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Experiments, simulations, and theoretical treatments of granular materials typically feature circular or elliptical grains. However, grains found in natural systems often have flat faces that introduce local rotational constraints; these rotational constraints have been shown to affect, for example, the jamming transition, discontinuous shear thickening, and ordered states in colloids and thermalized grains. In this work, we experimentally investigate the effects of grain angularity on stick-slip dynamics. A weighted slider is pulled by a spring over a gravity-packed granular bed composed of polygonal grains with varying angularity. We find that packings of triangular or square grains have higher shear strengths than packings of pentagons, hexagons, heptagons, or disks. Additionally, as the number of sides increases, sticking periods, during which the slider remains motionless while the spring force on it increases, become shorter on average, with the material yielding at smaller applied stresses. Lastly, we find that dilation of the medium during sticking periods tends to be larger for grains with higher angularity, in part because of the presence of stilt-like columnar structures that prop the slider up. We report on measurements of the pulling force on the slider, particle dynamics during slip events, and properties of force-bearing contact networks identified via photoelasticity. Our findings indicate that high angularity of grains (pentagons, squares, triangles) leads to differences in grain-scale flow and macroscopic stick-slip dynamics of bulk granular materials. Our experiments also indicate a continuous change in dynamics with decreasing angularity as the circular grain limit is approached.
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1 INTRODUCTION
Stick-slip dynamics occurs in a variety of systems and materials spanning many size scales, from bulk metallic glasses [1, 2] and AFM microscope tips [3] to the motion of macroscopic frictional or sticky surfaces such as rocks [4, 5], Bristol board [6, 7], and rosin-coated bowstrings [8], to large-scale geophysical systems such as the fault gouge between tectonic plates [9–13]. These dynamics are characterized by a cycle of loading phases (sticking periods), in which macroscopic shear stress builds under slowly increasing shear, and intermittent, relatively rapid releases of shear stress accompanied by deformations (slip events). Stick-slip dynamics have also been modeled via purely empirical, yet effective, nonlinear rate-and-state laws [14–17]. Despite advances in understanding the universality of stick-slip dynamics [2, 18, 19] and modeling stick-slip with empirical models [14–17], the microscopic origins of this behavior are not well understood, particularly in the case of granular materials.
In slowly driven dense granular materials, stick-slip dynamics manifests as transitions between stable, jammed states and yielding, unjammed states featuring plastic deformation and flow [12, 13, 20–26]; understanding granular stick-slip thus additionally provides insights into the physics of granular materials driven near the jamming transition (see, e.g. [27, 28]). A multitude of experiments and simulations have characterized critical scaling laws of granular avalanches [22, 29, 30] and the transitions with varying driving parameters among steady sliding, periodic stick-slip, and irregular stick-slip regimes [12, 13, 20, 23, 31, 32]. Most studies of stick-slip in granular materials, however, have been restricted to idealized spheres (disks in two dimensions) or naturally occurring granular materials like soils and sands whose shape and size are not systematically controlled [33–35]. Grain shape (as well as other micro-scale features like friction and cohesion) has been shown to affect the macroscopic stability [30, 33, 36–46] and flow [47–51] of granular materials in numerous contexts, so it is likely to influence stick-slip dynamics in granular materials as well.
In this work, we perform experiments in which a slider is pulled by a spring across a bed of grains with varying angularity, as shown in Figure 1A, to quantify differences in the stick-slip dynamics of the slider. We find that increasing angularity increases the average duration of sticking periods and energy released in slip events, both resulting from the increased shear strength of packings of more angular grains. Through particle tracking and photoelastimetry [52, 53], we then examine grain-scale dynamics and stresses in the granular material. We find that in disk packings, grains tend to form a pile in front of the slider, whereas angular grains do not. We also observe that angular grains, unlike disks, can form columnar stilts composed of a few grains at the surface that prop up the slider during sticking periods. Lastly, we show that the depths of grain motion (i.e., the depth of the shear band [54]) and changes in stress fields between slip events are approximately the same, with similar decay lengths of about 10 particle diameters for all grain angularities that we consider.
[image: Figure 1]FIGURE 1 | (A) Schematic of system under study. The slider of weight Mg rests on top of a gravity-packed granular material and is pulled by a spring of stiffness k at speed c. The location (x, y) of the front hole is used to represent the position of the slider, and the angle β from the horizontal to the segment joining the two holes represents the orientation of the slider, with β > 0 corresponding to counterclockwise rotation. (B) Subtraction images (bottom) are obtained by subtracting white light images (top) and photoelastic images (middle).
2 MATERIALS AND METHODS
A slider of mass M = 0.191 ± 0.001 kg and length [image: image] (where ds is the small grain diameter) is pulled with a spring across a quasi-two-dimensional (2D) bed of gravity-packed photoelastic grains in a channel that is about 200ds long and 19ds deep between two vertical glass plates, as shown in Figure 1A. The bottom of the slider is composed of a sequence of teeth that range in shape from triangle to disk (all shapes that we use in our experiments) periodically. We fix the depth of the teeth and use the size corresponding to the smaller of each type of grain in each bidisperse packing (see below). This design is used so that the slider is effectively rough for all grain shapes in this work. The front of the slider is angled at 20° above the horizontal to allow the slider to move along the surface of the packing rather than burrowing into it. Several slider shapes were tested to ensure that the slider exhibited stick-slip dynamics without significant burrowing for all of the grain shapes studied in this work, though some pile formation occurred for the disk packing, as discussed below in Section 3.1. Detailed studies of the influence of the slider’s shape are beyond the scope of this work.
The granular materials studied are bidisperse (to prevent crystallization [55]) packings of disks and regular polygons ranging from triangles (N = 3 sides) to heptagons (N = 7). We examine behaviors as a function of the angularity α ≡ 2π/N of each packing’s constituent grains using [image: image] and packings with equal-area mixtures of pentagons, hexagons, and heptagons that serve as a simple model of a more realistic granular material in nature with variations of size and shape [35, 56].
The small disks have diameter ds = 1.280 ± 0.003 cm and the large disks have diameters dl = 1.602 ± 0.003 cm. The other shapes have circumscribing radii corresponding approximately to the disk radii, as shown in Table 1. All grains have the same thickness (width) of 0.6 cm. For each packing of a given angularity, the number ratio of large to small grains is 10:11. For the mixture of grains, the number ratio for small pentagons, small hexagons, and small heptagons is 18:17:15, and 17:15:15 for all corresponding large shapes. This choice of ratios keeps the area contributed by grains of each shape approximately the same while maintaining a large to small ratio of approximately 10:11 for each individual shape.
TABLE 1 | Sizes of photoelastic grains of varying angularity.
[image: Table 1]The interparticle friction coefficient, a property of the material composing individual grains, for all grain shapes is μ = 0.7 ± 0.1. We measure the interparticle friction for each shape by tilting a surface until a layer of grains (of a single shape and with the same orientation), initially resting edge-to-edge on an identical layer that is the fixed to the surface, begins to slide. For angular grains, we set the top and bottom layers to have flat contacts between them. The angle of repose is then used to calculate a coefficient of static friction; we perform ten trials per shape to obtain averages and standard errors for each shape, which are all in agreement. Friction between grains and the glass walls is negligible because forces in the system are primarily vertical.
The slider is pulled by a spring of spring constant k = 16 N/m at a fixed pulling rate c = 5 mm/s. k and c have been chosen such that the system is in the stick-slip dynamical regime for all grain shapes [12, 20, 24]. For each shape, at least 25 runs are performed in which the slider is pulled across the entire length of the channel. Approximately 30 stick-slip cycles occur per run. In between runs, the granular material is stirred to prevent compaction after many runs. After stirring, the surface of the granular material is leveled so that the initial height of the material is [image: image].
A force sensor measures the pulling force F that the spring exerts on the slider. During a sticking period, this also corresponds to the shearing force that the slider exerts on the surface of the granular material. In this work, we normalize F by Mg, the weight of the slider. The ratio F/Mg at which the granular material yields (a slip event is initiated) approximates the shear strength of the granular material, which is rigorously defined as the ratio of shear to normal stress in a packing that is slowly sheared between parallel walls [38]. In our system, the spring force is parallel to the surface of the granular material, and the stress exerted by the slider is primarily a shear stress, though a small pressure force (≪ Mg) arises due to the front slope.
Two cameras visualize the granular material and slider, with one recording a white light image to track the slider and grains and another recording a polarized light image to visualize grain-scale stresses with a dark-field polariscope [52, 53]. The cameras record videos at 120 frames per second, or 8.33 ms between frames. Subtraction images obtained from white light and polarized light images, as explained in Figure 1B and shown for different packings in Figure 2, are used to qualitatively visualize both motion of grains and stresses within the material simultaneously.
[image: Figure 2]FIGURE 2 | Images obtained by subtracting polarized light from white light images, displaying both grains and grain stresses. Dark grains are experiencing significant forces from other grains and the slider.
3 RESULTS
3.1 Slider Dynamics
Figure 3 shows sample time series of F/Mg and the horizontal velocity vx of the slider for experimental runs over an interval of 180 s. Time is rescaled by c to give a cumulative drive distance in cm. vx, given in units of small grain size ds per second, is computed by taking the difference in the slider’s horizontal position in two consecutive frames and dividing by the time step of 8.33 ms between frames. Sticking periods correspond to times in which the velocity of the slider is low (vx ≈ 0) and the pulling force increases linearly with time. The sticking periods that we detect are indicated by the gray regions of the plots. Slip events are the rapid decreases in force that occur as the granular material yields and the slider slides across the granular surface. We detect slip events from the force time series using a wavelet transformation that distinguishes rapid decreases in force from noisy fluctuations more successfully than a derivative threshold [57]. The average slip event duration is 0.4 s. Note that there is some creep of the slider and packing during sticking periods, partly due to the slight compression of the grains at their contacts and partly due to the rotational and vertical degrees of freedom of the slider (see Section 3.1.3).
[image: Figure 3]FIGURE 3 | Sample time series for all shapes from disks, heptagons, and hexagons (left column) to pentagons, squares, and triangles (right column). The normalized pulling force is plotted in red on the left axis and the horizontal velocity of the slider is plotted in blue on the right axis. Detected sticking periods (with vx ∼ 0) are indicated by gray regions.
For disks, heptagons, and hexagons, the sample time series appear to show similar patterns of sticking periods and force drops. For pentagons, squares, and triangles, however, events are visibly less frequent and, correspondingly, the forces developed during sticking periods are larger. As one might expect, the velocities of the slider during slip events are larger as well. We next present quantitative statistics to better compare the slider dynamics for all packings.
3.1.1 Statistics of Slider Motion
Figure 4 shows a variety of probability density functions (PDFs) describing the motion and position of the slider for each packing. Panels (a) and (b) show the PDFs of pulling forces and horizontal slider velocities, respectively, for all runs with each packing. As suggested by the time series in Figure 3, the most angular grains indeed have larger average force and a greater variance of forces than the less angular grains (disks, hexagons, and heptagons). For these and all other quantities we measure, the mixture packing (with pentagons, hexagons, and heptagons) exhibits similar statistics to the packing of hexagons.
[image: Figure 4]FIGURE 4 | PDFs of various quantities describing motion and position of the slider. All distributions are produced from the combined time series of all experimental runs for each packing. (A) PDF of the normalized pulling force on the slider. (B) PDF of the horizontal component of the slider’s velocity. (C) PDF of the vertical position of the slider. (D) PDF of the angle of the slider.
Figures 4C,D display PDFs of the slider’s vertical position h above the bottom boundary and angle β, respectively. Though each packing is prepared with an initial height around 19ds, the vertical position of the slider fluctuates and is slightly higher, on average, for more angular grains. For most packings, the slider’s angle fluctuates around 0°. With the disk packing, though, the slider orientation is biased slightly below the horizontal due to the accumulation of grains in a pile in front of the slider as the slider moves along the channel, as shown in Figure 5. The formation of a pile is less common for other shapes, though it can occur depending on how the initial surface of the packing along the channel is prepared. We have confirmed that the stick-slip statistics of the slider, presented below, are not influenced by the growth of this pile (or fluctuations in the pile size with all grains) as the slider moves along the channel.
[image: Figure 5]FIGURE 5 | Images of the disk packing early in an experimental run and later in the experimental run; the disks have formed a pile in front of the slider.
3.1.2 Stick-Slip Statistics
We next present statistics of the stick-slip dynamics of the slider. Figures 6A,B shows PDFs of the duration of sticking periods ΔT and the energy released by the spring in slip events ΔE, defined as
[image: image]
[image: Figure 6]FIGURE 6 | PDFs of (A) the duration of sticking periods ΔT, (B) the energy released in slip events ΔE, (C) the force FS on the slider at the start of a sticking period, and (D) the force FY at the end of a sticking period, when the materials starts to yield. Insets in (A,B): Probability density functions of ΔT and ΔE, respectively, on a log-log scale; the black line has a slope of −1. Error bars for disk (α = 0) data are representative of the scale of error bars on other data sets (not shown).
where FY and FS are the forces exerted by the spring at the beginning and end, respectively, of a slip event. ΔT peaks at small durations for all packings, but with increasing angularity, events of longer duration occur and the PDF broadens. Similarly, for ΔE there is a relatively large number of low energy events. We show the PDF of ΔE on a log-log scale in the inset of Figure 6B to display the statistics of these events; the PDF of low energy events does not depend on the angularity of the grains. The structures of the energy PDFs do differ, however, at larger ΔE, with greater energy releases for larger grain angularity.
According to the inset of Figure 6B, the PDFs of ΔE are cut off at large values. While the slip size PDF in many stick-slip and crackling systems exhibits power law statistics [17, 29, 30, 32], our system has an excess of large energy events near a cutoff. The excess of higher energies is primarily due to the inertia of the slider [17], and the cutoff is set by the maximum pulling force (see below) that the granular material can sustain on average (i.e., the maximum FY in Eq. 1).
Finally, Figures 6C,D shows the PDFs of the pulling force on the slider at the beginning FY and end FS of slip events. ⟨FY/Mg⟩ is an estimate of the shear strength of a granular material, as FY corresponds to a shear force that causes the packing to yield under the weight Mg (applied normal to the surface of the packing). With increasing α, the PDF of FS/Mg broadens: we observe both smaller and larger forces than the disk packing on average. For FY, with increasing α the peak of the PDF shifts to higher forces and the PDFs broaden slightly. In other words, with increasing α the granular material yields at higher shear forces and the shear force supported at the end of slip events is more broadly distributed.
Figure 7 summarizes the average and standard deviations of the PDFs in Figures 6C,D. The average pulling forces ⟨FS⟩ and ⟨FY⟩ depend weakly on α between 0 and 2π/7. The averages and spreads of forces increase with α more quickly beyond 2π/6. These results are qualitatively similar to macroscopic friction coefficients (the ratio of shear stress to pressure) measured in simulations of packings of frictional polygons under biaxial shear [38]. We have tested the distributions of FS and FY with a one-way ANOVA test to confirm that the means presented in Figure 7 are statistically distinguishable for almost all angularities, with the one exception being ⟨FS/Mg⟩ for disks and heptagons.
[image: Figure 7]FIGURE 7 | Average force at yielding ⟨FY/Mg⟩ (blue) and at the end of slip events ⟨FS/Mg⟩ (red). Error bars represent the standard deviation. The standard error of the average is smaller than the marker size.
3.1.3 Vertical and Rotational Degrees of Freedom of the Slider
The spring pulls the slider at only one corner, and the slider is thus free to rotate in-plane and to translate vertically. Figures 4C,D show that the slider’s vertical position y fluctuates within a range of width ds, and the angle β fluctuates between ±5° as the slider is pulled across the granular material. Although the slider’s mass is uniformly distributed and the front end is sloped and smooth, the front usually bears the most significant load (as seen in Figure 2, with the slider contacting the most stressed grains on its front end). During sticking periods, the pulling force thus tends to rotate the slider about a pivot point that is located near the sloped front end; y and β increase as a result. Figures 8A,B displays PDFs of Δy and Δβ, the changes in the vertical position (as defined in Figure 1) and angle of the slider from the beginning to end of sticking periods. With increasing angularity, both PDFs broaden towards larger values.
[image: Figure 8]FIGURE 8 | (A) PDF of the total change of the slider’s vertical position y (defined in Figure 1) during a sticking period. (B) PDF of the total change of the slider’s angle β during a sticking period. (C) PDF of change in vertical position normalized by sticking period duration. (D) PDF of change in angle normalized by sticking period duration. Error bars for disk (α =0) data are representative of the scale of error bars on other data sets (not shown).
If y and β primarily increase because the spring rotates the slider around a pivot point near the front end of the slider, then Δy and Δβ should roughly scale with the duration of a sticking period. In Figures 8C,D we show the PDFs of Δy/ΔT and Δβ/ΔT, normalizing Δy and Δβ for a given sticking period to the duration of that sticking period. Though the PDFs become more similar with this normalization, there are still differences–the PDFs for angular grains are slightly larger for larger values of Δy and Δβ than disks. Differences in the PDFs of Figures 8C,D suggest that interactions between the slider and grains, in some sticking periods, may cause the slider to slowly rise and tilt in addition to (or instead of) rotation about the front-end pivot point.
One possible mechanism contributing to the broader PDF tails for angular grains that we have observed is the formation of columnar stilts on the surface of the packing. Figure 9 shows a clear example of a stilt made of three square grains with edge-edge contacts that rotates slowly as the spring force on the slider increases, increasing the angle and vertical position of the slider by several grain diameters in a single sticking period. We observe that stilting does not occur in every stick-slip cycle, that the amount the slider lifts due to stilting varies, and that stilts seem to be composed exclusively of grains with edge-edge contacts. This phenomenon, we note, is not likely to lead to measureable creep in angle or vertical position for a much larger slider that would have many more contacts with the surface of the granular material than our slider does. The system we use is sensitive to the dynamics of stilts, though, and further quantitative analysis may yield insight into the formation and destruction of mesoscale structures that depend on grain shape.
[image: Figure 9]FIGURE 9 | A sample sticking period in which the slider contacts a column of square grains (purple dotted outline in top segment) that rotates as the horizontal force from the slider increases. The angle and vertical position of the slider increase because of the rotation of this columnar stilt.
3.2 Dynamics and Stresses of the Granular Material
In this section, we present observations of dynamics of grains and the stresses in the granular material. The motion of grains–translational and rotational–during slip events is captured from video tracking using the correlation template matching method described in [58, 59] with white light images of the system. Detected disks and pentagons are shown in Figure 10. Stresses in the packing are visualized using photoelastimetry [52, 53].
[image: Figure 10]FIGURE 10 | Tracked grains drawn over white light image from experiments for (A) the disk packing and (B) the packing of pentagons. The large grain in the bidisperse packing is drawn as red and the small grain as blue. For disks, orientations are marked with yellow bars.
The motion of grains is measured at each frame via the finite difference of positions and orientations of each grain at the current frame with their positions and orientations in the following frame (1 time step). The position, velocity, and angular velocity of each grain are then used to produce spatial maps–flow fields–of the grain speeds and angular speeds, with values at each point in space determined by interpolation of values at nearby grain positions. Figure 11 shows average flow fields of grain speed and angular speed during slip events for pentagons and disks. The average is taken over representative flow fields from each detected slip event. We choose the representative flow field of each slip to be the flow at the time in which the slider is moving fastest in each particular slip event. We have also considered other choices of a representative flow field for each slip, for example, averaging over all frames for each slip event, and found the qualitative results in Figure 11 to be robust.
[image: Figure 11]FIGURE 11 | Average speed and rotational speed flow fields during slip events for disks (left) and pentagons (right). The baseline noise for rotational speed of pentagons is significantly greater than that of disks due to differences in the methods used to track orientations of disks and angular grains. A schematic of the slider has been drawn near each flow field for reference.
For both grain shapes, motion of grains occurs near the free surface, and rotations of grains are maximal beneath the toothed bottom of the slider–grains most often roll along the surface during slips. Unlike with pentagons, with disks the slider needs to plough through the pile of grains that develops as the slider moves along the channel. Hence, the flow fields exhibit motion in a larger region in front of the slider. We have confirmed that the average flow field for pentagons is essentially identical to the average flow fields for hexagons and heptagons, which have no qualitative (nor quantitative) features distinct from those shown in Figure 11. (Flow fields for triangles and squares were not possible to obtain since the these particles cluster densely and are significantly more difficult to track than pentagons, hexagons, heptagons, and disks.)
We note that while positions of disks and pentagons are detected with a comparable resolution, the orientations of disks are measured with greater precision than the polygons. Disk orientations are found via the orientations of bars drawn on them, while the orientations of pentagons and other angular grains are determined by the orientation of the mask that best matches each particular pentagon in the image, which only gives a resolution of 1°. The rotational speed flow field (the absolute value of angular velocity of grains rotating about their centers of mass) for pentagons thus has a higher baseline noise than disks; pentagons are not physically rotating except near the surface.
3.3 Estimation of Shear Band Depth
Deformation of sheared dense granular materials is often localized in narrow regions near the driving boundaries called shear bands [54, 60, 61]. The flow fields in Figure 11 demonstrate that the packings in our system also deform in a narrow shear band near the surface; we next ask whether the depth of this shear band is influenced by grain shape. For disks, pentagons, hexagons, and heptagons, tracking grains is feasible with the correlation template matching approach used throughout this dissertation. The grain tracking method is significantly less successful for triangles and squares. To compare all grain shapes, then, we use a semi-quantitative estimate for the shear band depth rather than using grain tracking.
Figures 12A–C shows the method used to estimate the shear band depth via image subtraction. White light images before IW1 and after IW2 a slip event are subtracted, and the absolute value of the subtraction is obtained: |ΔIW|. The average intensity change image, ⟨|ΔIW|⟩, is computed by averaging |ΔIW| for all slip events with a given grain shape. Prior to averaging, all images are translated so that the vertical position of the slider at the end of slip events is fixed. (Figure 12C shows, for visualization purposes, the difference image (IW1 − IW2 + 255)/2, where gray pixels (255/2) indicate no change between the two images.) Lastly, the average intensity with depth across the width of ⟨|ΔIW|⟩, as indicated schematically by the green arrow in Figure 12C, is computed to estimate the depth of intensity changes and therefore grain motion. Figure 13A plots this average intensity with depth for all grain angularities. Changes in intensity decay over a depth of [image: image], a value consistent with the typical size of shear bands in granular materials [54]. This semi-quantitative measure does not distinguish grains of varying grain angularity, suggesting that the shear band depth is unaffected by grain angularity.
[image: Figure 12]FIGURE 12 | (A–C) White light images (A) before and (B) after a slip event are subtracted to estimate the depth of grain motion across many slip events. (C) The difference image between (A,B) (D–F) Polarized light images (A) before and (B) after a slip event are subtracted to estimate the depth of influence of force chains across many slip events. (C) The difference image between (A,B). Before averages are computed across slip events, the absolute value of the before-after difference image must be taken. The green arrows and boxes demonstrate the measurement of intensity change with depth that is performed on (C) ⟨|ΔIW|⟩ and (D) ⟨|ΔIP|⟩ to produce the data in Figure 13.
[image: Figure 13]FIGURE 13 | (A) Average intensity of ⟨|ΔIW|⟩ with depth, rescaled by the intensity at a depth of 0ds, for each grain angularity. (B) Average intensity of ⟨|ΔIP|⟩ with depth, rescaled by the intensity at a depth of 0ds, for each grain angularity.
Though the length scale of plastic deformation in a shear band is approximately the same for all grain angularities we study, the length scale associated with force chains that stabilize against the applied shear from the slider may differ with angularity. We quantify the extent of stress changes in the same manner as described above, now with photoelastic rather than white light images; by subtracting images before and after slips, we are able to eliminate the effects of stresses in the packing that result from gravity alone. The image |ΔIP| is obtained from polarized light images just before IP1 and after IP2 each detected slip event, as demonstrated in Figures 12D–F, and the average ⟨|ΔIP|⟩ is found across all slip events for each packing. Figure 13B shows the average intensity of ⟨|ΔIP|⟩ with depth for all grain angularities. As with the white light images, the depth of decay in photoelastic response is roughly 10ds and does not change significantly with grain angularity. The force chains that break and form during slip events seem to be spatially correlated with grain motion–near the bottom of the system where grains are stationary, changes in stresses are minimal from one sticking period to the next, suggesting a fixed bed of grains and contact forces that support the shear band.
4 DISCUSSION
In this work, we have explored the effects of grain angularity on stick-slip dynamics in novel experiments with systematically-controlled grain angularity. We have demonstrated that the yield force increases with grain angularity, in agreement with results from simulations of quasi-statically sheared angular packings [36–38, 42] and experiments with 3D granular materials composed of faceted or irregularly shaped grains [30, 33]. We further find that, as a result of the enhanced shear strength with angularity, the stick-slip dynamics of the slider are also modified with angularity. Sticking periods have longer durations and slip events release more energy on average for more angular grains. These statistical changes are most prominent for highly angular grains (pentagons, squares, and triangles); the hexagons and heptagons yield statistics that are closer to the statistical measures from disks. We also show that the creep motion of the slider (observed primarily in the vertical and rotational degrees of freedom of the slider) is influenced by increasing angularity, with the slider lifting and rotating more during sticking periods. Finally, we observe that a mixture of pentagons, hexagons, and heptagons yields similar stick-slip statistics to a packing of hexagons.
Using particle tracking and photoelastimetry, we also explore the dynamics of grains and stresses in each packing. We observe that in packings of angular grains the slider can be propped up by columnar stilts composed of a few grains with edge-edge contacts; these stilts are analogous to columnar structures within sheared angular packings that have been shown in simulations to bear strong forces without supporting weak forces [42, 62]. We also find that disks tend to form a pile in front of the slider, similar to wedges formed in front of plates that plow through granular materials [63], while the angular grains do not under the same driving conditions in this experiment. For all grain angularities, though, motion of the yielding granular material mostly occurs close to the free surface and the shear band depth is approximately the same. Lastly, we find that the average depth of changes in stresses between slip events–the depth of fluctuations of force chains that support the shearing force of the slider as opposed to just gravity–does not depend on grain angularity.
Many of our observations, such as the accumulation of disks in a pile that does not occur with angular grains, or the columnar stilts that prop the slider above the surface in angular but not disk packings, motivate the need for further studies designed to understand how grain-scale interactions modify collective dynamics of grains. Future works might explore the relative importance of rolling or sliding of angular and disk grains near the surface of the bed, as well as changes in force chains deeper in the packing than the shear band to characterize how grain angularity influences the changes in stresses (if any) induced by grain rearrangements near the surface of the bed. Moreover, it would be interesting to quantify the statistics of stilts–how often they form given different grain angularities, the typical length scale of stilts, and how much shear force or rotation they tend to sustain. Properties of these stilts may yield insight into shear jamming of angular grains. The formation of a shear jammed state in frictional disk packings has been shown recently [64] to be the result of trimer buckling; the dynamics of trimers (or higher-order structures) of angular grains with edge-edge contacts will likely differ and may have important consequences for the shear jamming transition.
Overall, our findings demonstrate that grain shape is indeed important in modifying macroscopic stick-slip of sheared granular materials. Some features of the grain-scale dynamics, such as the size of shear-bands, do not strongly depend on grain angularity, while other features do, such as collective motion of grains at the surface of the packing and the PDF of energy released in slip events.
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