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ABSTRACT

Traditionally, geotechnical engineers have used continuum numerical methods coupled with
complex constitutive models to analyze soil response. This approach, however, does not
explicitly consider the particle-scale interactions underlying the macro-scale behavior. Given the
advances in computational power, particle-based discrete element methods have been
progressively catching the attention of geotechnical engineers in simulating and analyzing soil
behavior. For validation of discrete element modeling of various laboratory tests, many
researchers have been using idealized granular materials such as steel spheres that are much
simpler to model compared to real soils. In case of experimental validation of models for simple
shear test using stacked-ring device type, it is particularly important to ensure that the simple
shear condition is completely imposed on specimens consisting of low friction and freely
rotating steel spheres. In this study, discrete element modeling is used to examine the level of
simple shear imposition on specimen of uniform-sized steel spheres in large scale stacked-ring
simple shear device under constant volume conditions.

INTRODUCTION

Understanding the behavior of soils under simple shear conditions is very important in a
large number of geotechnical engineering problems such as earthquakes, slope stability, and pile
driving. Direct simple shear device is one of the commonly used experimental devices to study
such behavior of soil that is believed to be capable of reproducing the field loading conditions
which particularly involve the rotation of principal stress axes during plane-strain shearing
(Boulanger et al. 1993; Budhu 1988). This device has been used by several researchers for
studying the monotonic and cyclic response of sands, silts, and clays (e.g., Vaid and Chern 1985;
Vucetic and Dobry 1988; Wijewickreme 2010). However, there are limited simple shear test data
available for gravels (e.g., Chang et al. 2014; Hubler et al. 2017) as larger devices are needed for
studying their simple shear behavior.

There are three commonly used versions of direct simple shear test (DSS) that have been
developed since the first introduction of this test by the Swedish Geotechnical Institute (SGI) in
1936 (Kjellman 1951): Cambridge type, Norwegian Geotechnical Institute (NGI) type, and
stacked-ring type.

For validation of discrete element modeling (DEM) of various laboratory tests, many
researchers have used idealized granular materials such as steel spheres (e.g., O’Sullivan et al.
2004, Cui and O’Sullivan 2006, and Bernhardt et al. 2016) or glass beads (e.g., Sitharam et al.
2005, Dabeet et al. 2011, Asadzadeh and Soroush 2016 ) that are much simpler to model
compared to real soils. Regardless of the granular material tested and the laboratory test being
simulated, it is of great importance that the boundary deformations in the numerical model
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replicate those expected in the laboratory.

Regarding the 3D DEM simulation of direct simple shear (DSS) test, the literature differs
mainly in consideration of boundary conditions. Depending on the type of the simple shear tests,
researchers have numerically imposed such boundary deformation in different ways. Dabeet
2014 modeled a small-scale NGI-type simple shear test with a specimen confined by a wire-
reinforced rubber membrane. They used spherical glass beads as testing materials. They modeled
the lateral boundaries of the specimen as a stack of cylindrical walls in DEM. To simulate the
shearing phase, they assigned constant pre-defined velocity values to each ring in a way that their
movement generates a continuous and uniform simple shear deformation along the boundaries.
Bernhardt et al. (2014) and Bernhardt et al. (2016) modeled a small-scale stacked ring simple
shear test of steel spheres under constant stress condition. The experimental specimen was
confined by a rubber membrane within a stack of rings. To make rough fixed-particle boundaries
and avoid slipping and rolling of spheres along the horizontal boundaries, they used epoxy to
attach particles to the top and bottom porous stones. To replicate the experimental glued
particles, the particles in contact with horizontal boundaries are assigned to move with the same
velocity as their adjacent horizontal boundary and their rotation is also set to zero. Bernhardt et
al. (2014) stated that the velocities of the rings were updated at every 10 cycles with the target of
keeping the net force very close to zero. Asadzadeh and Soroush (2016) modeled a small-scale
stacked-rings simple shear test under constant stress condition using glass beads for testing
materials. In their simulations, “saw-tooth configuration” was modeled for the roughness of the
top and bottom boundaries, which is similar to the platens they used in experiment. In both
simulation and experiment, the top boundary and its adjacent ring were stationary while the
bottom boundary and its adjacent ring moved with a constant velocity. For each of the other
rings in the simulation, the velocity was set independently to provide a uniform boundary shear
strain.

In this study, discrete element modeling is used to investigate the level of transfer of shear
deformation from the externally moving boundary into the specimen of uniform-sized chrome
steel spheres in constant volume large scale stacked-ring simples shear device.

DEM MODELING

The commercially available discrete element code software PFC3P 5.00 developed by Itasca
Consulting Group Inc. (2014) is used to model monotonic constant volume direct simple shear
test. Physical specimens of loosely packed grade 25 chrome steel spheres of 3/8 in. (9.5 mm)
diameter supplied by Thompson Precision Ball are prepared and consolidated in the 12”-
diameter direct simple shear device developed at the University of Michigan (Zekkos et al.
2018). The specimens are prepared within a stack of 17 Teflon-coated circular aluminum rings
of 307.5 mm in diameter and 6.65 mm in thickness that have minimal friction against each other.
The specimens are prepared by placing the chrome steel spheres loosely in layers using a small
shovel until filling the cylindrical space confined by stacked rings and then consolidated under
the specific vertical stresses of 400 kPa to achieve target void ratio between 0.652 and 0.675 at
the end of consolidation. This range of void ratios correspond to a range of relative density of
454+2%, considering the minimum and maximum index void ratio of spheres packing to be 0.35
and 0.92, respectively. These values are equivalent to the minimum porosity of 0.26 for close
hexagonal array packing of homogenous spheres and to the maximum porosity of 0.48 for simple
cubical array packing (Smith et al. 1929).

To numerically replicate the laboratory specimen in PFC3P, the bottom and top aluminum
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caps are modeled as planar wall elements, and the confining rings are modeled as stacked

cylindrical wall elements of the same number, diameter, and thickness as in the laboratory. This
cylindrical space is then filled with the same number of spheres as in the laboratory (Figure 1).
Radius expansion is used for initial preparation of the specimen (e.g., Jiang et al. 2003, Belheine

et al. 2009, Gu et al. 2014, Asadzadeh and Soroush 2018, Garcia and Bray 2018). After the

initial assembly, the specimen is consolidated to the target vertical stress in steps by moving the

top cap vertically utilizing the servo control algorithm in PFC. To remove additional kinetic
energy during the initial assembly and consolidation stages, local damping coefficient of
maximum 0.1 is assigned to spheres at different points during simulation to establish

equilibrium. The Hertz contact model is used in the simulations. This contact model consists of a

nonlinear formulation based on an approximation of the theory of Mindlin and Deresiewicz
(Mindlin and Deresiewicz 1953). The material and contact properties used in simulations are
listed in Table 1. These values are either provided by the manufacturer or used by other
researchers for the same material or are in the range of values for a property of a specific

material.

(a)

(b)
Figure 1 - (a) Numerical and (b) Experimental specimen of 10,636 chrome steel spheres

Table 1- Material and contact properties used in DEM

Parameter Value Reference
shear modulus-spheres 78.1 GPa Manufacturer
) , ) from Cui and
Poisson’s ratio-spheres 0.28 0’Sullivan 2006
shear modulus-walls 25.9 GPa in range for Aluminum
Poisson’s ratio-walls 0.33 in range for Aluminum
density-spheres 7.83x10% kg/m? Manufacturer
inter-sphere 0.096 from Cui and
friction coefficient ) O’Sullivan 2006
friction coefficient 0 frictionless rings
at ring boundaries (ring-ring and ring-sphere)
ring mass 584 gr Measured

For modelling the shearing stage, the bottom cap is displaced horizontally with a constant
velocity of 4.8x10 m/s while the movements of the stacked rings in the simulation are set to

follow the equation of motion in the direction of shearing. With a time step of average value of
about 1x107 second/computational cycle, the bottom cap is displaced about 4.8x10° mm during

each computational cycle. Parametric analysis has shown that the simulation response is not
affected by a smaller shear rate. Moreover, the average unbalanced force ratio during the
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shearing stage for this shear rate remains mostly smaller than 1x1073. Therefore, the applied
shear rate assures the quasi-static condition during shearing of the simulated specimen.

In PFC, wall motion does not obey the equations of motion and they only can translate or
rotate with user-defined translational velocity and angular velocity (or spin). As a result, user-
defined functions are added to the sequence of operations executed during each calculation cycle.
These user-defined functions for rings translational movement in direction of shear follow the
same algorithm that PFC utilizes for updating the movement of the particles. In this user-defined
functions, the following equation of translational motion in direction of shear for rings are solved
during each calculation cycle using the second-order Velocity Verlet algorithm (Verlet 1967):

F,

ks = My Xgs
where Fj; is the resultant force in the direction of shear acting on the ring, m, is the mass of the
ring, and X, is the translational acceleration of the ring in direction of the shear. Since in the

simulations of this study, the gravitational acceleration vector is perpendicular to the direction of
shear, this parameter is not included in the equation.

Table 2- List of the numerical model groups used in the DEM analyses

Simulation Group Name Description
Bottom cap moves with a predefined velocity, and the
A-1 | movements of the ring follow the equation of motion in the
direction of shear.
Rings are all moving together like a rigid wall following
A-2 | equation of motion while bottom cap moves with a
predefined velocity
Adjacent rings to both caps are fixed to the caps, and the
A-3 | other rings movements follow the equation of motion in
the direction of shear.
The rotation of spheres in contact with top and bottom caps
just before shearing is fixed so no rolling happens at caps
A-4 | during shear (sliding is allowed). The movements of all
rings follow the equation of motion in the direction of
shear.
The movement (in the direction of shear) of spheres in
contact with top and bottom caps just before shearing are
A-5 | fixed so no sliding happens at caps during shear (rolling is
allowed). The movements of all rings follow the equation
of motion in the direction of shear.

B B-1 | Same as in A-1.
(friction coefficientat | B-3 | Same as in A-3.
cap boundaries = 1.0) B-4 | Same as in A-4.

A
(friction coefficient at
cap boundaries =
0.125)

Two groups of numerical simulations named A and B are considered. All the parameters are
the same in these two groups (refer to Table 1) except the friction coefficient at contacts between
steel spheres and caps. In group A, the friction coefficient between steel spheres and caps is
0.125 (corresponding to low friction angle of about 7°) while in group B, it is a high value of 1.0
(corresponding to high friction angle of 45°). Further differences among the simulations in each
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group relate to how the shear stage is modeled. Table 2 summarizes these simulations with a
brief description.

DEM ANALYSIS RESULTS AND DISCUSSION

To examine if the shear deformation is completely transferred from the bottom cap into the
specimen, the profile of ring displacement is monitored during the simulation of shear phase.
Figure 2 shows the stacked rings horizontal displacement profile for models A-1 and B-1 at two
shear strain levels of 0.5% (small strain at the beginning of the shear) and 3.75% (larger strain as
shearing continues). It should be mentioned that in all models regardless of whether shear
deformation is completely transferred into the specimen or not, shear strain is calculated as the
ratio of bottom cap displacement to the consolidated height unless stated otherwise. This does
not cause any problem in comparisons between models since all the numerical specimens are
generated at similar void ratios and consequently similar consolidated height. These profiles are
compared to the theoretical continuous simple shear deformation at the lateral boundaries (solid
line) in which the caps and rings displacement varies linearly from the corresponding
displacement at the bottom cap to zero at the top cap (as shown in a small sketch in Figure 2). It
should be mentioned that since at the end of consolidation (in both experimental and simulated
specimen), the top cap is placed inside the most top ring, this ring remains stationary with the top
cap during shear.
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Figure 2 - Horizontal displacement of stacked rings during shear in models A-1 and B-1
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Figure 3 - Monotonic shear response in model A-1 considering actual versus theoretical
simple shear strain
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In Figure 2, regardless of the amount of friction at the caps, significant displacement gaps
can be observed at the bottom and top caps, which can be as a result of sliding and/or rolling of
particles at the boundaries. Also, the rings displacement profiles are less inclined compared to
the expected inclination shown by the theoretical deformation. Figure 3 shows the comparison of
shear stress-strain graphs for model A-1 by considering theoretical and actual shear strains. The
actual simple shear strain of the specimen can be achieved by linear regression through the freely
moving ring displacement points (not including the caps and the most top ring stuck with the top
cap). Since the actual shear strain in the specimen is smaller than the theoretical one, the curved
is compressed in the horizontal direction.

The other observation from Figure 2 is that for the simulated specimen, the simple shear
deformation is not imposed at the boundaries. Most of the shearing happened at the interface
between the steel spheres and caps and mostly the interface shear stress was captured. To
reexamine this claim, the results of model A-1 are compared with model A-2 in which all the
rings (except the most top ring which is stuck to the top cap) are fixed to move together as one
single rigid cylindrical wall following the equations of motion while the bottom cap is moving.
Figure 4a depicts the rings displacement profile in models A-1 and A-2 at two different shear
strain level based on the displacement of the bottom cap. Figure 4b compares the shear response
of these models. Shear responses of both models are very similar, which supports the claim that
most of the shear in model A-1 happens at the interface with the caps rather than inside the
specimen. The minor discrepancies between the responses can be attributed to the difference in
the level of lateral restraints in these models. Because of the discrete nature of the sphere
assembly, the movement of the bottom cap can cause local displacements on the adjacent spheres
in contact. The propagation of these displacements in model A-1 can cause global shear
deformation in the specimen as can be seen in its rings displacement while the global shear
deformation is prevented in model A-2 because of constraints on the individually lateral
displacement of the rings.

In models A-3 and B-3, the adjacent ring to each cap is fixed to them during the simulation.
The rest of the rings move following the equation of motion. It can be observed (Figure 5) that
fixing the movement of the end rings to their adjacent caps results in improvement of shear
deformation transfer into the specimen. However, in both cases, this transfer is still partial, and
the desired simple shear deformation is not imposed on the specimen. Figure 6 illustrates the
comparison of shear stress-strain graphs in model A-3 by considering theoretical and actual shear
strain values. Again, the actual shear strain values for the specimen is achieved by linear
regression of the ring profile considering only free moving rings. The theoretical shear strain is
calculated based on the displacement of bottom cap assuming that the shear deformation is
completely transferred into the specimen and a continuous simple shear deformation is imposed
on the boundaries. It confirms the previous observation that by fixing the caps to their adjacent
rings the transfer of shear deformation into the specimen is improved. Since the bottom ring is
externally moving with the bottom cap, the shear stress in this model is calculated by adding the
total horizontal forces (in the direction of shearing) exerted on the bottom cap and the adjacent
ring divided by the specimen cross-sectional area. As more shear deformation is transferred into
the specimen, the simulation of shear responses better resembles the typical undrained shear
behavior of loose to medium dense cohesionless granular materials (e.g., Vaid and Chern 1985;
Yamsiri and Soga 2010); the shear stress increases up to a peak value followed by a strain-
softening until it reaches phase transformation and after that strain hardening occurs in the
specimen response.
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spheres that are in contact with the caps at the end of the consolidation stage are identified and
their rotation and spin (angular velocity) are set to zero and therefore the rolling of spheres are
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Figure 4 - (a) rings displacement profile, (b) comparison of shear responses in models A-1
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In models A-4, B-4, and A-5, all the rings move following the law of motion while some
constraints are applied on the spheres in contact with the caps. In models A-4 and B-4, the

prevented at the caps during shear. In model A-5, sliding of spheres at the caps is prevented

(instead of rolling in model A-4) by fixing the displacement of the spheres in contact with the

caps at the end of the consolidation to their contacting caps. Figure 7 illustrates the rings

© ASCE

Geo-Congress 2020

497



Downloaded from ascelibrary.org by "University of California, Berkeley" on 08/21/20. Copyright ASCE. For personal use only; all rights reserved.

Geo-Congress 2020 GSP 317 498

displacement profile for models A-4, B-4, and A-5 and their comparison with models A-1 and B-
1 in which there are no constraints applied on the spheres in contact with the caps. As shown,
preventing the boundary spheres at caps in model A-4 from rotating reduces the shear
deformation transfer into the specimen. It reveals that fixing the rolling of the boundary spheres
cannot guarantee the transfer of shear deformation into the specimen when there is not enough
large friction available at caps. In model B-4, with a high friction coefficient of 1.0
(corresponding to friction angle of 45°) at caps, the resultant ring profile resembles a continuous
simple shear deformation. It can also be observed in Figure 7 that preventing sliding at the caps
by constraining the displacement of spheres to their contacting caps can guarantee the complete
transfer of shear deformation into the specimen, even if no constraints applied to their free
rotation.
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Figure 6 - Monotonic shear response in model A-3 considering actual versus theoretical
simple shear strain
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Figure 7 — Effect of preventing rolling (models A-4, B-4) or sliding (model A-5) at caps on
rings displacement during shear

Therefore, in case of testing spherical-shaped granular materials with low particle frictions
such as chrome steel spheres, rolling and sliding at the horizontal boundaries in stacked ring
simple shear device can prevent adequate transfer of shear deformation to induce an ideal simple
shear deformation in the specimen. Depending on the level of local sliding potential (at each
particle-cap contact), constraining the free rotation of the boundary spheres may worsen or
improve this transfer.
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CONCLUSIONS

The DEM simulations of this study, by considering a realistic algorithm for modeling the
movement of stacked rings, indicate that free rotation and low friction of steel spheres can
prevent the complete transfer of shear deformation from the externally moving boundary into the
specimen. Therefore, the simple shear deformation may not be imposed on the specimen as
desired, and the experimental data of shear displacements and forces cannot be confidently used
to reliably evaluate the simple shear behavior of the steel sphere assembly. Numerically
examining a number of modifications for testing steel spheres in stacked-ring simple shear
device, it is concluded that the steel spheres in contact with planar boundaries should be attached
to them (e.g. by using glue) in order to avoid any slippage and rolling at these boundaries and
obtaining reliable data from the experiments.
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