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Introduction:  Granular segregation is the separa-

tion of a granular mixture according to particle size 

when exposed to vibrations [1]. The most common 

example of granular segregation is the Brazil-nut effect 

(BNE), where large particles migrate up through a 

granular medium composed of smaller grains when the 

granular mixture experiences vibrations [2]. Previous 

studies have found convection to be a major driving 

source for the BNE and the rise speeds to be propor-

tional to the oscillation frequency [3]. The BNE has 

been hypothesized as an explanation for the distribu-

tion of particles on small asteroids like Itokawa, where 

large grains (boulders) are observed clustered together 

at the distal ends of the asteroid [4].  

Strata-1 was a year-long experiment to study 

granular segregation in microgravity [5]. In April of 

2016, the Strata-1 payload was delivered to the Inter-

national Space Station (ISS). The payload included 

four tubes that each held a different type of regolith 

simulant. While aboard the ISS, the regolith simulants 

were free to move within the tubes in response to the 

ambient vibrations experienced by the ISS due to as-

tronaut motions, docking events, etc. Upon the return 

of the sample tubes to Earth, a fixing agent was al-

lowed to harden in the tubes, immobilizing the grains. 

X-ray tomography (XCT) images of the tubes were 

produced to allow subsequent analysis for signatures of 

granular segregation. We will present our analysis of 

the x-ray tomographic observations of the tube con-

taining spherical glass beads. This tube contained three 

sizes of spherical glass beads: 2 mm, 5 mm, and 10 

mm [5].  

 

The Strata-1 Experiment Post-Flight Analysis: 

XCT imaging is an imaging procedure that uses x-ray 

signals to generate a set of cross-sectional images or 

“slices” of a specified three-dimensional volume. It is 

necessary to correlate observations in one image with 

another in order to identify the 3D location of the 

spherical grains. We developed the following proce-

dure to analyze the images in Matlab: 

1. Import the set of two-dimensional XCT images 

into a three-dimensional matrix.  

2. Threshold: Obtain black-and-white (binary) 

images by specifying a threshold for pixel val-

ues within the image. 

3. Erosion: Perform a spherical erosion to the 

three-dimensional matrix to shrink the beads. 

This partitions the image into regions that clas-

sify individual beads.  

4. Label each segmented region found in the 

eroded binary matrix as a possible grain. 

5. Calculate the centroid of each identified re-

gion.  

6. Classify the size as either small, medium, or 

large. 

Figure 1 shows the progression of a single image slice 

between Steps 1, 2, and 3.   

 
Figure 1 (a) x-ray computerized tomography image 

slice, (b) binary image after thresholding, and (c) bina-

ry image after erosion.   

 

Results: Through our processing method, we iden-

tified 180 large (10 mm) beads, 1,291 medium (5 mm) 

beads, and 12,048 small (2 mm) beads. We manually 

verified the reliability of the calculated centroids by 

projecting the centroidal locations onto the set of XCT 

images.  

Figure 2 shows the distribution of each bead size in 

annular regions at various radii and a thickness of 2 

mm. Note that the area of an annular region increases 

proportionally with the radius length. Figure 2 de-

scribes the percent of beads per unit area since we ac-

count for the expected bias from the change in the an-

nular region’s area. The debiased result shows that the 

small beads are more concentrated near the centerline 

of the tube. Additionally, we observe that the larger 

beads are more concentrated at larger radii (i.e., near 

tube walls).  

 
Figure 2 Percentage of beads per 1 mm2 of area at 

various radii distances from the centerline of the tube.  
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Figure 3 shows the distribution of each bead size at 

various positions along the tube axis. Figure 3 shows 

that there is segregation of grains by size axially in the 

tube, with the small grains located preferentially in the 

right half of the tube. The medium grains exhibit the 

opposite trend.  

 
Figure 3 Percentage of beads as a function of axial 

position in the tube. The percent distributions sum to 

100% for each size bead. 

 

In addition to investigating the radial and axial seg-

regation of grains in the tube, we also looked for evi-

dence of clumping of grains. We denote a set of neigh-

boring beads within a region of interest (ROI) by B and 

the subset of the small, medium, and large beads by S, 

M, and L, respectively. r is the radius of the bead 

(mm). 
 

Equation 1 states that the percent-volume of neigh-

boring small beads is the ratio of the total spatial vol-

ume of the small beads within the ROI to the total spa-

tial volume of all beads within the ROI. Equations 2 

and 3 apply to sets M and L to obtain the percent-

volume of medium and large beads. 

 

 

 

  

Figure 4 shows the variation in the percent-volume 

of neighboring beads within a 30 mm radius spherical 

ROI around the small beads as a function of the posi-

tion along the tube axis. The average spatial volume of 

each bead size is indicated with horizontal lines. These 

horizontal lines illustrate the theoretical average result 

expected if the final distribution were uniform. These 

results suggest that near the middle of the tube, small 

beads contribute to almost twice the amount of spatial 

volume as expected if the beads were uniformly dis-

tributed. This indicates that there are clumps of small 

grains near the 85 mm axial location in the tube. 

 
Figure 4 Percent-volume of the neighboring beads 

around each small (2 mm) bead. The horizontal lines 

represent the percent of the total spatial bead volume 

that each size makes up.  

 

Conclusion: We presents a method to obtain the 

spatial distribution of the spherical silicate glass beads 

from XCT images. Our analysis of the Strata-1 obser-

vations suggests that the large beads drifted to the tube 

walls, and the small beads burrowed into the center of 

the regolith tube. In addition, we also see evidence of 

clumping of small grains. Because the Strata tubes 

experienced vibration during their return to Earth, the 

observed granular segregation may have been influ-

enced by this mission stage. Future work will analyze 

on-orbit images for evidence of similar segregation, in 

order to tie the observed segregation to shaking in mi-

crogravity. Additionally, we plan to simulate the Stra-

ta-1 experiment using LIGGGHTS Soft-Sphere Dis-

crete Element Method (SSDEM) simulations [6].  
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