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Rod assemblies have been tested under biaxial mixed boundary conditions, consisting of stress-controlled lateral boundaries and displacement controlled vertical boundaries. Particle motions, i.e. displacements and rotations, have been measured during these tests with a view of gaining insight into the micromechanical deformation behavior of granular materials. This paper presents further analyses of the particle motions to study relative movements between particles, particle-level strain field, particle rotations and contact numbers, and correlations in particle kinematic fields. Significant conclusions regarding kinematic fields in rod assemblies and their implication to the overall behavior of such granular materials are discussed.

INTRODUCTION

Particle-level phenomena have a significant influence on the bulk mechanical behavior of dense, confined granular materials undergoing quasi-static deformations. Efforts have been made to understand the influence of these phenomena using both theoretical and experimental methods that explicitly consider particle-level interactions. Along these lines, [START_REF] Misra | Measured Kinematic Fields in the Biaxial Shear of Granular Materials[END_REF] have used a mixed boundary biaxial shear apparatus to study the micromechanical deformation behavior of rod assemblies. In these tests, biaxial shear of rod assemblies is performed in quasi-static conditions by displacement controlled incremental compression along the axial direction whilst a constant confinement is maintained in the stress controlled lateral direction. The particle displacement and rotation fields are measured with respect to a reference state, which is, typically, taken to be the initial isotropically confined stress state. This paper focuses upon the evolution of particle-level deformation measures and their heterogeneity with increasing deviatoric or shear stresses. It is well understood from theoretical investigations that the particle kinematic fields in random assemblies of grains are inherently heterogeneous in nature [START_REF] Misra | Effective elastic moduli of heterogeneous granular solids[END_REF]. Furthermore, experiments and numerical simulations with rod assemblies have shown that the effects of heterogeneity become more pronounced as the deviatoric or shear stresses are increased (see for example, Chang andMisra 1990, Misra 1998). Consequently, the uniform strain theories, and even higher order strain theories, have had difficulties in describing the complete stress-strain-failure behavior of granular materials. In this paper, the measured particle motions are analyzed to study the evolution of relative movements between particles, particle-level strain field, particle rotations and contact numbers, and correlations in particle kinematic fields.

BIAXIAL EXPERIMENTS ON ROD ASSEMBLIES

Background

Schneebli (1956} pioneered the experimental studies of granular materials using rod assemblies. Several researchers have since performed experiments on rod assemblies to study the mechanical behavior of granular materials. These experiments have been useful for verifying relationship between the stress tensor and contact normal distributions. These experiments have also produced a variety of results on assembly bulk behavior, such as, the stress-strain behavior and the evolution behavior of contact normal distributions under various loading paths. Further, the relationship between bulk mechanical properties and packing structure under small strain conditions have been measured for a variety of loading paths using a directional shear cell device (see [START_REF] Misra | Measured Kinematic Fields in the Biaxial Shear of Granular Materials[END_REF] for a review). Also, [START_REF] Calvetti | Experimental Micromechanical Analysis of a 2D Granular Material: Relation Between Structure Evolution and Loading Path[END_REF] have reported results on relation between structure evolution and loading path for rod assemblies using a kinematic shearing apparatus. Notably, these above-mentioned experiments on rod assemblies utilize loading apparatus made with rigid boundaries and seldom report measured kinematic fields.

Particle Displacement And Rotation Fields

In the present paper, we discuss the measured the particle displacement as well as rotation fields for random as well as regular packing structures obtained from biaxial shear of rod assemblies in mixed boundary apparatus. The particle displacement and rotation fields are measured with respect to a reference state, which is, typically, taken to be the initial isotropically confined stress state. Fig. 1 shows an example of measured particle displacements for a tri-disperse random rod assembly sheared close to failure.

FIG. 1. Measured total, axial-and lateral-components of particle displacements.

In this figure, the particle displacements are obtained by considering the particle locations at the failure state in reference to the particle locations at an initial isotropic stress state. Inspections of the particle displacement fields indicate that the displacements in the axial direction tends to be compatible with an overall linear displacement field up to stress ratios close to shear failure ratio. Near failure, shear localization tends to develop; consequently, distinct characteristics of particle axial displacements are observed in different regions of the assembly. In contrast, the lateral displacement field tends to deviate from an overall linear field at even small stress ratios or deviatoric stresses. Similar behavior is observed for particle displacement fields for both random as well as regular structures. The linearity of the particle displacement field may be investigated by examining the particle displacement deviation, u i p -u i , from a linear least square fit particle displacement field, u i , obtained as:

(1)

X d + a = u j ij i i
where, u i is the ith component of particle displacement, X j is the particle location, a i denotes the rigid body displacement and least square fit coefficients d ij represent the overall displacement gradient. An example of the deviation of the particle displacement field from its linear fit is shown in Fig. 2 for the displacement fields shown in Fig. 1. As noted previously, the deviation from a linear field is more pronounced in the lateral direction than in the axial direction. The maximum deviation in the lateral direction is ~55% at failure load. If only the near-failure and at-failure load increment is considered then the maximum deviation in lateral direction is ~80%. In contrast, the maximum deviation in the axial direction is ~20% for all load increments.

FIG. 2. Particle displacement deviations: total, axial-and lateral-components.

In contrast to the displacement fields, the particle rotation fields show somewhat different behavior for random and regular packing structures. For random structures, substantial particle rotations tend to develop at low stress ratios. In comparison, for regular structures, large and sudden particle rotations occur along failure planes near failure stress ratio. Such a behavior is not completely unexpected as the microstructural symmetry of the near-neighbors in regular structures has a tendency to inhibit particle rotations. We expect that the particle rotations occur in such packings at shear localization by virtue of non-symmetries introduced by defects at boundaries and particle surfaces. In random structures, the local symmetry is completely absent and particle rotations are induced even at low deviatoric stresses. Examples of the measured particle rotation fields, for the tri-dispersed assembly at two stress ratios of 2.5 and 4.75 (near failure) and for a mono-dispersed regular assembly at failure are shown in Fig. 3. The particle rotations are plotted as circle-sectors. The filled sectors represent clockwise rotation from the horizontal, while the shaded sectors represent counterclockwise rotations from the horizontal.

FIG. 3. Particle rotations.

Inspection of the rotation fields in Fig. 3 shows that the number of clockwise and counterclockwise particle rotations are almost equal; implying that on average the particle rotations are zero and the overall moment balance for the rod assembly is satisfied. Interestingly, however, a large amount of particle rotation occurs even for these circular particles. Close inspection of Fig. 3 also reveals planes along which the particles rotate in opposite directions. These planes are expected to be aligned along the shear localization direction.

Further, it is noted that the deviation and rotation fields show a clustering pattern that is best observed from Fig. 2, which shows the lateral and axial components of particle displacement deviation field. Such a pattern suggests two modes of deformation in granular assemblies, one compatible with the overall assembly deformation and a second, localized to particle clusters. The localized deformation mode results in a seemingly relative motion between particle clusters. It is also noteworthy that the clusters are non-rigid, i.e., the particles within a cluster move relative to each other, albeit, in conformity with a different displacement field. It is also observed that two modes of particle rotations are possible, namely, particle rolling and particle relative rotations. Particle rolling occurs at cluster interfaces when two particles in contact rotate in opposite directions. On the other hand, relative rotation predominantly occurs within particle clusters wherein particles in contact rotate in the same direction, albeit with unequal amounts. For this rod assembly it is observed that a particle cluster spans 4 to 6 particles. Similar cluster sizes as well as deviations from linear fields were observed for other assemblies studied in this work. Interestingly, clustering behavior exhibited by the displacements indicates the role of an internal length scale in granular assemblies. In Fig. 4, we present radial correlation functions that show that the displacement could be correlated from 2 to 6 particle distances and the correlation depends upon the loading conditions. It is also noteworthy that the particle rotations showed no radial correlation. 

Evolution of Particle Rotations and Contact Numbers

Particle rotations and number of contacts per particle clearly play an important micromechanical role in the deformation of granular materials. In Fig. 5, we show the evolution of particle rotations and contact numbers respectively, with increasing deviatoric strain during the biaxial shear of rod assembly. While the average rotation is approximately zero throughout the test, the amount of particle rotation monotonically increases with shearing, as indicated by the standard deviation of particle rotations. Also, the particle contact numbers monotonically decreases during the shearing process. 

Relative Displacements at Particle Contacts and Local Strain Field

Under an overall assembly deformation, the particles in contact move relative to each other as given by ( )

m k m j n k n j ijk m i n i c i r r e u u ω ω δ - + - = (2)
where n and m are contacting particles, u, ω, and r are particle displacement, rotation and radius of curvature, respectively, and subscripts follow tensor conventions. It is of particular interest to examine the particle relative motions in the directions normal to, δ n (θ i ), and tangential to, δ s (θ i ),

the particle contact, where θ i is contact orientation. For quantitative characterizations, Fourier approximations of measured relative displacements may also be obtained as follows ( )

4 b + 4 a + 2 b + 2 a + 2 C
negative normal displacements at all shear stress ratio levels, and (2) the shear displacement has a tendency to concentrate along the 135 o -315 o direction with increasing shear stress ratio, suggesting the development of a preferred shearing direction.

An average local strain, ε ij p , may be defined at a particle neighborhood by considering the following linear fit for the displacement of a particle and its immediate neighbors:

(4) j p ij i i X + a = u ε
The local strain fields, thus obtained, are useful for examining the evolution of deformation within the rod assembly, especially, the development of regions with high shear strains. Fig. 7 shows the maps of local maximum shear strains at three levels of stress ratios. All the three maps clearly indicate that the strain fields within rod assemblies are heterogeneous and that the directions of the local maximum shear strains do not necessarily coincide with the overall maximum shear strain direction. Further, as the stress ratio increases, the high shear strain neighborhoods tend to develop in short narrow regions 2 to 4 particles wide. Interestingly, these regions do not persist throughout the assembly even at failure, indicating that failure in granular materials can occur without the presence of a persistent shear band. It is also noteworthy that the maximum shear strains in the high strain regions are 3 to 4 times that of the overall maximum shear strain. 

CONCLUDING REMARKS

Biaxial experiments on rod assemblies can provide useful insight into the behavior of granular materials. With that motivation, this paper focuses upon the micromechanical results obtained using a biaxial loading apparatus with mixed boundary conditions. A series of experiments were performed with various random and regular rod assemblies, rod materials and

  FIG. 4. Radial correlation functions of displacement deviation fields.

  FIG. 5. Evolution of particle rotations and contact numbers with stress ratios.
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 7 FIG. 7. Maps of local maximum shear strains at three stress ratios.
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(3) where subscripts n and s have been dropped for convenience. Fig. 6 gives the measured relative displacements and their Fourier approximations at stress ratios of 3.35 before failure and 4.75 at failure. Particle kinematic fields were measured to obtain insight into micro-mechanisms of granular material deformations. The kinematic fields are characterized by their heterogeneous nature. Interestingly, this heterogeneity tends to be organized into clusters spanning 4 to 6 particles for most rod assemblies.