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24 @ X & H Study on the Unloading Shear Behavior of Granular Materials with
Different Particle Shapes '
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This study aims on unloading shear behavior of cohesionless granular materials. The
unloading is often seen in underground engineering such as tunneling, open cutting, slop cutting.
It is known that unexpected deformation often happened during these constructions. For purpose
of understanding the basic mechanical behavior of unloading shear behavior, a series of
experiments and numerical simulation were performed with influence of particle shape, relative
density being discussed. Moreover, small-scale retaining wall model tests were performed to
investigate the unloading shear behavior by change of boundary conditions.

First, plane strain compression experiments were performed. Four types of granular material
including two sands and two glass beads with different particle shape and particle size were
selected. For the two sands, one has angular particle shape while another has sub-angular particle
shape. Unloading shear experiments were performed considering confining pressure and relative
density. The unloading shear was implemented by plane strain compression tests under
decreasing confining pressure (shorted for PSCD), where the vertical axial stress is kept constant
and the confining pressure is reduced until failure occurs. A well-known general plane strain
compression test (shorted for PSC) was also performed to make a comparison. The PSC test The
main different point between the two tests is the mean stress on the test specimen decreases in
the PSCD test while it increases in the PSC test. In other word, the PSCD reflects unloading
while the PSC reflects loading from physical viewpoint. Photographs of specimens during shear
process were taken and local deformations of specimens were analyzed by digital image analysis
method. Stress-strain relationship and local deformation analysis results obtained from the
experiments were shown as below.

In general, sands showed different shear behavior from glass beads. Under the same test
condition, the sand with angular particle shape showed the highest shear strength and dilatancy.




Shear behavior in both sands and glass beads is influenced by stress path, however the influence
was found different. For the shear behavior of sands, the maximum principle stress ratio and
initial stiffness of stress ratio ~ deviatoric strain were found generally higher in the PSCD test
than those in the PSC test. The differences are more significant in dense specimens than those in
loose specimens. Moreover, shear bands appeared earlier in the PSCD tests for sands. The sands
were strongly influenced by stress path and stress level compared to glass beads. Development
of shear bands, final inclination angle and width of shear bands were observed by image
analysis. Generally, the onset of shear bands occurs prior to the specimen reaching its maximum
principal stress ratio for both dense and loose specimens. Between the peak in shear strength and
the end of strain softening, the local maximum shear strain grew approximately linearly with the
global axial strain. For the same material, the growth rate of the local maximum shear strain
became smaller with wider shear band. The shear band width became smaller when the particle
shape of materials with similar mean particle size gets more angular, and it decreased with
increase of confining pressure regardless of particle shape. Moreover, the measured shear band
inclination angles were compared with prediction values by Coulomb and Roscoe equations
having been often used in past study. It is found that the shear band inclination angles in sands
matched well with those estimated by Coulomb’s formula, while Roscoe’s formula predicted
shear band inclination angles relatively close to the corresponding measured values in dense
glass beads. | '

Then, based on the analysis of elemental experiment results, discrete element method (DEM)
was used to investigate underlying mechanism from micro viewpoints. Biaxial compression
(loading) and decompression (unldading) tests were performed. Two types of particle model,
round disk model and angular clump model were used in the simulation. The simulation results
generally reflected the influence of particle shape, relative density and stress path in the
elemental experiments. Through micro behavior analysis including coordination number, contact |
distribution, fabric inside specimens, the reason of different contact variations in specimens that
resulted in different macro shear behavior was found. Moreover, strain energy variations at
particle contacts were analyzed in detail. Strain energy variation with the mean stress was
compared for the two types of shear test and isotropic consolidation test. It is found that strain
energy variation rate is the highest in unloading shear test. Under the same test condition, the
variation rate is higher in the loose specimens than in the dense specimens, and is also higher in
disk specimen than in clump specimen. The behavior was considered to be influenced by the
interlocking among particles. The interlocking is stronger in angular particles than that in round
particles, and also stronger in dense specimens than that in loose specimens. When particles are
interlocked, the relative displacements between particles shall become difficult and thus strain
energy varies little. As a result, the stiffness of specimens behaves strong. In the loading shear
test with mean stress increased, the interlocking developed until the peak strength and then
failed. Instead, for the shear test with decreasing confining pressure, variation of interlocking
‘gets smaller from the beginning. Thereby, the particle shape effect is different on the different
stress path and the difference is more significant in dense specimens.

Finally, unloading retaining wall model tests were performed to investigate particle shape
effect and boundary effect on unloading shear behavior. The same two sands and one glass beads



were used again. Investigation was focused on the failure mode behind the wall and transition
process to the active state. It is found that the particle shape has influence on the resultant force
of retaining wall. The more angular particle shape of sand, the resultant force was smaller and
the displacement of wall until the final active state was larger. Shear band inclination angle and
width were influenced by particle shape and relative density, while the progress shear band
pattern is dependent on the wall movement mode regardless of particle shape. Within a limited

range of wall speed in this study, shear band became wider and local deformation became larger
with increase of wall speed.

In summary, a series of experiments and numerical analysis were performed in this study to
investigate the fundamental unloading behavior of granular materials with different particle
shapes. Based on the study, particle shape effect on the macro mechanical behavior was
presented and further investigations were made on micro mechanical behavior and its relevance
to the macro behavior. Particularly, unloading shear behavior was found to be clearly different
from the general loading shear behavior and influence of particle shape and relative density on
the difference between the behaviors was revealed. The influence was considered rooting in the
interlocking effect, which was qualitatively discussed from micro viewpoint.
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