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Specifications Table

Subject Geotechnical Engineering and Engineering Geology

Specific subject area Microstructure characterisation in granular materials; Multiple scale analysis of
thermal, hydraulic and geo-mechanical processes.

Type of data XCT Image

Network data file
Network feature file

How data were acquired XCT scanner
Image analysis
Data format Raw and analysed
Parameters for data collection The pixel size of the XCT images is 13 um. Four stages of axial stress applied

to each sand specimen from 0 to 2.0, 6.1, 10.2 MPa.
Sand particles were air-pluivated into an aluminium cylindrical container of a
25 mm diameter and 25 mm height. Each stage of axial stress was applied to
the specimen and then allocated at Australian Synchrotron Imaging and
Medical Beam Line (IMBL) to achieve sequential XCT images. Selected cubic
sub-samples with a side length of 4.5 mm were cropped and attached to this
paper. The images were post-processed using Otsu threshold segmentation,
watershed segmentation and in-house code [1,2] to construct contact and
thermal networks. Based on the networks, edge betweenness centrality was
calculated using a python library network [3,4].

Data source location Melbourne, Australia

Data accessibility Repository name: Mendeley Data
Data identification number: http://dx.doi.org/10.17632/szn4jtfkbx.1
Direct URL to data: https://data.mendeley.com/datasets/szn4jtfkbx/1
Supplemnetary files to this paper

Related research article W. Fei, G.A. Narsilio, J.H. van der Linden, M.M. Disfani, Quantifying the impact
of rigid interparticle structures on heat transfer in granular materials using
networks, International Journal of Heat and Mass Transfer, 143 (2019) 118,514
[1].
W. Fei, G.A. Narsilio, Network analysis of heat transfer in sands, Computers and
Geotechnics, 127 (2020) 103,773 [3].
J.H. van der Linden, G.A. Narsilio, A. Tordesillas, Thermal conductance network
model for computerised tomography images of real dry geomaterials,
Computers and Geotechnics, (2021) 104093.
https://doi.org/10.1016/j.compgeo.2021.104093 [5]

Value of the Data

- Different particle shapes in Ottawa sand and Angular sand enable researchers to study the ef-
fect of particle shape on physical properties such as material stiffness, permeability, thermal
conductivity [6].

« The XCT images can be considered as digital sand samples to conduct numerical experiments
[6].

» The XCT images and the network files allow researchers to quantify sand microstructure at
multiple length scales [3,7,8].

» Network features - edge betweenness centrality - is provided as a benchmark.

1. Data Description

Three levels of data are included in this paper. The first level is raw XCT images of Ottawa
sand and Angular sand under four-stage axial compression and zero-lateral strain. The particle
size and applied axial stress are summarised in Table 1. Each sand at every stress state was
scanned, so eight XCT image stack are provided. Two slices from XCT images of Ottawa sand
and Angular sand at rest are illustrated in Fig. 1.

The second level provides contact network and thermal network files corresponding to each
XCT image stack. A network is a web made of nodes and edges. In a contact network, a node
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Table 1

Particle size and axial compression stresses applied to each sample.
Sand Particle size (mm)? Particle size (mm)® Equivalent D5y (mm)® Axial Stress (MPa)
Ottawa sand 0.60-0.85 0.58-0.94 0.76 0, 2.0, 6.1, 10.2
Angular sand 0.60-1.18 0.39-0.99 0.68 0, 2.0, 6.1, 10.2

2 Particle size from sieve analysis.
b particle size calculated based on CT reconstructed sample.

Ottawa sand Angular sand

Fig. 1. XCT scanned images of Ottawa sand and Angular sand.

Fig. 2. Thermal network of Ottawa sand at rest. Red edges represent interparticle contacts while blue edges represent
near-contacts.
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# Thermal conductance network output format:
num_nodes & num_node_metrics ; names of columns ; [num_nodes x num_node_metrics] array
num_edges & num_edge metrics ; names of columns ; [num_edges x num_edge metrics] array
359 6

x y z volume location particle id blob_id num_solid_contacts num_proximity_contacts
©.33067 0.0719989 ©0.175937  0.0261619 bottom 1 35 @

©.329499  0.11302 0.735192  0.0685684 left 74 2 6

0.112761  0.102546  1.36487 0.033122  left 1231 5

0.274487  0.0382334  1.88563 0.0143442  left 1512 5

0.037527  0.0866846  2.49485 0.00744563 left 2061 5

©.219817  0.442071  3.16773 0.162919  left 6 2504 5

from_node to_node conductance conductance_penalized conductance_from_particle conductance_to_particle
conductance_from_particle_solid_only conductance_to_particle solid_only conductance_contact_only conductance_contact_only_penalized
conductance_solid only conductance solid only penalized conductance proximity only gap width solid contact area
solid_contact_area_penalized proximity contact_area_from proximity contact_area_to edge_type
1 2 0.0210659 0.0210659 7.25856 5.22379 @ o (] 0.021213 0.21901 ©
11 0.0321659 0.0321659 31.7442 5.32233 @
13 0.0208556 ©.0208556 11.2904 5.28572 @

] 0.119821 ©0.148382 proximity
o
o
87 ©.0421701 ©.0421701 9.46325 5.85228 © o
o
2]
"]
1

0 0.196378 0.194519 proximity

o 0 0.147706 0.214968 proximity
0 ©0.0426677 ©.198239 0  0.149903 0.230516 proximity
© © 0.000970037 0.344494 0 © 0.013351 0.00169 proximity
© 0.0152132 0.25981 0 © 0.140777 0.07605 proximity

0 0.00146041 0.355869 ® © 0.020787 0.017745 proximity
0.379795 1.10694 0.302729 0.116903 0.189021 0.05577

o
©0.0323945 ©0.20808 @ ©
0.0209771  0.259595 ]

]

111 0.00096647 0.00096647 1.41578 0.322759

]
]
o
(2]
3 0.0149356 0.0149356 3.27901 1.09104 © *]
"]
4

)
13 1.11457 0.372636  3.02706 2.94171 3.02706 2.94171 4.29
00658312 ©0.384644  ©.58305 physical_and_proximity
16 ©0.0473356 ©.0473356 4.32288 3.550990 © © © © ©0.0485135 ©0.218071 © © ©0.264992  0.330395  proximity

1
i
il
1
2
2 11 0.00145856 0.00145856 2.41443 2.18061 ©
2
e.
2
2 78 0.0213389 ©0.0213389 1.28258 2.554150 © © 0 0 0.0218858 0.229092 o © 0.129623 0.154466 proximity

Fig. 3. Format of a thermal network file, node section on the top while edge section on the bottom. Bolb_id is the
identifier of each particle created during watershed segmentation. The meaning of the headings related to the network
construction as explained in [1].

A B C

edge ID edge betweenness centrality
0 (35.0, 74.0) 0.000852689
1 (35.0, 2.0) 0.000315864
2 (35.0, 66.0) 0.001971962
3 (35.0, 46.0) 0.001843873
4 (35.0,7.0) 0.000746556
5(74.0,123.0) 0.000186874
6 (74.0, 2.0) 0.000493705
7 (74.0, 66.0) 0.000208227
8 (74.0, 113.0) 0.002824808

O 0 N o U1 A W N =

=
o

Fig. 4. Format of network feature file.

is assigned to the centroid of each particle and an edge links two nodes representing two con-
tacted particles. While nodes are the same in the thermal network (Fig. 2) of the same specimen,
additional edges related to small gaps related to particle-air/fluid-particle heat transfer paths are
generated. The small gaps are called near-contacts [1,5]. In a thermal network file as shown in
Fig. 3, it comprises of two sections related to nodes and edges. The edge type ‘proximity’ means
that the edge is related to a near-contact while ‘physical_and_proximity’ indicates an interpar-
ticle contact. The reader only needs the coordinates of nodes (the first three columns in the
node section) and the connection between nodes (the first two columns in the edge section).
The meaning of other columns is related to the network construction which is detailed in [1].

Based on the networks, new microstructural can be computed using graph theory (i.e. com-
plex network theory) [9-11]. A network feature - edge betweenness centrality - related to each
edge is offered and its format is shown in Fig. 4. The edge ID is a combination of the ‘blob_id’
of two linked nodes from the network file.
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2. Experimental Design, Materials and Methods

Both Ottawa sand and Angular sand are made of silica. The two sands have a similar equiv-
alent average particle size (Table 1) but different particle shape (Fig. 1). Each of them was air-
pluviated in an aluminium container (Fig. 5(a)) which is connected to a loading frame on an XCT
scanning platform (Fig. 5(a)). Each stress stage was loaded followed by penetrating the spec-
imen using an X-ray with radiation energy of 60 keV to achieve sequential images as shown
in Fig. 6(a). By stacking up the sequential image slices with one-pixel size (13 pm) spacing,
a twin digital soil sample of the scanned sand was reconstructed as shown in Fig. 6(b). Next,
Otsu threshold segmentation [12] was used to separate solid (black in Fig. 6(c)) and void phases
(white in Fig. 6(c)). Watershed segmentation in MorphoLib] [13] with a 6-voxel neighbourhood
[14] was applied on the binary digital sample to achieve individual particles which were given
unique IDs and rendered in random colour as shown in Fig. 6(d). For each particle, its boundary

Fig. 5. XCT workstation (a) and Ottawa sand in the sample container (b).

(a) Image stack (b) Reconstruction (c) Threshold segmentation
-

(e) Network construction (d) Watershed segmentation

Boundary Contact +
Near-contact Near-contact

Fig. 6. Procedures to construct a thermal network of Ottawa sand modified from [1].
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voxels were identified so the location of the particle centroid was computed by averaging the
coordinates of the boundary voxels as shown in Fig. 6(e). If the boundary voxels of particle i is
shared with its neighbouring particle j, an interparticle contact was detected and a correspond-
ing network edge in red in Fig. 6(e) was generated. If the a small gap between two neighbouring
particles and the distance between their boundary voxels was smaller than half of the average
radius of all particles in the sample, an edge in blue in Fig. 6(e) representing near-contact was
created in the thermal network. Removing the edges representing near-contacts from a ther-
mal network is the contact network for the same specimen. By now, all edges in a network
has the same contribution to the network and this type of network is call unweighted network.
For a specific application, edges can be weighted by certain attribute to build weighted network
[2,3,15]. For example, edges in a thermal network can be further weighted by thermal conduc-
tance to study heat transfer [3] and the method of computing thermal conductance was detailed
in the paper [1].
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