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Author Questionnaire:

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? N  
Can you record movies/images using your own microscope camera? N/A
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.

2. Does your protocol include software usage? Y
If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.

3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot. (You do not need to include steps that will be screen captured. Please do not list entire sections.)
Steps 2.2, 2.4, 2.5, 2.9, 2.10 and 2.14

4. What is the single most difficult aspect of this procedure and what do you do to ensure success? Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.)
Response: Steps 2.7 and 2.8 are difficult because they affect the quality of the produced sample, e.g., the geometry and dimension of the sample. To ensure success, these two steps will be operated very carefully. If failure occurs, we could also reproduce a sample. This will not take too much time (generally within 30 minutes).

5. Will the filming need to take place in multiple locations? (Y/N) N
If yes, how far apart are the locations? 


Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

Authors, these headshots will be used for the JoVE Dedicated Author Webpage. Here is one example if you wish to take a look.


1. REQUIRED Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.

1.1. Jianfeng Wang: This protocol allows us to acquire particle-scale data of granular soils using X-ray micro-tomography and develop an understanding of micro-scale processes and mechanisms underlying the macro-scale behavior of granular materials [1]. 

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

1.2. Jianfeng Wang: The main advantage is that this technique allows a full access to the particle-scale information of granular materials, including particle morphology, microstructure, breakage, displacement and rotation within the deformation process [1].

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

OPTIONAL Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.


1.3. Zhuang Cheng: This method can also be applied to the investigation of other types of stone-based natural or synthetic materials, such as rocks, soil-rock mixture, concrete, ceramics, asphalt and even polymer composites [1]. 
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.





Section - Protocol
2. [bookmark: _Hlk13876254]Carrying Out In Situ Triaxial Compression Testing
2.1. Begin with design of the experiment well in advance as described in the text protocol. Determine test material, particle size, sample size, and sample initial porosity [1].
2.1.1. Talent works to design the experiment. Perhaps at the computer or lab notebook. 
2.2. To prepare a soil sample on the board, first add a small amount of silicone grease around the lateral surface of the top end of the base plate [1]. Then, place a porous stone on its upper surface [2]. Put a membrane around the lateral surface of the top end [3]. 
2.2.1. Base plate as talent adds a small amount of silicone grease around the lateral surface of the top end. Videographer, the authors consider visualization of this step to be important.
2.2.2. Talent places a porous stone on its upper surface. Videographer, the authors consider visualization of this step to be important.
2.2.3. Talent puts a membrane around the lateral surface of the top end. Videographer, the authors consider visualization of this step to be important.
2.3. Add a small amount of silicone grease on the contact surfaces between the two parts of the sample maker and lock it [1]. Place place the sample maker on the base plate and to allow the membrane to pass through it [1] [2]. Lock the sample maker [2].	Comment by Mr. CHENG Zhuang: We have modified the order of actions in filming this protocol step.
2.3.1. [bookmark: _GoBack]Sample maker as talent adds a small amount of silicone grease on the contact surfaces between the two parts of the sample maker. Place the sample maker on the base plate and allow the membrane to pass through it and locks it.
2.3.2. Talent Locks the sample maker.places the sample maker on the base plate and allows the membrane to pass through it.
2.4. Create suction inside the sample maker through its nozzle using a vacuum pump [1]. Fix the membrane to the lateral surface of its upper end [2]. Ensure that the membrane is attached to the inner surface of the sample maker [3]. 
2.4.1. Sample maker as talent applies the vacuum pump through its nozzle. Videographer, the authors consider visualization of this step to be important.
2.4.2. Talent fixes the membrane to the lateral surface of its upper end. Videographer, the authors consider visualization of this step to be important.
2.4.3. Talent ensures that the membrane is attached to the inner surface of the sample maker. Videographer, the authors consider visualization of this step to be important.
2.5. Drop the test granular material from a certain height into the sample maker using a funnel until it is completely filled [1]. The upper surface of the soil sample should be the same level as the upper edge of the sample maker [2].
2.5.1. Sample maker as talent drops the test granular material from a certain height using a funnel. Continue action in next shot. Videographer, the authors consider visualization of this step to be important.
2.5.2. ECU: Upper surface of the soil sample as it becomes completely filled, showing it is the same level as the upper edge of the sample maker. Videographer, the authors consider visualization of this step to be important.
2.6. Place another porous stone on top of the soil sample [1]., and place a stainless-steel cushion plate on top of the porous stone [1]. Apply some silicone grease around the lateral surface of the a stainless-steel cushion plate and place it on top of the porous stone [2]. 	Comment by Mr. CHENG Zhuang: We have modified the order of actions in filming this protocol step.
2.6.1. Soil sample as talent places another porous stone on top.  and Apply some silicone grease around the lateral surface of a stainless-steel cushion plate on top of the stone.
2.6.2. Plate as talent places the cushion plate on the top of the stone.applies some silicone grease around the lateral surface.
2.7. Remove the top side of the membrane from the sample maker and fix it to the cushion plate [1]. 
2.7.1. Talent removes the top side of the membrane from the sample maker and fixes it to the cushion plate. Video editors, the authors consider this a critical step.
2.8. Remove the suction inside the sample maker nozzle and create suction inside the valve on the base plate [1]. Finally, remove the sample maker. A miniature dry sample is produced [2]. 
2.8.1. Talent removes the suction inside the sample maker nozzle and creates suction inside the valve on the base plate. Video editors, the authors consider this a critical step.
2.8.2. Talent removes the sample maker and the miniature dry sample is revealed. Video editors, the authors consider this a critical step.
2.9. Now, fix the confining cell on the base plate and fix the chamber top plate on the top of the confining cell [1-TXT].
2.9.1. Talent fixes the confining cell on the base plate and fixes the chamber top plate on the top of the confining cell. TEXT: See text for more on setup Videographer, the authors consider visualization of this step to be important.
2.10. Affix the rest of the loading apparatus on the chamber top plate [1]. Add a constant confining pressure of 25 kilopascals to the sample and remove the suction inside the sample [2].
2.10.1. Talent affixes the rest of the loading apparatus on the chamber top plate. Videographer, the authors consider visualization of this step to be important.
2.10.2. Talent adds a constant confining pressure to the sample and removes the suction inside the sample. Videographer, the authors consider visualization of this step to be important.
2.11. Gradually increase the confining pressure to a pre-determined value using the confining pressure offering device [1].
2.11.1. Talent gradually increases the confining pressure to a pre-determined value using the confining pressure offering device.
2.12. To scan a section of the sample, set the computed tomography, or CT scanner to Image capture mode [1-TXT]. Then, start the rotation stage to rotate the entire apparatus across 180 degrees at a pre-determined constant rotation rate to capture CT projections of the sample at different angles [2]. 	Comment by Mr. CHENG Zhuang: As we mentioned in an email to Violet, we do not have the CT device at the filming venue, so the protocol steps 2.12, 2.13 and 2.15.2 cannot be filmed at the filming venue. Could we use photos or videos (See the attached files) to replace the filming of these steps?
2.12.1. MED-over the shoulder: Talent sets the CT scanner to Image capture mode. TEXT: See text for setup of X-ray micro CT device
2.12.2. Rotation stage as is starts rotating. 
2.13. For a high-spatial resolution CT scanner, a full scan of the sample usually requires the sample to be scanned at several different heights [1]. 
2.13.1. Talent adjusts the height of the sample. 
2.14. Apply an axial load on the sample with a constant loading rate. Here, a loading rate of 0.2 percent per minute is used. Users can set a different loading rate according to the experiment requirement [1]. 
2.14.1. Talent applies an axial load on the sample with a constant loading rate. Videographer, the authors consider visualization of this step to be important.
2.15. Pause the axial loading at a pre-determined axial strain. Wait until the measured axial force reaches a steady value and carry out the next scan [1]. Repeat these steps until the end of loading [2]. 
2.15.1. MED-over the shoulder: Talent pauses the axial loading at a pre-determined axial strain and waits as the measured axial force approaches a steady value.
2.15.2. Talent works to continue scanning.	Comment by Mr. CHENG Zhuang: 2.15.2 is actually a repeat of steps 2.12~2.15. So actually there is no need to shot this action.
3. Image Processing and Analysis
3.1. Reconstruct CT slices of the sample based on the CT projections after phase retrieval using the PITRE (pit-tree) software. Load the projections into PITRE from the menu Load image. Click the icon Projection to Sinogram. Enter relevant parameters in the appeared window and click Single to reconstruct a CT slice [1]. 
3.1.1. 60322_Video 1.mp4. Video editors, the video can be started at 0:13. Also, 1:22-1:39 can be cropped out. Consider altering speed to fit the narration. 
3.2. Implement image filtering on the CT slices. An anisotropic diffusion filter is used to perform image filtering [1].
3.2.1. Figure 3D.tif 
3.3. Now, perform image binarization on the filtered CT slices. To do so, implement the image binarization by applying an intensity value threshold to the CT slices. This value is determined according to the intensity histogram of the CT slices using Otsu’s method [1].
3.3.1. 60322_Video 2.mp4. Video editors, the video can be started at 0:11 and ended at 0:52. Consider altering speed to fit the narration.
3.4. Separate individual particles from the binarized CT slices using a marker-based watershed algorithm and store the results in a 3D-labelled image. Validate the results by comparing the calculated particle size distribution from the CT image to those from a mechanical sieving test [1]. 
3.4.1. 60322_Video 3.mp4. Video editors, the video can be started at 0:26 and ended at 1:10. Consider altering speed to fit the narration.
3.5. A MATLAB (mat-lab) script is used to extract particle properties including particle volume, particle surface area, particle orientation, and particle centroid coordinates. Intrinsic MATLAB functions are used to acquire these properties for each particle [1-TXT]. 
3.5.1. 60322_Video 4.mp4. Video editors, the video can be stopped at 00:23 if necessary to fit narration. TEXT: MATLAB functions = regionprops, bwprim, pca
3.6. Extract contact voxels from the binarized CT slices by implementation of a logical operation. Also extract contact voxels between the binary image of the CT slices and a binary image of watershed lines acquired from the implementation of the marker-based watershed algorithm [1]. 
3.6.1. 60322_Video 5.mp4
3.7. To 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 [1]. 
3.7.1. 60322_Video 6.mp4
3.8. 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 [1]. 
3.8.1. 60322_Video 7.mp4. Video editors, the video can be started at 0:10 and ended at 0:50. Consider altering speed to fit the narration.



Section – Results
4. Results: Typical Particle Kinematics and Inter-Particle Contact Evolution of a Leighton Buzzard Sand Sample 
4.1. The stressstrain curve and a 2D slice of a Leighton Buzzard sand sample under triaxial compression are shown [1].
4.1.1. 60322_Video 8.avi – Video editors, please show 00:00-00:04.
4.2. Displayed here are particle kinematics results at the 2D slice during the test. Most of the particles are successfully tracked and their translations and rotations are quantified [1]. 
4.2.1. 60322_Video 8.avi – Video editors, please show 00:05-00:15.
4.3. A localized band is developed in both the particle displacement map and particle rotation map at the end of the test [1]. 
4.3.1. 60322_Video 8.avi – Video editors, please show 00:15-00:16.
4.4. Shown here is the normalized orientation frequency of branch vectors of gained contacts and lost contacts in the sample during the test. The lost contacts exhibit a clear directional preference towards the minor principal stress direction during the test [1]. 
4.4.1. 60322_Video 8.avi – Video editors, please show 00:16-00:27.


Section - Conclusion
5. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
5.1. Zhuang Cheng: Calibration of the rotation axis as detailed in the text protocol is important because the successful reconstruction of CT slices largely relies on the appropriate positioning of the rotation stage [1].   
5.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
5.2. Zhuang Cheng: To avoid any ionizing radiation to human bodies from the X-ray source, one need to make sure all doors and windows of the scanning room are appropriately closed before each scan [1]. 
5.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
5.3. Jianfeng Wang: Following a similar procedure, in-situ testing with X-ray diffraction or scattering can be performed. That provides a tool for measurement of inter-particle contact forces and their propagation within deforming granular materials [1].
5.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
5.4. Jianfeng Wang: The acquired experimental data can be used for the development of advanced constitutive models for sands considering their grain-scale mechanical behaviors and for numerical modeling of real sands under loading [1].
5.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
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