle movement25-28, inter-particle contact29-31 and particle crushing32 of granular soils. Here, “in situ” implies X-ray scanning conducted at the same time as loading. In contrast to general X-ray scanning, in situ X-ray scanning tests require a specially fabricated loading apparatus to deliver stresses to soil samples. With the combined use of the loading apparatus and X-ray CT or μCT device, CT images of the samples at different loading stages of the tests can be acquired non-destructively. Based on these CT images, particle-scale observations of granular soil behavior can be acquired. These CT image-based particle-level observations are extremely helpful to verify numerical findings and to gain novel insights into the grain-scale mechanical behavior of granular soils.

This article aims to share the details of how an X-ray in situ scanning test of a soil sample can be carried out, using an exemplary experiment that observes particle kinematics, strain localization and inter-particle contact evolution within a soil sample. The results show that X-ray in situ scanning tests have a great potential to explore the grain-level behavior of granular soils. The protocol covers the choice of X-ray μCT device and the preparation of a miniature triaxial loading apparatus, and detailed procedures to carry out the test are provided. In addition, the technical steps for using image processing and analysis to quantify the particle kinematics (i.e., particle translation and particle rotation), strain localization, and inter-particle contact evolution (i.e., contact gain, contact loss and contact movement) of the soil are described.

PROTOCOL:

1. [bookmark: _Hlk13876254]Designing the experiment well in advance

1.1. Determine test material, particle size, sample size and sample initial porosity. 

NOTE: Leighton Buzzard sand with a diameter of 0.15~0.30 mm and a sample size of 8 x 16 mm (Diameter x Height) is used as an example to demonstrate the protocol of this study. Other sands such as Fujian sand, Houston Sand, Ottawa sand and Caicos ooids, etc. and similar sample sizes can also be used.

1.2. Choose an appropriate detector (Figure 1A) according to the required spatial resolution and scanning area, which are determined according to the predetermined particle size and sample size.  For example, a detector with a spatial resolution of 6.5 μm is used in this study. It has an effective scanning area of 2048 x 860 pixels (i.e.,13.3 × 5.6 mm).

NOTE: During a triaxial compression test, the deformed sample should remain in the scanning region of the detector. A high-spatial resolution detector should be used so that individual particles contain sufficient voxels for the appropriate extraction of particle properties. 

1.3. Determine the required energy of the X-ray source (Figure 1A) and exposure time according to the test material and sample size. Generally, a higher energy should be used for a larger sample composed of a denser material. Use an X-ray energy of 25 keV and an exposure time of 0.05 s for the sand samples in this study.

NOTE: The required X-ray energy and exposure time can be determined by trial and error using a scanned projection of the sample. The ratio of the minimum grey-scale intensity of the projection to its maximum value should not be lower than 0.2. Otherwise, a higher X-ray energy or longer exposure time should be used.

1.4. Determine the required rotation speed ω (degrees per second) for the rotation stage (Figure 1A) of the X-ray device. The rotation speed ω is calculated according to the required number of projections N (e.g., N = 1,080) for CT slice reconstruction. 

NOTE: ω=180 Vs/N. Here, Vs is the scanning speed of the X-ray device, i.e., the number of radiographs scanned and recorded per second. Vs is mainly affected by the performance of the detector and the hardware associated with the detector such as the computer. 

1.5. Fabricate a triaxial loading apparatus (Figures 1B,C, see also reference 33) to be used in conjunction with the X-ray μCT device. The apparatus should have the same main functions as a conventional triaxial compression apparatus. The design should consider the requirement of sample size, the range of confining stresses and loading rates.

NOTE: The apparatus should be able to fit into the X-ray μCT device and be light to facilitate its rotation using the rotation stage. The triaxial cell should be transparent to X-rays. Considering the transparency requirement, acrylic and polycarbonate might be used to fabricate the triaxial cell.

1.6. Carry out a test with the same confining pressure, loading speed and sample properties (i.e., material, sample size and initial porosity) outside of the X-ray CT scanner to plan when to pause the loading for CT scanning.

2.  Carrying out in situ triaxial compression testing

2.1. Place the triaxial loading equipment and the test material on site. 

NOTE: The loading apparatus and confining pressure offering device (see the Table of Materials) are placed in the X-ray CT scanning room, while the data acquisition and controlling devices are located outside. Triaxial loading and CT scanning of the sample are then operated outside the scanning room.

2.2. Fix a lifting stage on the board of the X-ray micro CT device (Figure 1B). Fix a tilting stage on the lifting stage and a rotation stage on the tilting stage, respectively (Figure 1B).

NOTE: The lifting stage and tilting stage should have sufficient loading capacity to move the relevant equipment placed on them. 

2.3. Adjust the position and orientation of the rotation stage via the tilting stage such that any single X-ray passes through the same points within the sample when it is rotated across 180 degrees around the axis of the rotation stage.

NOTE: Steps 2.2 to 2.3 are applicable to the X-ray micro CT device at Shanghai Synchrotron Radiation Center (SSRF). For X-ray micro CT devices specifically used for in situ triaxial testing, these steps can be omitted after the careful positioning and fixation of the rotation stage.

2.4. Prepare a soil sample on the board according to the following procedures.

2.4.1. Add a small amount of silicone grease around the lateral surface of the top end of the base plate and place a porous stone on its upper surface. Put a membrane around the lateral surface of the top end (Figure 2A). 

2.4.2. Add a small amount of silicone grease on the contact surfaces between the two parts of the sample maker and lock it. Place the sample maker on the base plate and allow the membrane to pass through it (Figure 2B). 

2.4.3. Create suction (e.g., 25 kPa) inside the sample maker through its nozzle using a vacuum pump. Fix the membrane to the lateral surface of its upper end. Ensure that the membrane is attached to the inner surface of the sample maker (Figure 2C). 

2.4.4. Drop the test granular material from a certain height into the sample maker using a funnel until it is completely filled. The upper surface of the soil sample should be the same level as the upper edge of the sample maker (Figure 2D). 

2.4.5. Place another porous stone on top of the soil sample, and a stainless-steel cushion plate on top of the porous stone. Apply some silicone grease around the lateral surface of the cushion plate. Remove the top side of the membrane from the sample maker and fix it to the cushion plate (Figure 2E). 

2.4.6. Remove the suction inside the sample maker nozzle and create suction inside the valve on the base plate. Finally, remove the sample maker. A miniature dry sample is produced, as seen in Figure 2F. 

NOTE: This step demonstrates the procedure of producing a miniature soil sample using the air pluviation method. The traditional dry compaction method can also be used to produce the sample.

2.5. Fix the confining cell on the base plate and fix the chamber top plate on the top of the confining cell (Figure 1C).

2.6. Fix the piston shaft of the cell on the chamber top plate (Figure 1C). 

2.7. Position the base plate together with the confining cell and chamber top plate on the rotation stage. A frame is used to adjust the height of the sample for CT scanning (Figure 1B).

NOTE: This frame is used due to the limited movement range of the lifting stage at SSRF. There is no need to use a frame if a lifting stage with a large movement range is used.

2.8. Affix the rest of the loading apparatus on the chamber top plate.

2.9. Install the linear variable differential transformer (LVDT), load cell and stepping motor and activate them (Figure 1C). 

2.10. Fill the cell with de-aired water through the cell pressure (CP) valve (see Figure 1C) using the water supplied from a confining pressure offering device (see Table of Materials). Close the water exit (WE) valve (see Figure 1C) when the water starts to flow out of the valve. 

NOTE: Set the confining pressure offering device to the constant pressure mode with a very low constant pressure value (e.g., 10 kPa). 

2.11. Add a constant confining pressure of 25 kPa to the sample and remove the suction inside the sample.

2.12. Gradually increase the confining pressure to a pre-determined value using the confining pressure offering device.

2.13. Carry out the first scan of the sample. For a high-spatial resolution CT scanner (e.g., with a pixel size of 6.5 μm), a full scan of the sample (e.g., with a height of 16 mm) usually requires the sample to be scanned at several different heights (i.e., the scan is divided into several sections). 

NOTE: If a low spatial resolution detector and a small size sample are used, the scanning area might be sufficient to acquire a full-field scan of the sample using a single section.

2.13.1. Scan a section of the sample. Set the CT scanner to Image capture mode and then start the rotation stage to rotate the entire apparatus across 180 degrees at a pre-determined constant rotation rate (e.g., 3.33 degrees/s) to capture CT projections of the sample at different angles.

NOTE: It is suggested that the sample is scanned from its bottom upwards (i.e., the first section contains all the particles located at the bottom of the sample). 

2.13.2. Turn off the Image capture mode when the rotation is finished. Rotate the apparatus back to the initial position.

2.13.3. Lift the sample together with the entire apparatus up using the lifting stage (Figure 1B) by a certain height (e.g., 4 mm) for scanning the next section of the sample. 

NOTE: The lifting should ensure that there is an overlap between the current section and the last section (i.e., there is an overlap between any two consecutive sections). The overlap should be at least 10 pixels to facilitate the stitching of them.

2.13.4. Repeat steps 2.13.1-2.13.3 until the last section of the sample is scanned.

2.14. Apply an axial load on the sample with a constant loading rate. Here, a loading rate of 0.2%/min is used in this study. Users can set a different loading rate according to the experiment requirement. 

2.15. Pause the axial loading at a pre-determined axial strain. Wait until the measured axial force reaches a steady value (generally within 2 min) and carry out the next scan. The scan procedures are the same as demonstrated in step 2.13.

2.16. Repeat steps 2.14 and 2.15 until the end of loading. 

2.17. Unload the test and remove the sample from the triaxial apparatus.

2.18. Install the base plate and the confining cell on the rotation stage to acquire several flat projections (generally 10 projections) from the detector. Shut down the X-ray source to acquire the same number of dark projections from the detector.

[bookmark: _Hlk13572983]NOTE: Flat and dark projections are used for the phase retrieval of raw CT projections. The implementation of flat and dark correction enhances the contrast between the sample and the surrounding background in the reconstructed CT slices. It also helps to alleviate the ring artifacts resulting from defective pixels of the detector.

3. Image processing and analysis

3.1. Image processing

3.1.1. Implement phase retrieval (Figure 3B) of raw CT projections (Figure 3A) of the sample using the free software PITRE34. Load projections (including the flat and dark projections) into PITRE from the menu Load image. Click the icon PPCI. Enter the relevant scanning parameters and click Single to implement the phase retrieval. 

NOTE: The implementation of phase retrieval provides enhancement of interfaces between different phases (i.e., the void phase and the solid phase) in the reconstructed CT slices, which is of significant importance to the subsequent image-based analysis of inter-particle contacts. 

3.1.2. Reconstruct CT slices of the sample using PITRE based on the CT projections after phase retrieval (Figure 3C). Load the projections into PITRE from the menu Load image. Click the icon ProjSino. Enter relevant parameters in the appeared window and click Single to reconstruct a CT slice. 

[bookmark: _Hlk13498069][bookmark: _Hlk13497666]NOTE: Check horizontal slices to ensure that there are no heavy beam hardening artefacts or ring artefacts. Otherwise change of the current scanning parameters and rescan of the sample are required. Check vertical slices. If the sample is severely tilted prior to the shear, the test is considered unsuccessful. 

3.1.3. Implement image filtering on the CT slices. An anisotropic diffusion filter is used to perform image filtering (Figure 3D).

3.1.4. Perform image binarization on the filtered CT slices. Implement the image binarization (Figure 3E) by applying an intensity value threshold to the CT slices, which is determined according to the intensity histogram of the CT slices using Otsu’s method35. 

[bookmark: _Hlk13499524]NOTE: For CT slices with a grey-scale intensity histogram exhibiting a significant overlap of intensities between the solid phase and the void phase, a validation of the image binarization is required using the mass of the solid phase36. 

3.1.5. Separate individual particles from the binarized CT slices using a marker-based watershed algorithm and store the results in a 3D labelled image (Figure 3F). Validate the results by comparing the calculated particle size distribution from the CT image to those from a mechanical sieving test. 

[bookmark: _Hlk13500812]NOTE: The module Separate Objects of the software Avizo Fire can be used to implement this algorithm. Remove the porous stones from the binarized CT slices using the module Border Kill of Avizo Fire. To acquire a reliable particle separation results, readers are suggested to try different particle segmentation algorithms37-39. 

3.2. Image analysis

3.2.1. Extract particle properties from the labelled image. A MATLAB script is used to extract particle properties including particle volume, particle surface area, particle orientation and particle centroid coordinates. 

NOTE: The intrinsic MATLAB functions regionprops, bwprim and pca are used to acquire these properties of each particle. A more detailed description of these procedures can be found in the work of Cheng and Wang28.

3.2.2. Extract contact voxels from the binarized CT slices by implementation of a logical operation AND between the binary image of the CT slices (Figure 4) and a binary image of watershed lines acquired from the implementation of the marker-based watershed algorithm31. 

[bookmark: _Hlk13574857][bookmark: _Hlk13506486]NOTE: Over-detection of contact voxels could occur due to the partial volume effect and the random noise of CT images40, 41. However, a slight over-detection of inter-particle contacts would not have significant effects on the overall trend of inter-particle contact evolution behavior42. 

4. CT image-based exploration of grain-scale mechanical behavior of soils

NOTE: The following image-based analysis is not applicable to idealistically spherical particles or samples with very narrow grading ranges (i.e., monodisperse samples). However, for particles with high roundness and poor grading (e.g., 0.3～0.6 mm glass beads), the methodology yields good results (see Cheng and Wang31).

4.1. Quantify particle kinematics of the sample. Use a particle tracking method to track individual particles within the sample at different scans based on either particle volume or particle surface area. A detailed description of this method is given in Cheng and Wang28.

4.1.1. Calculate the translation of each particle during any two consecutive scans.  It is calculated as the difference in the particle centroid coordinates between the two scans. 

4.1.2. Determine the rotation angle of each particle according to the difference in its major principal axis orientations between the two scans. 

4.2. Quantify the strain field of the sample. Use a grid-based method to calculate the strain field during any two consecutive scans based on the particle translation and particle rotation. 

NOTE: The method requires the labeled images of the sample from both scans and the particle kinematics results. Readers are referred to a previous work24 for a detailed description.

4.3. Analyze inter-particle contact evolution of the sample. Based on the extracted contact voxels, the labeled images of particles and the particle tracking results, analyze the branch vector orientation of the lost contacts and the gained contacts within the sample during each shear increment. 

NOTE: A full description of this method is given in Cheng and Wang31. 

REPRESENTATIVE RESULTS: 
Figure 5 depicts the particle kinematics results of a Leighton Buzzard sand (LBS) sample at a 2D slice during two typical shear increments, I and II. Most of the particles are successfully tracked and their translations and rotations are quantified following the above protocol. During the first shear increment, neither particle displacements nor particle rotations show clear localization. However, a localized band is developed in both the particle displacement map and particle rotation map during the second shear increment. Figure 6 shows the octahedral and volumetric strain maps of the sample during the two shear increments. A clear localization zone is observed in the strain maps at the second shear increment, demonstrating the capability of the method to visualize sand failure under triaxial shearing. Figure 7 depicts the normalized orientation frequency of branch vectors of gained contacts and lost contacts in the sample during the two shear increments. The lost contacts exhibit a clear directional preference towards the minor principal stress direction (i.e., the horizontal direction) during both shear increments. 

FIGURE AND TABLE LEGENDS: 
Figure 1: X-ray micro CT setup and triaxial loading device. (A) A triaxial apparatus used in conjunction with an X-ray micro CT setup. (B) An enlarged view of the installation of the triaxial apparatus during triaxial testing. (C) Triaxial apparatus from a different angle. This figure has been modified from Cheng and Wang28.

Figure 2: The process of making a sample. (A) Installation of a porous stone and a membrane on the base plate, (B) installation of a sample maker, (C) creation of suction inside the sample maker, (D) dropping sand particles into the sample maker, (E) installation of another porous stone and a cushion plate on top of the sand sample, and (F) removal of sample maker from the base plate. 

Figure 3: Image processing of CT images. (A) Raw CT projection, (B) the CT projection after phase retrieval, (C) a reconstructed horizontal CT slice, (D) the CT slice after image filtering, (E) the CT slice after image binarization, and (F) the CT slice after particle separation.

Figure 4: Illustration of the extraction of inter-particle contacts of LBS in 2D slices. (A) Implementation of a logical operation AND between the binary image of a CT slice and the binary image of watershed lines, and (B) a typical contact of two LBS particles in 3D space (particles are shown in green and blue and contact is shown in red). 

Figure 5: Typical particle kinematics results of an LBS sample during two shear increments. (A) Stressstrain curve of the sample under triaxial compression, (B) particle displacements and particle rotations of the sample during shear increment I, and (C) particle displacements and particle rotations of the sample during shear increment II. This figure has been modified from Cheng and Wang24. 

Figure 6: Typical strain fields of LBS during two shear increments. (A) Octahedral shear strain and volumetric strain of the sample during shear increment I. (B) Octahedral shear strain and volumetric strain of the sample during shear increment II. This figure has been modified from Cheng and Wang24.

Figure 7: Typical inter-particle contact evolution results of LBS during two shear increments. (A) Normalized orientation frequency of branch vectors of gained contacts and lost contacts of LBS during shear increment I. (B) Normalized orientation frequency of branch vectors of gained contacts and lost contacts of LBS during shear increment II.

DISCUSSION: 
High-spatial resolution X-ray micro-CT and advanced image processing and analysis techniques have enabled the experimental investigation of the mechanical behavior of granular soils under shear at multi-scale levels (i.e., at macro-scale, meso-scale and grain-scale levels). However, CT image-based meso- and grain-scale investigations require the acquisition of high-spatial resolution CT images of soil samples during loading. The most challenging aspect of this process is perhaps the fabrication of a miniature triaxial loading apparatus that can be used in conjunction with an X-ray micro CT device. One should make an overall consideration of the required sample size, loading stresses and rates, in addition to the restrictions of X-ray micro CT devices such as the spatial resolution, scanning area and the load capacity of the rotation stage. 

The determination of optimum X-ray energy and exposure time can be time-consuming but is crucial to the acquisition of high-quality CT images. It is recommended that users try different energies and exposure times during their first scan and determine an appropriate energy and exposure time according to the quality of the reconstructed slices. Besides, samples with different initial porosities can be produced during sample preparation by dropping sand particles into the sample mold from different heights. However, because of the small sample size, producing a sample with a specific initial porosity is more difficult in comparison to conventional triaxial tests. To produce a sample with an initial porosity that is close to a specific value for triaxial testing with CT scanning, users are recommended to practice producing samples in advance. 

Compared to conventional triaxial testing, miniature in situ triaxial testing has the advantage of being able to explore the grain-scale mechanical behavior of granular soils, including grain kinematics, strain localization and inter-particle contact interaction, etc. Currently, a popular alternative method to investigate the grain-scale mechanical behavior of granular soils is DEM. Although this technique enables the modeling of sand mechanical behavior under complex loading conditions, grain shapes and contact models are generally over-simplified to achieve high computing efficiency in most DEM studies. In this situation, the grain-scale information extracted from real sand using this protocol is needed for improved validation of DEM models at multi-scale levels. Another advantage of the introduced method for CT image-based strain calculation is the incorporation of particle rotation in the strain calculation. The strain calculation method was shown to produce more reliable strain results than a mesh-base method without considering the effects of particle rotations24.

Even with its many advantages, using X-ray micro CT to study the inter-particle contact evolution of granular soils may suffer from over-detection of inter-particle contacts. The accuracy of inter-particle detection results relies strongly on the spatial resolution of the X-ray micro-CT. This is due to the partial volume effect of the X-ray micro-CT, in which two isolated particles having a distance smaller than the size of a voxel may be identified as two contacting particles. Fortunately, the general trend of inter-particle contact evolution within granular soils was found to be unaffected by the over-detection of inter-particle contacts. Meanwhile, the inability to extract inter-particle contact forces within granular soils is another disadvantage of X-ray micro-CT compared to DEM studies43-47 and photo-elastic studies48,49. Furthermore, because of the above-mentioned CT image-based grain-scale investigation required to correctly identify and extract individual particles from CT images, the application of this method to soils with highly irregular particle shapes or highly crushable soils containing irregular intra-particle voids is very challenging. 

In the future, in situ triaxial testing providing ample data on grain shape and grain kinematics will facilitate the incorporation of real particle shapes in DEM modeling. Subsequently, CT image-based DEM modeling will provide a better understanding of the grain-scale mechanical behavior of granular soils under loading. Meanwhile, given the ability to extract inter-particle contact forces50, a combination of X-ray diffraction with X-ray micro-CT for in situ triaxial testing will be helpful for the extraction of full grain-scale information (i.e., both grain kinematics and grain contact forces) from granular soils under shearing. 

ACKNOWLEDGMENTS:
This study was supported by the General Research Fund No. CityU 11213517 from the Research Grant Council of the Hong Kong SAR, Research Grant No. 51779213 from the National Science Foundation of China, and the BL13W beamline of the Shanghai Synchrotron Radiation Facility (SSRF). 

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES: 
1. Cundall, P. A., Strack, O. D. A discrete numerical model for granular assemblies. Géotechnique. 29(1), 47-65 (1979).
2. Rothenburg, L., Bathurst, R. J. Micromechanical features of granular assemblies with planar elliptical particles. Géotechnique. 42(1), 79-95 (1992).
3. Iwashita, K., Oda, M. Rolling resistance at contacts in simulation of shear band development by DEM. Journal of Engineering Mechanics. 124(3), 285-292 (1998).
4. Jiang, M. J., Yu, H. S., Harris, D. A novel discrete model for granular material incorporating rolling resistance. Computers and Geotechnics. 32(5), 340-357 (2005).
5. Ai, J., Chen, J. F., Rotter, J. M., Ooi, J. Y. Assessment of rolling resistance models in discrete element simulations. Powder Technology. 206(3), 269-282 (2011).
6. Zhou, B., Huang, R., Wang, H., Wang, J. DEM investigation of particle anti-rotation effects on the micromechanical response of granular materials. Granular Matter. 15(3), 315-326 (2013).
7. Matsushima, T., Saomoto, H. Discrete element modeling for irregularly-shaped sand grains. Proc. NUMGE2002: Numerical Methods in Geotechnical Engineering. 239-246 (2002).
8. Price, M., Murariu, V., Morrison, G. Sphere clump generation and trajectory comparison for real particles. Proceedings of Discrete Element Modelling (2007).
9. Ferellec, J., McDowell G. Modelling realistic shape and particle inertia in DEM. Géotechnique. 60(3), 227-232 (2010).
10. Wiącek, J., Molenda, M., Horabik, J., Ooi, J. Y. Influence of grain shape and intergranular friction on material behavior in uniaxial compression: Experimental and DEM modeling. Powder Technology. 217 435-442 (2012).
11. Ng, T. T. Fabric study of granular materials after compaction. Journal of Engineering Mechanics. 125(12), 1390-1394 (1999).
12. Cleary, P. W. The effect of particle shape on simple shear flows. Powder Technology. 179(3), 144-163 (2008).
13. Oda, M. Initial fabrics and their relations to mechanical properties of granular material. Soils and Foundations. 12(1), 17-36 (1972).
14. Konagai, K., Tamura, C., Rangelow, P., Matsushima, T. Laser-aided tomography: a tool for visualization of changes in the fabric of granular assemblage. Structural Engineering/Earthquake Engineering. 9(3), 193s-201s (1992).
15. Johns R. A., Steude J. S., Castanier L. M., Roberts P. V. Nondestructive measurements of fracture aperture in crystalline rock cores using X ray computed tomography. Journal of Geophysical Research: Solid Earth. 98(B2), 1889-900 (1993).
16. Ohtani T., Nakano T., Nakashima Y., Muraoka H. Three-dimensional shape analysis of miarolitic cavities and enclaves in the Kakkonda granite by X-ray computed tomography. Journal of Structural Geology. 23(11), 1741-51 (2001).
17. Oda, M., Takemura, T., Takahashi, M. Microstructure in shear band observed by microfocus X-ray computed tomography. Géotechnique. 54(8), 539-542 (2004).
18. Fonseca, J., O'Sullivan, C., Coop, M. R., Lee, P. D. Quantifying the evolution of soil fabric during shearing using directional parameters. Géotechnique. 63(6), 487-499 (2013).
19. Fonseca, J., O'Sullivan, C., Coop, M. R., Lee, P. D. Quantifying the evolution of soil fabric during shearing using scalar parameters. Géotechnique. 63(10), 818-829 (2013).
20. Desrues, J., Chambon, R., Mokni, M., Mazerolle, F. Void ratio evolution inside shear bands in triaxial sand specimens studied by computed tomography. Géotechnique, 46(3), 529-546 (1996).
21. Lenoir, N., Bornert, M., Desrues, J., Bésuelle, P., Viggiani, G. Volumetric digital image correlation applied to X‐ray microtomography images from triaxial compression tests on argillaceous rock. Strain, 43(3), 193-205 (2007).
22. Higo, Y., Oka, F., Sato, T., Matsushima, Y., Kimoto, S. Investigation of localized deformation in partially saturated sand under triaxial compression using microfocus X-ray CT with digital image correlation. Soils and Foundations. 53(2), 181-198 (2013).
23. Alikarami, R., Andò, E., Gkiousas-Kapnisis, M., Torabi, A., Viggiani, G. Strain localisation and grain breakage in sand under shearing at high mean stress: insights from in situ X-ray tomography. Acta Geotechnica. 10(1), 15-30 (2015).
24. Cheng, Z., Wang, J. Quantification of the strain field of sands based on X-ray micro-tomography: A comparison between a grid-based method and a mesh-based method. Powder Technology. 344, 314-334 (2019).
25. Hall, S. A., Bornert, M., Desrues, J., Pannier, Y., Lenoir, N., Viggiani, G., Bésuelle, P. Discrete and continuum analysis of localised deformation in sand using X-ray μCT and volumetric digital image correlation. Géotechnique. 60(5), 315-322 (2010).
26. Andò, E., Hall, S. A., Viggiani, G., Desrues, J., Bésuelle, P. Grain-scale experimental investigation of localised deformation in sand: a discrete particle tracking approach. Acta Geotechnica. 7(1), 1-13 (2012).
27. Watanabe, Y., Lenoir, N., Otani, J., Nakai, T. Displacement in sand under triaxial compression by tracking soil particles on X-ray CT data. Soils and Foundations. 52(2), 312-320 (2012).
28. Cheng, Z., Wang, J. A particle-tracking method for experimental investigation of kinematics of sand particles under triaxial compression. Powder Technology. 328, 436-451 (2018).
29. Matsushima T., Katagiri J., Uesugi K., Nakano T., Tsuchiyama A. Micro X-ray CT at Spring-8 for granular mechanics. In Soil Stress-Strain Behavior: Measurement, Modeling and Analysis. A Collection of Papers of the Geotechnical Symposium in Rome, 146, 225-234 (2006).
30. Andò, E., Viggiani, G., Hall, S. A., Desrues, J. Experimental micro-mechanics of granular media studied by X-ray tomography: recent results and challenges. Géotechnique Letters, 3(July-September), 142-146 (2013).
31. Cheng, Z., Wang, J. Experimental investigation of inter-particle contact evolution of sheared granular materials using X-ray micro-tomography. Soils and Foundations. 58(6), 1492-1510 (2018).
32. Karatza Z., Andò E., Papanicolopulos S. A., Ooi J. Y., Viggiani G. Evolution of deformation and breakage in sand studied using X-ray tomography. Géotechnique. 1-11 (2017).
33. Cheng, Z., Wang, J. F., Coop, M. R., Ye, G. L. A miniature triaxial apparatus for investigating the micromechanics of granular soils with in-situ X-ray micro-tomography scanning. Frontiers of Structural and Civil Engineering (2019, in press).
34. Chen, R.C., Dreossi, D., Mancini, L., Menk, R., Rigon, L., Xiao, T.Q., Longo, R. PITRE: software for phase-sensitive X-ray image processing and tomography reconstruction. Journal of Synchrotron Radiation. 19(5), 836-845 (2012).
35. Otsu, N. A threshold selection method from gray-level histograms. IEEE Trans. Systems, Man Cybernet. 9(1) 62-66 (1979).
36. Karatza, Z. Study of temporal and spatial evolution of deformation and breakage of dry granular materials using X-ray computed tomography and the discrete element method. PhD Thesis, University of Edinburgh (2017).
37. Shi, Y., Yan, W.M. Segmentation of irregular porous particles of various sizes from X-ray microfocus computer tomography images using a novel adaptive watershed approach. Géotechnique Letters. 5(4) 299-305 (2015).
38. Zheng, J., Hryciw, R.D. Segmentation of contacting soil particles in images by modified watershed analysis. Computers and Geotechnics. 73 142-152 (2016).
39. Lai, Z., Chen, Q. Reconstructing granular particles from X-ray computed tomography using the TWS machine learning tool and the level set method. Acta Geotechnica. 14(1) 1-18 (2019).
40. Wiebicke, M., Andò, E., Herle, I., Viggiani, G. On the metrology of interparticle contacts in sand from x-ray tomography images. Measurement Science and Technology. 28(12) 1-14 (2017).
41. Karatza, Z., Andò, E., Papanicolopulos, S.A., Viggiani, G. and Ooi, J.Y. Effect of particle morphology and contacts on particle breakage in a granular assembly studied using X-ray tomography. Granular Matter. 21(3) 1-13 (2019).
42. Cheng, Z. Investigation of the grain-scale mechanical behavior of granular soils under shear using X-ray micro-tomography. PhD Thesis, City University of Hong Kong (2018).
43. Antony, S. J. Evolution of force distribution in three‐dimensional granular media. Physical Review E. 63:011302 (2000)
44. Kruyt, N. P., Rothenburg, L. Probability density functions of contact forces for cohesionless frictional granular materials. International Journal of Solids and Structures. 39(3), 571‐583 (2002).
45. Marketos, G., Bolton, M. D. Quantifying the extent of crushing in granular materials: a probability‐based predictive method. Journal of the Mechanics and Physics of Solids. 55(10), 2142‐2156 (2007).
46. Cheng, Z., Wang, J. Quantification of particle crushing in consideration of grading evolution of granular soils in biaxial shearing: A probability-based model. International Journal for Numerical and Analytical Methods in Geomechanics. 42(3), 488-515 (2018).
47. Zhou, B., Wang, J., Wang, H. A new probabilistic approach for predicting particle crushing in one-dimensional compression of granular soil. Soils and Foundations. 54(4), 833-844 (2014).
48. Geng, J., Reydellet, G., Clément, E., Behringer., R.P. Green’s function measurements of force transmission in 2D granular materials. Physica D: Nonlinear Phenomena. 182, 274-303 (2003).
49. [bookmark: _GoBack]Majmudar, T. S., Behringer, R. P. Contact force measurements and stress-induced anisotropy in granular materials. Nature. 435, 1079 (2005).
50. Hurley, R. C., Hall, S. A., Andrade, J. E., Wright, J. Quantifying interparticle forces and heterogeneity in 3D granular materials. Physical Review Letters. 117(9), 098005 (2016).
								
		


 


 


 


 


 


 


 


 


 


 


 


 


TITLE:


 


1


 


Visualization 


of Failure and the Associated Grain


-


Scale Mechanical Behavior of Granular Soils 


2


 


under Shear Using 


S


ynchrotron 


X


-


Ray Micro


-


Tomography


 


3


 


 


4


 


AUTHORS


 


AND 


AFFILIATIONS


:


 


5


 


Zhuang Cheng


1


 


and Jianfeng Wang


1, 2


 


6


 


1


Department of 


Architecture and Civil Engineering, City University of Hong Kong, Hong Kong


 


7


 


2


Shenzhen Research Institute of City University of Hong Kong, Shenzhen, China


 


8


 


 


9


 


Email addresses of co


-


authors:


 


10


 


Zhuang Cheng


 


(zhuacheng2


-


c@my.cityu.edu.hk)


 


11


 


 


12


 


Corresponding author: 


 


13


 


Ji


anfeng Wang (jefwang@


cityu.edu.hk)


 


14


 


 


15


 


KEYWORDS:


 


16


 


g


ranular soils, particle translation, particle rotation, strain localization, 


contact loss, contact gain, 


17


 


contact movement, 


triaxia


l compression


, 


s


ynchrotron


 


X


-


ray micro


-


tomography


 


18


 


 


19


 


SUMMARY


:


 


 


20


 


The protocol describes procedures to acquire high


-


spatial resolution 


computed


 


tomography (


CT


)


 


21


 


images of a 


granular soil 


during triaxial compression, and 


to 


apply image processing techniques 


22


 


to these 


CT 


images to explore the grain


-


scale mechanical behavior of 


the soil under loading


.


 


23


 


 


24


 


ABSTRACT:


 


25


 


The rapid development of X


-


ray imaging techniques 


with


 


image processing and analysis skills has 


26


 


enabled the acquisition of C


T images of granular soils


 


with high


-


spatial resolutions. 


Based on 


such 


27


 


CT images, grain


-


scale mechanical behavior such as particle kinematics (i.e., particle translations 


28


 


and particle rotations), strain localization and inter


-


particle contact evolution of granular soils 


29


 


can be quantitatively investigated. 


H


owever


, this is


 


ina


ccessible using conventional experimental 


30


 


methods. 


This study 


demonstrates the 


exploration 


of the grain


-


scale mechanical behavior of a 


31


 


granular soil 


sample 


under triaxial compression using 


synchrotron 


X


-


ray micro


-


tomography


 


32


 


(


μCT


)


. 


With 


this method, a speci


ally fabricated miniature 


loading 


apparatus is used to 


a


pply 


33


 


confining and axial 


stresses 


to the 


sample during the triaxial test


. 


The apparatus is fitted into a


 


34


 


synchrotron 


X


-


ray 


tomography setup so that high


-


spatial resolution CT images of the sample can 


35


 


be collected at different loading stages of the test without any disturbance 


to 


the sample. 


With 


36


 


the capability of extracting information 


at the


 


macro


 


scale (e.g., sample boundary


 


stress


es


 


and 


37


 


strain


s from the triaxial apparatus setup


) and 


the 


grain


 


scale (e.g., grain movement


s


 


and contact 


38


 


interaction


s from the CT images


), t


his procedure 


provides an effective methodology to 


39


 


investigate the multi


-


scale mechanics of granular 


soils.


 


40


 


 


41


 


INTRODUCTION


:


 


 


42


 


It is


 


widely


 


recognized


 


that 


the 


macro


-


scale mechanical properties


 


of granular soil,


 


such as 


43


 


stiffness, shear strength and permeability


,


 


are critical to many geotechnical structures


, for 


44


 




                        TITLE:  

1

  Visualization  of Failure and the Associated Grain - Scale Mechanical Behavior of Granular Soils 

2

  under Shear Using  S ynchrotron  X - Ray Micro - Tomography  

3

   

4

  AUTHORS   AND  AFFILIATIONS :  

5

  Zhuang Cheng 1   and Jianfeng Wang 1, 2  

6

  1 Department of  Architecture and Civil Engineering, City University of Hong Kong, Hong Kong  

7

  2 Shenzhen Research Institute of City University of Hong Kong, Shenzhen, China  

8

   

9

  Email addresses of co - authors:  

10

  Zhuang Cheng   (zhuacheng2 - c@my.cityu.edu.hk)  

11

   

12

  Corresponding author:   

13

  Ji anfeng Wang (jefwang@ cityu.edu.hk)  

14

   

15

  KEYWORDS:  

16

  g ranular soils, particle translation, particle rotation, strain localization,  contact loss, contact gain, 

17

  contact movement,  triaxia l compression ,  s ynchrotron   X - ray micro - tomography  

18

   

19

  SUMMARY :    

20

  The protocol describes procedures to acquire high - spatial resolution  computed   tomography ( CT )  

21

  images of a  granular soil  during triaxial compression, and  to  apply image processing techniques 

22

  to these  CT  images to explore the grain - scale mechanical behavior of  the soil under loading .  

23

   

24

  ABSTRACT:  

25

  The rapid development of X - ray imaging techniques  with   image processing and analysis skills has 

26

  enabled the acquisition of C T images of granular soils   with high - spatial resolutions.  Based on  such 

27

  CT images, grain - scale mechanical behavior such as particle kinematics (i.e., particle translations 

28

  and particle rotations), strain localization and inter - particle contact evolution of granular soils 

29

  can be quantitatively investigated.  H owever , this is   ina ccessible using conventional experimental 

30

  methods.  This study  demonstrates the  exploration  of the grain - scale mechanical behavior of a 

31

  granular soil  sample  under triaxial compression using  synchrotron  X - ray micro - tomography  

32

  ( μCT ) .  With  this method, a speci ally fabricated miniature  loading  apparatus is used to  a pply 

33

  confining and axial  stresses  to the  sample during the triaxial test .  The apparatus is fitted into a  

34

  synchrotron  X - ray  tomography setup so that high - spatial resolution CT images of the sample can 

35

  be collected at different loading stages of the test without any disturbance  to  the sample.  With 

36

  the capability of extracting information  at the   macro   scale (e.g., sample boundary   stress es   and 

37

  strain s from the triaxial apparatus setup ) and  the  grain   scale (e.g., grain movement s   and contact 

38

  interaction s from the CT images ), t his procedure  provides an effective methodology to 

39

  investigate the multi - scale mechanics of granular  soils.  

40

   

41

  INTRODUCTION :    

42

  It is   widely   recognized   that  the  macro - scale mechanical properties   of granular soil,   such as 

43

  stiffness, shear strength and permeability ,   are critical to many geotechnical structures , for 

44

 

