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Abstract. The soil-structure interface (SSI) is involved in many aspects of
geotechnical engineering, with a range of efforts having been made to investi-
gate the factors influencing its mechanical behavior. Its shear resistance and
volumetric change are mainly governed by the soil properties. The particle shape
emerges as an essential soil property affects various mechanical behaviors of the
bulk soil, in terms of its compactness, the rotation of the particles, its shearing
resistance, and so on. The particle shape effect must be properly considered as it
pertains to the SSI issue. In this study, the interface shear tests are modeled
using the three-dimensional (3D) discrete element method (DEM). Three types
of clustered elements are used to represent the irregular particles, with the same
relative density of the specimen being controlled before shearing. The effects of
particle shape on the shear stress and volumetric deformation were analyzed, the
specimen consisting of irregular elements showing a higher shearing resistance
and larger dilation than the one consisting of spherical balls. The localization of
shearing deformation was also investigated, with the finding that the thickness
of the localized band is approximately four times that of the medium particle
diameter.
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1 Introduction

The soil-structure interface (SSI) exists in many aspects of geotechnical engineering.
Conventional studies to characterize the mechanical behavior of SSI mainly rely on
laboratory and in-site experiments. Efforts have been made to investigate the factors
influencing the mechanical behavior of SSI. It has been proven that the properties of the
bulk soil [1, 2] play an important role in the shearing resistance of the soil subjected to
an interface shearing, as well as the properties of structural interface, including the
friction coefficient, geometry, roughness, and stiffness of the interface material [3—6].

A variety of investigations have revealed that the particle shape affects various
mechanical behaviors of the bulk soil. The correlation between the extreme porosity of
the soil and shape parameter has been explored [7, 8]. In addition, the rotation of
particles of irregular shape is restricted and accordingly increases the interlocking
inside the soil, which induces a higher shear strength and larger dilation [9]. In this
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context, the particle shape emerges as an essential soil property that needs to be
properly considered in the SSI issue.

Over the decades, the discrete element method (DEM) has been widely deployed in
the geotechnical field. Both two-dimensional (2D) and three-dimensional (3D) DEM
simulations have been successfully applied to the SSI issue [6, 10-12]. A benefit of this
approach is that the microscopic physics of the particles can be obtained for analysis.
The particle used in early DEM models was a disc in 2D and a spherical ball in 3D.
Such an idealized granular system cannot properly reflect the real motions of the soil
material, which is of irregular shape in nature. Thus, non-spherical elements have also
been used in DEM simulations, such as clustered elements, polygons, and ellipsoids
[13-17]. Jensen [12] employed clustered elements in a 2D SSI simulation. However,
the way in which the particle shape affects the shear resistance of SSI and the evolution
of microscopic quantities is yet to be fully studied.

In this study, an interface shearing test is modeled using 3D DEM. Three types of
clustered elements are used to represent the irregular soil particles. This study was
aimed at focusing on three aspects: (1) the extreme porosity of the specimens consisting
of various elements, (2) the effect of particle shape on the macroscopic behaviors of SSI
in the aspects of shear stress and volumetric change, and (3) the effect of particle shape
on the localization of shearing deformation inside the specimen.

2 Numerical Model of PFC 3D

2.1 Interface Shear Test

PFC 3D 5.0 software (Itasca), based on the discrete element method [18], was
employed in this study. The numerical model of the interface shear test is illustrated in
Fig. 1. A regular saw-tooth wall was used to represent the rough interface. The nor-
malized roughness R, equals //ds in reference to the definition proposed by Uesugi
and Kishida [19], in which dsp is the mean particle size. The specimen of a given
porosity was generated inside the shear box. The bottom wall started to move in x-
direction at a constant speed to induce an interface shearing. During the shearing
process, the top wall was controlled by a servo system to maintain a constant normal
stress a,,. The shear stress 7 is the shear force measured on the interface wall divided by

Normal stress s

Shear direction

Fig. 1. The numerical model in the PFC 3D and the definition of normalized roughness R,
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the area of horizontal section of the shear box. The vertical displacement d, of the top
wall was recorded to reflect the volumetric change of the specimen.

2.2 Input Parameters and Local Contact Model

The non-linear Hertz-Mindlin contact law was used in this study. The input parameters,
listed in Table 1, refer to the 3D simulation performed by Lin and Ng [13] using arrays
of ellipsoids. A damping coefficient with a value of 0.7 was applied and a quasi-static
analysis was guaranteed. It should be noted that to verify the validity of the model is
significant for the DEM modeling. However, in this study, three different types of
clustered particles have been used. The calibration for one type of clustered particles
cannot represent the other two. Thus, we used the parameters which have been proven
reasonable by the previous researchers.

Table 1. The input parameters of the numerical model

Input parameter Value Input parameter Value

Dimension of shear box 100 x 100 x Shear modulus G (GPa) 28.957

(mm?) 30

Normal stress o, (MPa) 50 Poisson’s ratio v 0.15

R, of interface 0.5 Particle-particle friction 0.5
coefficient p,

Shearing rate (mm/s) 0.015 Particle-interface friction 0.2
coefficient f,,,

Mean particle size dsg 2.7 Damping coefficient 0.7

(mm)

2.3 Geometry of the Clustered Element

A clustered element, known as a clump, can be formed by adding certain particles
together using overlapping. Three types of elements, spherical ball, elongated clump,
and pyramid clump, were used in the model (Fig. 2). An equivalent diameter d,, was
denoted for the clumps with non-spherical shape, which were defined as the diameter of
a spherical ball with the same volume of the clump. Three specimens, consisting of
different elements, were prepared respectively. All specimens followed a linear grain
size distribution in the range of 1.8-3.6 mm, as shown in Fig. 3.

Fig. 2. Three types of elements (spherical ball, elongated clump, pyramid clump) used in the
numerical model in the PFC 3D
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Fig. 3. The grain size distribution of the specimen

3 Macroscopic Responses

3.1 Extreme Porosity of the Specimen

The preparation of the specimen in this study followed the procedure proposed by Muir
and Kenichi [20] to obtain the densest and loosest specimens consisting of various
elements. The maximum porosity #,,,, and minimum porosity n,,;, of the specimens
consisting of spherical balls, elongated clumps, and pyramid clumps respectively are
listed in Table 2. It can be observed that the specimens consisting of non-spherical
elements, especially the pyramid clump, tended to form a denser configuration. This
result is consistent with the existing laboratory experiment [9]. The relative density D,
of the granular material was defined by Eq. 1. Three ISTs were modeled with the same

initial relative density (D, = 90%) and the corresponding initial porosities ng are listed
in Table 2.

(nmax - n)(l - nmin)
(e — 1) (L — 1) M)

D, =

Table 2. The extreme and initial porosities of the numerical tests

Test Element Maximum Minimum Relative Initial
POTOSity: My POTOSity: My density: D, porosity: ngy

IST-S | Spherical 0.392 0.349 90% 0.353
ball

IST-E | Elongated 0.356 0.291 90% 0.298
clump

IST-P | Pyramid 0.361 0.279 90% 0.289
clump
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3.2 Evolutions of Shear Stress and Vertical Displacement

The macroscopic behaviors of the simulation are illustrated in Fig. 4. The evolutions of
shear stress 7 for the three ISTs showed a similar tendency: the stress-softening
occurred after the peak shear stress 7, was reached. The specimen consisting of
non-spherical elements (elongated clump and pyramid clump) showed a higher peak
shear stress 7, than the one consisting of spherical balls. The difference in shearing
resistance may correspond to interlocking between the particles, in which the rotations
of the irregular clumps were restricted compared to those of the spherical balls. Thus,
the interlocking was enhanced between inter-particles and between the particles and the
rough interface. The critical shear stress of the IST-P was close to the one of IST-E,
which was also higher than the one composed of spherical balls (IST-S). The evolution
of vertical displacement of the top wall d, reflected the volumetric changes of speci-
mens. All specimens contracted at the commencement of shearing before gradually
dilating. The growing rate of dilation slowed down at the shear displacement d; =
4 mm, where the shear stress softening occurred. A stronger dilatancy was observed in
the specimen with spherical balls. The results prove that both the shear resistance and
volumetric change of the specimen are affected by the particle shape.
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Fig. 4. Macroscopic responses of the ISTs (D, = 90%, R,, = 0.5): (a) shear stress 7 versus shear
displacement d, and (b) vertical displacement d, versus shear displacement d;

4 Localization of the Shear Deformation

The benefit of the DEM simulation is that the movement of each particle can be traced
and recorded. Certain measuring windows (100 mm x 100 mm X 5 mm) are placed at
different heights Z of the specimen to attain the average displacement of particles in the
x-direction, which is denoted by d,. The curve of the average shearing displacement d,
of particles, as a function of height Z, can be obtained at pre-peak shear stress, peak
shear stress, post-peak shear stress, and steady shear stress (Fig. 5). At the beginning of
shearing (d; = 1 mm), the d,(Z) curves are approximately linear. At higher positions
of the specimen, the spherical balls show a smaller value of d, than the irregular
particles. With the increasing of shear stress, the linear d,(Z) curves tend to become
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non-linear. A narrow band is gradually localized on the bottom of the specimen, named
the localized band. The inflection point can be found by analyzing the curvature x of
the curve, while the spherical particles at the higher position show negative displace-
ment d, at the steady stress state.
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Fig. 5. The d,(Z) curves for the test IST-S, IST-E and IST-P at different stress state:
(a) pre-peak shear stress (d; = 1 mm), (2) peak shear stress (d; = 2 mm), (3) post-peak shear
stress (d; = 4 mm), and (4) steady shear stress (dy = 13.5 mm)

The inflection point of the curve of d,(Z) at the steady stress state (when d, =
13.5 mm) is used to define the thickness of the localized band. Spline interpolation is
applied to obtain a smooth d,- Z curve f(Z). The first derivative f'(Z) and second
derivative f”(Z) are calculated using the finite difference method. The curvature x of
f(Z) is calculated using Eq. 2:

V4005 o)

(1 +f’(Z)2)3/2

The inflection point of the x is considered a sign of the top boundary of the
localized band. The authors suggest that the point where the x equals 0.02 is the
inflection point. The thickness of the localized band of the three ISTs is 10.5 mm
(approximately four times that of the mean particle equivalent diameter at 2.7 mm).

5 Conclusions

The effect of particle shape on the shear behavior of the SSI was studied from
macroscopic and microscopic mechanical viewpoints using 3D DEM simulations of
ISTs consisting of spherical balls, elongated clumps, and pyramid clumps respectively.
The following conclusions were drawn: (1) the specimens consisting of irregular
clumps tend to form a denser configuration from an analysis of the extreme porosities
of specimens; (2) the shear stress and volumetric change were affected by the particle
shape. The IST consisting of irregular (pyramid and elongated) clumps shows a higher
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shear resistance and larger dilation than the one consisting of spherical balls; and
(3) the shear deformation is localized in a narrow band adjacent to the interface with the
increasing of shear stress. The thicknesses of the localized bands for the three ISTs are
approximately four times that of the mean particle equivalent diameter.
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