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29The interplay between structure andmechanical properties of fine and cohesive granular matter is of wide
30interest and far from being well understood. In order to study this relationship experimentally, it is desir-
31able to record as much information on the particles and their motion behavior as possible during a shear
32experiment – ideally, the trajectory of every single particle. Observing the particle movements offers deep
33insights into changes in the mechanical behavior of the bulk (e.g., densification, loosening or formation of
34failure areas) and into the behavior of single particles. However, obtaining particle-level information on
35the dynamics of an entire shear-tester experiment remains a great challenge. In this paper we present
36an experiment and analysis methods which allow the extraction of the trajectories of almost all particles
37within a shear-tester. A fully functional micro shear-tester was developed and implemented into an X-ray
38microtomography device. With this combination we can visualize all particles within small bulk volumes
39of the order of a few ll under well-defined mechanical manipulation. The processing of time-resolved
40tomographic data makes it possible to localize and track particles despite large angle increments of up
41to 5� between tomographic measurements. We apply our methods to a torsional shear experiment with
42spherical micron-sized particles (�30 lm) and analyze the structural evolution of the sample. In addition,
43particle tracks provide detailed insights into the formation and evolution of the shear band.
44� 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
45Technology Japan. All rights reserved.
46

47

48

49 1. Introduction

50 Shear flow of granular media is ubiquitous in nature and of
51 industrial importance when it comes to the handling and process-
52 ing of bulk solids (e.g., flow through hoppers [1,2], bunkers and
53 silos [3,4]). In the physics of granular matter [5], among many
54 other interesting phenomena, understanding the flow properties,
55 i.e., the stress response to an applied strain rate, has been in the
56 focus of research [6]. At slow, quasi-static deformation, there arises
57 a strain rate independent creep regime [7,8]. The localization of
58 strain within the bulk, often referred to as failure zone or shear
59 band, represents a unique feature of this quasi-static regime, which
60 was addressed by many researchers in the past [9–12] and can be
61 observed, e.g., in glassy systems [13] and solidifying metals [14] as
62 well. However, the interplay of structure and mechanical proper-

63ties of the bulk solid is still not deciphered sufficiently, especially
64when it comes to cohesive granular matter.
65Experimental investigations of this interplay are challenging
66because they require detailed information on particle properties,
67packing structure and dynamics over the course of a shear experi-
68ment – ideally, down to single-particle trajectories. Sophisticated
69experimental setups are capable of determining the properties of
70individual micron-sized particles [15] and of imaging the inner
71structure of a bulk solid nondestructively, e.g., via computer
72tomography [16,17]. However, detailed experimental information
73on the dynamics of small-size particles and on their trajectories
74in 3D is still particularly rare.
75An alternative route of investigation is offered by numerical
76simulations with the discrete element method (DEM), which pro-
77vide valuable insight into the mechanical behavior of granular
78matter [18–20]. Although DEM simulations output fine-grained
79information on particle trajectories and even forces acting between
80them, the accuracy of the physical behavior in the models is
81limited by computational constraints and the high complexity in
82contact mechanics of micron-sized particles [21]. Consequently,
83even when following the DEM approach, experimental data on
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84 the trajectories of micron-sized particles under shear is highly
85 needed for model validation.
86 The main challenge of tracking all particles within a bulk vol-
87 ume is that it requires 3D image data in a sufficiently high spatial
88 and temporal resolution. Standard methods, which rely on one or
89 more 2D cameras to analyze the dynamics in a flow, provide only
90 aggregated information or are restricted to transparent liquids
91 containing a relatively small number of tracer particles (e.g., parti-
92 cle image velocimetry [22–24] or particle tracking velocimetry
93 [25,26]). Moreover, to our knowledge, these techniques have not
94 yet been applied to micron-sized particles. An alternative approach
95 is presented in [27], where confocal laser microscopy is used to
96 obtain 3D images of particles under lateral shear. While this imag-
97 ing technique allows for a high temporal resolution, it limits the
98 size of the sample in z-direction and requires particles to be sur-
99 rounded by a fluid with matching refractive index. This is not pos-

100 sible for all particle materials or when investigating dry powders.
101 Interestingly, partial photobleaching of individual particles enables
102 the detection of particle rotations.
103 In this paper we use a fully functional micro-sized shear-tester
104 [16], which can be fitted into an X-ray microtomography (XMT)
105 device. In contrast to [16], we conduct and analyze a torsional
106 shear experiment with constant normal load and analyze the
107 motion of almost all micron-sized spherical particles on particle
108 level. Using the XMT, a series of 3D images is recorded in the
109 course of the experiment. While the XMT provides high-quality
110 3D images at very high spatial resolution, each measurement is
111 time consuming. Therefore, only a limited temporal resolution
112 can be realized. To overcome the problem of tracking particles
113 despite the low temporal resolution, we propose a method to esti-
114 mate the average particle movement at any location in the shear
115 cell directly from the image data, building on ideas from [28].
116 Our approach is data-driven and explores the rotational symmetry
117 of the shear cell. Based on this first estimate, we are able to extract
118 the trajectories of almost all individual particles in the shear cell.
119 We utilize this data to examine the initial shear band formation
120 and its evolution over time in full detail. In addition, we analyze
121 structural inhomogeneities in the sample over time.
122 Our dataset is extraordinary in that it provides experimental
123 particle-level information on the dynamics within the entire shear
124 cell. Thus, our methods allow to fully analyze and compare exper-
125 iments both on particle level and macroscopically. Similar informa-
126 tion is usually only obtained by DEM simulations. Therefore, our
127 methods offer an increased validation depth for DEM simulations
128 and a reliable basis for model calibration, although a direct com-
129 parison of our experiment to DEM simulations exceeds the scope
130 of this paper. In contrast to [27], our methods are applicable to
131 dry powders and to almost all particle materials. Finally, the micro
132 shear-tester is also well suited for determining shear flow proper-
133 ties of powders which are only available in small quantities, e.g. for
134 screening processes.
135 The paper is structured as follows. Sections 2.1 and 2.2 are
136 devoted to the model material and experimental setup. The
137 methodology of image segmentation, image-based measurement
138 of local shear deformation and particle tracking is described in Sec-
139 tion 2.3. Results of a detailed analysis of structural inhomogeneity
140 as well as shear band formation and evolution are presented in
141 Section 3 and discussed in Section 4.

142 2. Material and methods

143 2.1. Material

144 In this study we use a fine and slightly cohesive powder which
145 consists of solid borosilicate glass microspheres (BSGMS

14627–32 lm, CoSpheric LLC, USA; BSGMS in the following). An image
147of several microsphere particles taken on a scanning electron
148microscope (SEM) is presented in Fig. 1 (inset). The figure empha-
149sizes the almost uniform spherical shape and similar size of the
150particles, but also shows a non-negligible surface roughness. We
151measured the particle size distribution using laser diffraction
152(Helos, Sympatec GmbH, Germany) after dispersing the particles
153with ultrasound for 30 s in an aqueous environment. The results,
154which are shown in Fig. 1, indicate a narrow mono-disperse size
155distribution of the glass particles with median value x50;3 � 30 lm.
156Particle stiffness and adhesion forces were determined in [28]
157using nanoindentation and atomic force microscopy (AFM), respec-
158tively. Nanoindentation was carried out with the Triboindenter
159(Hysitron, Inc, USA), placing single particles between a glass object
160slide and a flat punch. They were deformed using a force-
161controlled approach with a maximum loading force of 2 mN. Then,
162Young’s modulus has been calculated from the resulting stress-
163strain curve taking Hertz theory as a basis. The AFMmeasurements
164have been realized by the XE 100 (Park Systems, Korea) using the
165colloidal probe method for pairs of particles. One of the two parti-
166cles was attached to the apex of a tip-less cantilever with UV-
167hardened glue. The other one was attached to the object slide with
168nail varnish. Then, both particles were brought into contact and the
169force needed to break this contact was determined. Since both
170measurement techniques are subject to strong fluctuations,
171nanoindentation has been repeated for 58 particles and AFM has
172been applied to 100 pairs of particles. The mean values and stan-
173dard deviations reported in [28] are E ¼ 15� 7 GPa for the elastic
174modulus and Fc ¼ 82 nN� 60 nN for adhesion forces. From a
175methodological point of view we do not expect a major influence
176of the variability on our results.

1772.2. Experiment

1782.2.1. X-ray microtomography (XMT)
179The fundamental component for a detailed microstructural
180investigation is the nondestructive examination with the XMT,
181which enables an image-based analysis. We use a high-resolution
182tomography device (MicroXCT-400, Zeiss (Xradia), Germany). For
183this study an acceleration voltage of 50 kV and a current intensity
184of 200 lA were applied at the X-ray source. These parameters
185result in the best outcome for high-contrast images. According to
186the sample diameter of 2 mm, a ten-fold optical magnification is
187used to ensure a reproduction of the entire sample diameter with
188a resolution of 2.2 lm (1.1 lm before binning). A single detector
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Fig. 1. Particle size distribution (mass distribution, logarithmic density and
cumulative distribution function) and SEM picture (inset) of BSGMS glass particles.
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