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Strain localization is closely associated with the stress-strain behavior of an interphase
system subject to quasi-static direct interface shear, especially after peak state is reached. This
behavior is important because it is closely related to deformations experienced by geotechnical
composite structures. This paper presents a study using two dimensional DEM simulations on the
strain localization of an idealized interphase system composed of densely-packed spherical
particles in contact with rough manufactured surfaces. The manufactured surface is made up of
regular or irregular triangular asperities with varying slopes. A new simple method of strain
calculation is used in this study to generate strain field inside a simulated direct interface shear
box. This method accounts for particle rotation and captures strain localization features at high
resolution. Results show that strain localization begins with the onset of nonlinear stress-strain
behavior. A distinct but discontinuous shear band emerges above the surface around peak state,
which becomes more expansive and coherent with post peak strain softening. It is found that the
shear bands developed by surfaces with smaller roughness are much thinner than those
developed by surfaces with greater roughness. The maximum thickness of the intense shear zone
is observed to be about 8 tol0 median particle diameters above the surface. Theoretical
orientations of shear bands are also presented, with Roscoe solution making the best predictions

for the major shear band which is aligned with the direction of boundary movement.
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3.1. Introduction

Shear resistance develops when relative displacement occurs inside the interphase region
between a granular soil layer in contact with a natural or manufactured material surface. Strain
localization is associated with the stress-strain behavior of the interphase system and results in a
series of shear bands developing near the surface, especially after peak state is reached. The
mechanism underlying the interphase strength and shear banding behavior is critical to the
design of geotechnical composite systems because the load — deformation behavior of the
interphase region controls the overall performance of the composite structure. It has been shown
by Wang [1] that the evolution of fabric and contact force anisotropy at the boundary between
the surface and granular soil controls interphase strength behavior. However, the development of

strain localization and shear banding occurring within the interphase region is largely unknown.

3.1.1. Previous related research

Experimental and numerical investigations on the shear bands or rupture surfaces of
clayey or granular soils subject to various shearing conditions have contributed to our
understanding of shear band morphology. For example, Morgenstern and Tchalenko 1967
studied the formation of small-scale shear features within kaolin subject to direct shear tests.
Their observations showed a series of structures and sub-structures were produced in a sequential
manner, which coalesce to form the ultimate shear bands. A similar study of shear band patterns
on dense sands subject to direct shear was performed by Scarpelli and Wood 1982 using a
radiographic technique. Their study showed the important effects of kinematic constraints on the
shear banding behavior. Other valuable work on the shear banding behavior of granular soils
includes Roscoe 1958, Arthur and Dunstan 1982, Oda et al. 1985, Vermeer 1990, Bardet and
Proubet 1992, Alshibli and Sture 2000, Masson and Martinez 2001, etc.

Most of the previous studies on behavior of the interphase between granular media and
rough surfaces have focused on exploring and quantifying factors influencing peak and steady
state strength (Uesugi and Kishida 1986; Kishida and Uesugi 1987; Dove and Harping 1999;
Dove and Jarrett 2002; Paikowsky and Xi 1997). Uesugi and Kishida 1986 introduced a widely

used normalized roughness parameter, R , correlated with the peak friction angles of sand-steel

surfaces. However it has been concluded by the author that traditional geometric surface
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roughness parameters cannot account for the actual contact conditions occurring at the boundary
between the particles and surface, and within the interphase (Refer to Chapter 5 and 6 for more
information). Therefore to date, only non-unique correlations with interface strength have been
achieved. The author has proposed a failure criterion which is based on the contacts existing
between the first layer of particles and the surface. It accounts for the actual mechanism
controlling particle and surface interaction and has proven successful in predicting interface

strength in a range of particle to surface relative geometries.

However, very limited experimental work has been done on the shear deformation of
interphase soils due to difficulty in collecting microscopic information interior to the sample.
Uesugi et al. 1988 observed the behavior of sand particles in sand-steel friction in simple shear
apparatus and described qualitatively their deformation characteristics due to interface
roughness. Westgate and DeJong 2006 used Particle Image Velocimetry (PIV) to investigate the
effects of surface roughness, confining pressure and initial void ratio on sand-steel interface
shear banding. This study illustrated the key role that surface roughness played on interphase

deformation.

The emergence of the Discrete Element Method (DEM) (Cundall 1971; Cundall and
Strack 1979) and its numerical simulation provide a powerful tool for studying particulate media
and greatly facilitate the understanding of granular micromechanics. A rich body of microscopic
information can be obtained from DEM simulations and used to interpret the mechanical
behavior in a continuum-based framework (Refer to Chapter 4 for more information). Using
DEM simulations, Wang et al. 2005 conducted interface shear box tests composed of densely-
packed spherical particles contacting rough manufactured surfaces and suggested a use of sample
height of 50 median particle diameters in order for full development of shear band. They also
made a preliminary discussion on the effects of surface asperity slope on interphase shear
deformation and concluded that the relative grain to surface geometry was the controlling factor
of the micromechanical behavior. But these findings are insufficient to provide a quantitative
description of the effects of relative grain to surface geometry on interphase shear banding

behavior.
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3.1.2. Primary work of the current paper

In this paper, a new numerical-based strain calculation method, which is found capable of
capturing characteristics of strain localization more accurately than other available methods, is
presented and applied to a numerical study to generate strain field inside the interface shear box.
Then the numerical model of interface shear test is described and a parametric study is
performed to study the influence of relative particle to surface geometry on the shear banding
structures within the interphase region. Finally, the results of strain localization evolution, effects

of surface geometry and shear band orientation are thoroughly discussed.

3.2. Formulation of Proposed Strain Calculation Method

The spatial discretization approach is the most often used method to compute strains in a
discrete system (Thomas 1997; Cambou et al. 2000; Dedecker et al. 2000; Bagi and Bojtar
2001). O’Sullivan et al. 2003 pointed out two problems contributing to inaccurate estimates of
strain inside a granular media involving localization: (1) negligence of particle rotation which
plays an important role in the formation of shear band, and (2) use of linear local interpolation

function which results in erratic inter-element strain values within the shear band.

To avoid the above problems, O’Sullivan et al. 2003 proposed a higher-order, non-local
mesh free method which employs a cubic spline interpolation function and takes into account
particle rotation and applied the method in their 2D biaxial compression simulations. However,
it was found by the authors that the higher-order mesh free interpolation functions do not smooth
the displacement gradient satisfactorily within the shear band and thus failed to manifest the
strain localization accurately inside the interface shear box. Given this fact, the authors propose
herein a modified mesh free method which does not use interpolation functions and calculates
the displacement gradient directly based on movements of individual particles. The details of the

method are described below.

The current problem involves large strain localization inside the granular media, therefore

the Green-St. Venant strain tensor, E.., is used.

ij

1

E; ZE ul.‘j+uj,,+uk’iuk’j), (3-1)
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where u, ; is the displacement gradient tensor. It is based on the deformation measure related to

the reference configuration. Peak or pre-peak shear deformation involves slight degree of strain
localization, therefore the second order term in Equation (3-1) can be neglected with little error

and the small strain tensor ¢; is computed by:
e, = %(ui,j + uj’i) . (3-2)

The mesh free method used in this study employs a grid type discretization over the
reference configuration. A schematic diagram of the approach is illustrated in Figure 3.1. A
rectangular grid is generated that serves as the continuum reference space superimposed over the
volume of particles. Then each grid point is assigned to an individual particle j which has the
following property:

4 4 (=12 N i), (3-3)

T

=

where r, is the radius of particle i; d, is the distance between the grid point and the centroid of
particle i; N, is the total number of particles within the volume [Figure 3.1(a)]. If the ratio of the

distance between particle centroid and its associated grid point to the particle radius is the least
among all the particles, then the grid point is considered a point on the original or extended rigid

body of the particle. Displacement of the grid point is calculated by:

uf =u’ +d(cos(6, + ) —cos(6,))

) 3-4
u® =u’ +d(sin(6, + ) —sin(8,)) (3-4)

where u?®

¢, u and uy, u) are the x and y component of displacement of grid point and particle
centroid, respectively; d is the distance between the grid point and the particle centroid; 8, is
the initial phase angle of the position of grid point relative to the particle centroid; and @ 1is the
accumulated rotation of the particle [Figure 3.1(b)].

This method discretizes the reference space based on the simple algorithm represented by
Equation (3-3) before any deformation occurs. Any random point (not necessarily the grid point)

inside the whole volume can be assigned to a particular particle using this algorithm. Then all the
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points that are assigned to the same single particle connect to form a region that belongs to this
particle. So if any point lies within this region, it will be considered a point on the original or
extended rigid body of this particle, and its displacement will be calculated using the principle of
rigid body motion of the particle. The spacing between adjacent grid points is 0.64 mm in the
horizontal direction and 0.7 mm in the vertical direction in the current paper. As a general

guidance, a grid spacing of a median particle diameter ( D,,) should suffice to capture the shear

localization at satisfactory resolution. This method takes into account the particle rotation. The

estimated strain field becomes more accurate with the decreasing grid spacing.

3.3. Numerical Simulation of Interface Shear Test
3.3.1. Numerical model

The DEM model of direct interface shear device was developed by Wang [1] using
PFC2D and validated against laboratory data (Dove and Jarrett 2002). The model is made up of a
128 mm long, 28 mm high shear box filled with a polydispersed mixture of spherical particles
(maximum and minimum particle diameter 1.05 mm and 0.35 mm respectively) at a low initial
porosity (0.12). A sketch of the model is shown in Figure 3.2(a). The lower boundary is made up
of a rough surface and two 20 mm long “dead zones” placed at the ends of the box to avoid
boundary effects. The rough surface consisted of either regular or irregular triangular asperities,
or of profiles of natural and manufactured material surfaces made using a stylus profilometer.
There is no particle to boundary friction within the dead zones. Shearing occurs by displacing the
lower boundary of the box to the left at a constant velocity of 1 mm per minute. Vertical and
horizontal contact forces acting on all the asperities are summed to compute the normal and

shear force generated along the interface respectively.

The Hertz-Mindlin contact model was implemented in the simulations. A particle rolling
resistance model (Wang et al. 2004) was also applied at both particle-particle contacts and
particle-boundary contacts. Physical constants used in the simulations include: Particle density
2650 kg/mS; shear modulus and Poisson’s ratio of the particles, 29 GPa and 0.3 respectively;
critical normal and shear viscous damping coefficient, both equal to 1.0; time step 5.0x10™ sec;
particle to surface asperity friction coefficient 0.05; and interparticle and particle-boundary

friction coefficient (except the dead zones) during shear, 0.5 and 0.9 respectively.
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3.3.2. Parametric study

To systematically study the effects of surface geometry on the interphase shear banding
behavior, we conducted five groups of numerical experiments. In Groups 1, 2 and 3, regular saw
tooth asperities were used, with asperity height (R;), asperity width (Sy) and spacing between
asperities (S;) varied in each group respectively [Figure 3.3(a)]. Table 3.1 provides the ranges of
variables and constant values in these three groups of experiments. In Group 4, irregular saw
tooth asperities are generated randomly and used as the lower boundary [Figure 3.3(b)]. Refer to
Chapter 5 for the details of the analytical method and parameters used to generate the irregular

surface. In Group 5, profiles of three coextruded geomembrane surfaces are used.

Table 3.1. Variables, constants of surface asperities and their values used in the Experimental

Groups 1, 2 and 3.

Group Variable Values of Variables R/Dsy  S./Dsg  Sw/Dsg
1 R/Dsy 0.1,0.2,0.5,1,1.2,1.5,2,3,5 Varied 0 2
2 S:/Dso 0.2,0.5,1,2,3,5,8,10 1 Varied 2
3 Sw/Dso 0.2,05,1,2,3,4,5,10 1 0 Varied

Sixteen evenly-spaced particle columns are identified before shear. Each column is twice
the median particle diameter in width and extends for the full height of the specimen. A typical
profile of the columns in a 28 mm thick sample is shown in Figure 3.2(b). The displacements and
velocities of particles in these columns are recorded during the shearing process and used for

analysis of shear banding.

3.4. Results and Discussions
3.4.1. Macro and micromechanical interphase behavior

A typical stress ratio and volume change versus shear displacement relation from
Simulation A with R/Dsp = 1 in Group 1 is shown in Figure 3.4. Due to the low initial porosity,
distinct post peak strain softening to steady state is observed [Figure 3.4(a)]. Significant dilation
is also observed [Figure 3.4(b)], with the highest dilation rate occurring around peak state and

approaching zero at steady state deformation. Similar curves were obtained from other
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simulations with varying surface geometries but less dilation and mobilized peak stress ratio is

typical for surfaces with lower degrees of relative particle to surface roughness.

The internal shear deformation of the sample is closely monitored by recording the
accumulated displacements at different stages of the test of those particles comprising the sixteen
selected columns. Snapshots were taken at five instants as indicated on the stress-displacement
curve [Figure 3.4(a)]: point A (pre-peak, 0.5 mm), point B (pre-peak, 0.7 mm), point C (peak, 1

mm), point D (post-peak, 2 mm) and point E (steady state, 6.3 mm).

Figure 3.5 shows the profiles of deformed columns inside the shear box at points C, D
and E. During initial pre-peak shearing, the sample is deforming uniformly and pure shear
distortion is the dominating mode of deformation. With the onset of nonlinear stress-
displacement behavior, discontinuities in particle displacements are observed, leading to a
narrow, localized shear deformation zone about 10 median particle diameters above the surface
asperities. The extent of strain localization is small prior to peak state therefore it cannot be
readily observed from columns plots of Figure 3.5(a). After peak state, rolling and sliding of
particles over the asperities leads to the rapid reduction of shear stress and expansion of the
plastic zone of strain localization. Curved profiles of deformed columns above the asperities can
be clearly seen at the post-peak state [Figure 3.5(b)]. At the steady state, a fully developed shear
band is presented, which has a higher porosity than the rest part of the sample due to dilation, as

shown in Figure 3.5(c).

3.4.2. Evolution of strain localization

The evolution of strain localization can be better visualized by the shear strain contours
shown in Figure 3.6. The shear strain field is calculated using the proposed strain calculation
method (Equations (3-1)-(3-4)) and is shown overlain on the original configuration of the
sample. A series of rupture bands emerge in a sequential way to form the final shear band. The
patterns of rupture bands are similar to those observed by Morgenstern and Tchalenko 1967, and
Scarpelli and Wood 1982. Here, we adopt the same notation for rupture bands, Sy, as used by
Scarpelli and Wood 1982 to describe the evolution of strain localization inside the interface shear
box. The subscript k refers to the order of appearance of the rupture bands in time. A sub-

structure of a main structure of ruptures Sy is denoted by Sy,
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Strain localization occurs very early with the appearance of rupture S; at the both ends of
the rough surface at about 0.5 mm displacement [Figure 3.6(a)]. But the two S; ruptures show
different orientations: the one at the right end (passive zone) is making an angle of 26° with the
horizontal, while the other one at the left end (active zone) is making an angle of 19° with the
horizontal. The difference is due to the greater mobilized strength and dilation occurring in the
passive region. A S, rupture, immediately following the S; ruptures, forms horizontally along the
rough surface. Due to the kinematic constraint of the boundary movement, this rupture is forced
to be aligned with the direction of zero extension line [Figure 3.6(b)]. When the S, rupture
extends along the surface, a sub-structure of this rupture starts from the horizontal S, band and
makes similar angles to the horizontal as the S; ruptures. This sub-structure is labeled Sy
because it is associated with the presence of a S, rupture, but it is caused by a similar mechanism
as causing the S; ruptures. Another sub-structure labeled Sy, arises between rupture S; and Syp,
making much greater angles with horizontal than rupture S; at the right end. Finally, a S3 rupture,
which is generated by the displacement discontinuity of the particle column, forms in a nearly
horizontal direction at the middle of the box. Here, the parallel S, and Ss ruptures actually form a
kink-band, which is the dominant mode of deformation in the production of the major structures

(Morgenstern and Tchalenko 1967).

All these main ruptures and their sub-structures expand and connect with each other with
continuous shearing, finally resulting in a mound-shaped region of shear localization at peak
state [Figure 3.6(c)]. After peak state, rupture bands expand fast with post-peak strain softening,
but as can be seen, the S; rupture at the right end and S, rupture are the most intensely developed
rupture bands [Figure 3.6(d)]. The mound region corresponds to the localized zone under the
influence of interface shear and is a visual representation of the interphase region. The peak of
the mound is located approximately at the middle of the box, with a height of about 25 median
particle diameters above the surface. But the most intensely sheared zone at the bottom of the
mound is only 8 to 10 median particle diameters thick. In the steady state with large shear
displacement, a slender shear zone of intense strain localization close to the surface emerges
[Figure 3.6(e)]. Due to the lower resolution necessary for in this plot, the large mound-shaped

localization zone shown in earlier stages cannot be visualized.

Shear strain contours at point C, D and E calculated using the method proposed by

O’Sullivan et al. 2003 are shown in Figure 3.7 for comparison. Because a high-order mesh free
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interpolation function was adopted, the characteristics of the rupture bands inside the shear zone,
especially at small strain peak and post peak stages, are not visible. The overall shape of the
shear zone is also marked. However at steady state, the shear band is in good agreement with

Figure 3.6(e).

3.4.3. Effects of sample height on shear band

It has been mentioned in Chapter 2 that the sample height was found to have considerable
influence on the micromechanical behavior and shear zone development. This effect is further
investigated below by recording the microscopic deformation in a series of simulations with
sample height varying from 7 mm to 42 mm. Figure 3.8 shows the horizontal displacement of
Column 9 from Simulation A at 1 mm and 2 mm shear displacement. The shear band is a region
of large displacement and velocity gradients. At 1 mm shear displacement (around peak state),
displacement discontinuities of column particles can be observed, especially for shorter samples,
but the overall shear band has not fully developed in the interphase region [Figure 3.8(a)]. At 2
mm shear displacement (post-peak state), a distinct shear band featured with high displacement
gradient emerged, as shown in Figure 3.8(b). It suggests that the shear band reaches its full
thickness if the overall specimen height is great than 28 mm (40 times the median particle
diameter). The maximum shear band thickness is about 7 mm (10 particle diameter) at a 35 mm
sample height. When the sample is too thin, all or a large percentage of the particles are involved
in the shear distortion and have velocity close to that of the moving boundaries. In this case, the

shear zone intersects the top boundary and does not fully develop.

However, the pattern of shear deformation remains the same regardless of sample height,
which is shown by the displacement profiles in Figure 3.8(b). The shear band is fully developed
at this post-peak state. It can be seen that above the shear band, the displacement profiles are
inclined at nearly the same slope, which is independent of sample height. Displacement is zero at
the top boundary but increases to a maximum at the lower boundary. However, in the thinner
samples, the displacement profile is artificially cut off at the top but the deformation pattern

remains except for the top particles which lag behind due to high boundary friction.
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3.4.4. Effects of surface geometry on strain localization behavior

When the surface geometry changes, it will influence the mobilized interface friction
resistance and the associated strain localization behavior. Figures 3.9 and 3.10 show the shear
strain distributions at peak state and steady state respectively from six simulations with varying
surface geometries. These surfaces include: surface B in Group 3 with S,,/Dsy = 10, surface C in
Group 1 with R¢/Dsy =5, surface D in Group 2 with S,/Dsy = 5, surface E and F in Group 4 (two
analytically generated irregular surfaces) and surface G in Group 5 (coextruded geomembrane

surface). Profiles of surface geometry of all the six surfaces are shown in Figure 3.11.

It can be seen from Figures 3.9(a), (b) and (c) that the shear localization zones developed
by regular saw tooth surfaces at peak state are generally more continuous and expansive than
those by irregular surfaces [Figures 3.9(d), (e) and (f)]. This is attributed to the relatively large
spatial variation of surface roughness of the irregular surface. Higher mobilized friction
resistance will take place at the sections with greater roughness and correspondingly, more
intense shear deformation will occur at the same place. Generally speaking, the surfaces which
can sustain higher stress ratios will result in greater shear deformation and thicker shear band.
The structures of local rupture bands developed by irregular surfaces are also more complicated
than those by regular surfaces. Local mound-shaped localization zones are more likely to form at
different sections of the irregular surface, with the size of the ‘mound’ corresponding to the
roughness of that particular section of the surface. However, within each local mound-shaped

zone, the structure of rupture bands is similar to that of a regular surface, as described above.

In Figure 3.10, the six fully developed shear bands at steady state possess the same
general shape but apparently the two shear bands developed by surface B and E [Figures 3.10(a)
and (b)] are much more diffuse than the others. This is because the peak stress ratios measured
on surface B and E are 0.215 and 0.3 respectively, much lower than the strength ratio (0.63) of
the granular material. For surfaces with roughness high enough to fully mobilize the material
strength, such as surface A [Figure 3.7(e)] and surface C [Figure 3.10(b)], the shear band

thickness reaches its maximum value of about 8 median particle diameters.

However, as mentioned above, the excessively large displacement gradient close to the
rough surface at steady state has dwarfed the relatively small displacement discontinuity in the

higher region away from the surface when shear localization first appears around peak state. To
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better examine the scope of shear localization, displacement profiles of column 9 recorded at
post-peak state (2 mm shear displacement), which is located at the middle of the box, are shown
in Figure 3.12. We can see from Figure 3.12 that surface A and C resist greater shear
deformation than other surfaces. In fact, they are also the two surfaces sustaining highest stress
ratios (fully mobilizing the material strength). A few particles are trapped inside their asperity
valleys and travel nearly the same amount of distance as the surfaces. It is found that surfaces
which have great enough roughness to fully mobilize the granular material strength will develop
the thickest shear band. The maximum thickness of the shear band due to post-peak localization
is about 8 to 10 median particle diameters from the surface asperities. Surfaces with lower
degrees of roughness will sustain lower stress ratio and accordingly, develop less intense and

thick shear band.

A comparison between the simulation results of particle horizontal displacements and
laboratory data by Westgate and DeJong 2006 is shown in Figure 3.13. The simulation data are
particle displacements of column 9 from surface B and surface H (Sy/Dso = 3, Group 3) recorded
at 7 mm shear displacement. The laboratory data were obtained from two types of sand-steel
interfaces, namely sandblasted surface and epoxied sand-steel surface, but are the average
positions and displacements for each row of the PIV patch mesh (21 rows by 28 columns)
recorded at the same shear displacement. It can be seen that the profiles of particle displacements
from the simulations agree very well with the laboratory data, showing an excellent match in the
shear band. At the top of the box, slip of the whole sample is observed in the laboratory test but
zero slip occurs in the simulations. This is because the particle to boundary friction is lower in

the laboratory test than in the simulation.

3.4.5. Shear band orientation

In the literature, classical solutions to the shear band orientation include Mohr-Coulumb
solution, Roscoe solution, Vardoulakis’ bifurcation solution and Arthur solution. In Chapter 4,
the author discussed the first two solutions under direct shear conditions in the most general case
where non-coaxiality behavior and non-horizontal zero linear extension exist. Below, we show
only solutions assuming coaxiality between principal stress and principal strain increment

directions.
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The Mohr-Coulomb solution assumes a shear band forms in the direction of the planes on

which maximum mobilized angle of friction occurs, and gives the orientation of shear band as
1
HC :5(¢p_l//p)’ (3_5)

where, 6. is the angle between the shear band and the horizontal direction; ¢, is the maximum
mobilized angle of friction (plane strain friction angle) and y/, is the peak dilation angle. This

solution provides static requirements for the shear band to form. The Roscoe solution, on the
other hand, treats the shear band as a layer of intensely shearing material which coincides with
the zero extension line. In this case, the angle & between the shear band orientation and the

direction of major principal strain increment can be expressed as
a'=7z/4—;up/2. (3-6)

If we denote the angle between the major principal strain increment direction and the horizontal

as [, then the angle 6, that the shear band makes with the horizontal is

6, =B-(n/4-v,/2). (3-7)

When applied to the major structure of the shear bands (mainly S, band), this solution would
suggest that the shear band is coincident with the horizontal, a result due to the kinematic
requirement for the zero extension line to be aligned with the direction of lower boundary
movement. However, local rupture bands (such as S;, S, and Sy, bands) could take different
orientations when zero extension direction deviates from the horizontal. Using bifurcation theory
that treats shear band formation as an instability phenomenon, Vardoulakis 1980 obtained a more

comprehensive form of solution as follows,
1
6, =7(¢-v,). (3-8)
Where, 6, again is the angle between the shear band and the horizontal direction; and

sin (¢, +v, ) /2
cos(¢p—wp)/2 '

sind = (3-9)
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When the difference between ¢, and y/, is small, Equation (3-7) can be reduced to

6, =0A:i(¢p—y/p), (3-10)

which is exactly the same form as Arthur solution 1977 assuming a series of local shear ruptures
distributed approximately along the direction of bisector between the maximum stress obliquity

and zero extension directions.

Consider first simulation A as an example. The S, band is almost coincident with the

horizontal, which means the observed shear band orientation 8, =0°, as evident in Figure 3.7.
The peak friction angle measured at the interface is ¢, =30". The average value for the direction

of major principal strain increment in the lower half region over the rough surface at peak state is

f =44". The average mobilized dilation angle in the same region is ¥, =4.9". Then using
Equation (3-5)-(3-10) we can calculate the four solutions to be . =12.6", 8, =1, €, =6.5" and

6, =6.3". Similar calculations have been performed for the other six simulations and the results

are listed in Table 3.2. It can seen from Figure 3.9 that the major S, bands are all nearly
horizontally oriented (i.e., 8, =0"), except for simulation G, whose S band is interrupted due to

varying roughness along the length of the surface. Apparently the Roscoe solution makes the
best theoretical predictions for the S, band, as expected. The Vardoulakis and Arthur solution
overestimate the values of S, band orientation because they involve an averaging effect of other

rupture bands which make greater angles with the horizontal.

The same analysis was conducted on the local rupture bands occurring at the right end of
the surface. To do this, a sampling region with a 1/3 length of the rough surface and a half height
of the box was selected at the right end of the surface, in which average directions of major
principal strain increment and mobilized dilation angles at peak state were calculated and used to
estimate the theoretical orientations of rupture bands in this region. The results for the seven
simulations are listed in Table 3.3. In the sampling region, a combination of S;, S,, S;p and Sy
bands is involved, which interact with one another in a complicated manner, especially for
irregular and real surfaces. Therefore, the observed and theoretical orientations only represent the

average orientations of these local rupture bands, with the effects of different mechanisms
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interpreted by different theoretical solutions. We found that for all the cases the Roscoe solutions
which try to relate the shear band orientations to the average directions of zero extension in this
region, give the overall best predictions. This result indicates that in the interface shear test, the
effects of lower surface boundary is predominant and even in the local region, rupture bands tend

to form along the directions of zero extension.

Table 3.2. Average observed and theoretical orientations for S; shear band (degrees)

Simulation ¢, v, B 6. Oy 6, 0,
A 30 4.9 44 12.6 1.0 6.5 6.3
B 12.2 8.9 40 1.7 -0.6 0.8 0.8
C 30 4.5 40 12.8 2.8 6.6 6.4
D 25.8 5.5 40 10.2 2.3 5.2 5.1
E 16.7 1.6 42 7.6 2.2 3.8 3.8
F 24.2 2.1 41 11.1 -3.0 5.7 5.5
G 23 7.3 30 79 -11.5 4 3.9

Note: the average observed orientation for S, shear band is 8, =0° for all the cases.

Table 3.3. Average observed and theoretical orientations for S; shear band at the right

end of the surface (degrees)

Simulation 6, 9, v, B 6, 6, 6, 0,
A 15.0 30 8.6 49 10.7 8.3 5.5 54
B 0.0 12.2 4.1 44 4.1 1.1 2.0 2.0
C 0.0 30 2.5 42 13.8 -1.8 7.1 6.9
D 8.0 25.8 12.7 47 6.6 8.4 3.3 3.3
E 6.0 16.7 5.2 49 5.8 6.6 2.9 2.9
F 5.0 24.2 8.3 47 8.0 6.2 4.1 4.0
G 30.0 23 12.6 75 5.2 36.3 2.6 2.6
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3.5. Conclusions

A numerical study of shear banding behavior in the interface shear test composed of
assemblage of densely-packed spherical particles in contact with rough surfaces is presented.
This work was motivated by the lack of knowledge about the strain localization phenomenon
associated with stress-strain behavior of the interphase system when the rough surface is
displaced with respect to the granular soils. Moreover, there is little study on the effects of

surface roughness on the interphase deformation.

In this paper, a simple new numerical-based method of strain calculation, which employs
a grid type discretization over the volume of whole assemblage and calculates the displacements
of each grid point by assigning each grid point to a particular particle, is used in this study to
generate strain field inside the interface shear box. This method avoids using any interpolation
function which is conventionally adopted in any other numerical method and brings forth a novel
concept for strain calculation in a discrete system. The calculated strain filed is found to clearly
outline the overall shape of shear localization zone and capture the characteristics of rupture

bands more accurately than that calculated using the method proposed by O’Sullivan et al. 2003.

Results show that strain localization starts early with occurrence of nonlinear stress-strain
behavior. Discontinuities of particle displacements lead to localized shear deformation into a
narrow zone above the surface asperities around peak state. For a regular surface, a series of
rupture bands emerge in a sequential way to form the major and subordinate structures of the
final shear zone at the post peak stage. The irregular surfaces tend to develop irregular zones of
shear localization due to spatial distribution of surface roughness along its surface length, but the
structure of rupture bands within each local shear zone is similar to that of a regular surface. It
has been found that the surfaces with greater roughness will generally sustain higher stress ratios
and develop thicker shear bands. The surfaces which can fully mobilize the material strength will
develop the most intense shear band with maximum thickness of about 8 to 10 median particle
diameters. This maximum thickness will not occur if the sample height is less than 40 median
particle diameters. Analyses of shear band orientation show that the effect of lower boundary
movement is dominant, and Roscoe solution gives the best theoretical predictions both in the

overall and local interphase regions.

72



Acknowledgement

This material is based upon work supported by the National Science Foundation under
Grant No. CMS-0200949. Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the authors and do not necessarily reflect the views of the

National Science Foundation.

Notation
The following symbols are used in this paper:
Dsp= median particle diameter (mm)

d,= distance between a grid point and the centroid of particle i
D, =relative density

e.. = small strain tensor

y
E,; = Green-St. Venant strain tensor

G = particle shear modulus

N, = total number of particles within the volume

r, = radius of particle i

R, = normalized roughness parameter

R, = asperity height (Lm)

R4 = average value of maximum asperity height over a series of assessment lengths, L (mm)
Rinax= maximum accumulated asperity height (mm)

Sk = notation for main rupture bands with subscript k referring to the order of appearance of the
rupture bands in time

Sk» = notation for subordinate rupture bands with subscript k referring to the order of appearance
of the rupture bands in time

S, = spacing between asperities (mm)

S, = asperity width (mm)

u; ;= displacement gradient tensor

8
x

u; , uj =x and y component of displacement of grid point
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uy, u}=x and y component of displacement of particle centroid

x
a = angle between shear band orientation and direction of major principal strain increment

B = angle between major principal strain increment direction and the horizontal
¢,= maximum mobilized angle of friction (plane strain friction angle)

6, = initial phase angle of the position of grid point relative to the particle centroid
6, = Arthur angle of shear band orientation

6, = observed shear band orientation

6. = Mohr-Coulomb angle of shear band orientation

0, = Roscoe angle of shear band orientation

6, = Vardoulakis angle of shear band orientation

¥, = peak dilation angle
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Figure 3.1. Schematic diagram of the new meshfree method: (a) association of a grid point with

certain particle; (b) displacement of grid point and its associated particle.

77



28 mm

20 mm 44 mm

Columns

b 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
b) L, 2 : X

e

20 - 4 '

134 % 4

6 i i
4 3

-1 T T —

0 32 64 96 128
X Coordinate (mm)

N ag

Y Coordinate (mm)
3008088980004300 0SSR N 08808
PPN,

Figure 3.2. DEM model of direct interface shear box: (a) interphase composed of granular
spheres in contact with a rough surface; (b) particle columns pre-selected to identify interphase

deformation.

78



(@)

N,
<

TR‘
Asperity
peak
Asperity slope
(b)
Rtmax
Basic shape Actual shape
i H_A A PRl o i \
Random
Multiplier

Au

Figure 3.3. (a) Surface geometry used Groups 1, 2 and 3; (b) Group 4. Note extreme roughness

of surface.

79



Stress ratio T/0

—~
O
SN

0.2 A

0.1 1

Vertical displacement
of top wall (mm)

Horizontal Displacement (mm)

Figure 3.4. Macroscopic interface behavior of Simulation A: (a) stress-displacement relationship;

(b) volume change-displacement relationship.

80



Columns
123 45 67 8 9 1011121314 1516

(@)

PPVUES A0 SEALPV R0 ¢ PP AR S20084 VRS0 N

SOV NS ¢ (A § 8 VAN A VDY ooty

SVPIAL ALY £o Ve LAAPIIALIANL S0 s M

TMIAD A SIS L4 Moo S onfos 0§ od

88colePRctaie o ¥y RIS AARI TV o2 N VoS

w LEL IR ZRT o TEV LT T DL Ll OV

M0 EY AV 0P8 2 AP OINN e 8

[POVSS o L3P VRIAIS AN © 2 VM Mg 009

© 0 SAAS 208324 S0 220 ¢ Ao SVPAPPL YL S SV %5

(SO0 S AN § 20 W02 e® oA © e Vg ol & -

80 83aR0000WIVE 2 £ 8000 %0V ¢ 0800I £ 2 &

(RSN £ 398 945 o A% M INPIPALIN § e 90N

PO OSUPUNIN, #4908 Vgt oo bansl IS

SPVIVN

Potns s3VP8 822 V0P AININAD 3 L LI APYe Y
POV 2% SAN WV SANVRIWN oo s ANV #V 8 ¢
Jv’ib%%&ll

~ o ™ © —

N N ~ !
(ww) ajeuIpi00n A

128

96

64

32

123 456 7 8 9 1111213141516

SV 8 o VP Lo 205000 WD Lot AN EA NS
PV NS APV R © 9P AL S 224 VIRE VN
V03D AV L1000 8 » MNP OI0NNe 8y
POUeS 0 L 3°P e VNLALE AN ¢ 2 VN Ao 20w,
SOV IR ¢ % 53 YA AN W o ettprngs,
SPIAS SPAIINY oV 4o APIIA 2000000 4

[ e SAAY $0VSAE SoPe ol ¢ 40 VPP PG S les
[SUE00° AN § 20 VRENe® o BN © s NG on 00,
FINIPD AL AR L4 NP Mpe S egeg o g
(20304000 oENAE P & M 0at oW o 2000 Ie o,
RS20 2 190 95% ¢ Ao WP IPIPNENN § o D0y,

88008oPNeV W 2 ¥ ol S MABLTIVN 02 80 A o,

PLOOOPUIIA, #4400 Vg oo bansd sntn g

PVE

Potns SPVPE S 22 WP MNP AN AD 23 L 4 00NV

201V o% AN AV G o AW S AP PV

N~ o ™ ©
AN N -~

(ww) ayeuIpioon A

64 96 128

32
123 4567 8 9 10111213141516

(088 e WP Lo 200300 WD VP AN © P EA N
PAUR A LEAPIV R o PP AL I2HIQS VIS e 40
VOIS ALNILP L0202 8 2 AP S80000 ~s
POl o A 3P e Vo Agt 0'003;.-

Alaad AT X1 g‘fi-.zl‘..-
APAL S PN AP Potfo 4o A PPI% 0048 0 0 "
P o SAAY 900800 S0 o8 0 0 g":s”
idadocdd 2o XY L1 7T L WUPY % Y PYV VRPey
PANGB A DA S8 e I8e g3,
-..:S...Q?o.ss“.(c...si.-o-.
,’..iso&.s-.;‘i.&.o.lo
0800 o WL W 2 VS ol SMARLTVN2 0000 200 .
P00V, 408 ;%Oi;-;“

Potun's o9VPE 8 22 VOO ASNINAD S S L0V VA

$22VW % AN SANVRIW ol AN S AN 4V

~ o ™ © —

(q\] (V] — !
(ww) ajeuipioon A

—~~

3)

N

128

96

64

32

X Coordinate (mm)
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