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A microstructure-based finite element
analysis of the response of sand

Sadegh NADIMI?!, Joana FONSECA? and Neil TAYLOR?
aCity University London, UK

Abstract. This paper presents a novel contribution towards understanding the stress
distribution amongst the constituent grains of an intact sand under loading.
Photoelasticity using birefringent materials has shown that forces in granular media
are transmitted from particle-to-particle via their contacts and the mode of load
propagation forms a complex force network. Particles carrying above average load
appear to form a network with special characteristics where stronger forces are
carried through chain-like particle groups, often referred as force chains. Fonseca et
al. (2013) showed that for a sand under shearing, the contact normals tend to be
orientated along the direction of the major principal stress, which suggests the
formation of force chains. Moreover, these quasi-vertically oriented vectors were
shown to be associated with contacts having large surface areas, contributing to the
formation of solid columnar structures of stress transmitting grains. This early study
demonstrates that a full characterization of force chains for real soils requires
accounting for the effects of the soil microstructure, including grain morphology
and contact topology, which the idealized nature of the particles used for discrete
element method simulations and photoelasticity studies cannot capture. In the
present work, high resolution x-ray tomographic data of an intact sand is converted
into a two dimensional finite element mesh, so that the microstructural details, such
as the geometrical arrangement of the grains and pores, as well as grain shape and
contact topology are incorporated in the model. In other words, the soil
microstructure is modelled using a computation approach that considers all available
geometrical data. The results suggested that the ability of the grains to transmit stress
via their contacts is directly associated to the degrees of freedom they have to move
and rearrange, which in turn is controlled by the topology of the contacts. The
insights into the effects of microstructure on the stress transmission mechanisms
provided in this study are fundamental to better understand and predict the macro
scale response of soil.

Keywords. Fabric/microstructure of soil, image, sand, pFE, finite element
modelling

1. Introduction

The bulk behavior of granular materials subjected to external loading is determined by
the mode of propagation of the forces transmitted from particle-to-particle via their
contacts, the force networks [1]. The experimental measurement of these forces is non-
trivial, therefore, numerical modelling that account for the interaction of the constituent
particles of a sample under loading has been developed. For example, the Discrete
Element Method (DEM) has been extensively used for numerical simulation at the grain
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scale and has contributed to improve our understanding of the mechanical behavior of
granular materials. However, the idealized nature of the DEM simulations, i.e. spherical
shapes that are commonly used, remains an important drawback of the methodology.
While the influence of particle shape in the stress distribution amongst discrete grains
has been demonstrated in the literature [2, 3, 4], previous experimental studies have
shown that the influence of particle shape can be more significant than inter-particle
friction and surface roughness on the macro scale response of soil [5]. Grain morphology,
including size and shape, and contact topology properties are a consequence of the
geological history and the depositional settings of the soil. Consequently, intact soils
possess unique fabric features, in particular in terms of contact topology and grain
orientation, which are often lost in reconstituted soils and in addition cannot be
reproduced in the laboratory.

This paper presents a two dimensional microstructure-based finite element (UFE)
model, which takes into account the natural depositional grain scale characteristics of an
intact sand. The model employs an image-based meshing method using Xx-ray
tomographic containing all the geometric information regarding the fabric of the sand.
FE methods have been widely used for solving problems in continuum mechanics [6]. In
order to account for the discrete nature of particle-to-particle interaction on the
simulations, FE methods that address contact mechanics applications and its
effectiveness have recently been established [7]. In particular, a number of contact laws
have been developed for DEM analysis based on these FE methods [8, 9].

2. Methodology

The methodology proposed in this study is summarized in the flow chart illustrated in
Figure 1. This includes image acquisition, image segmentation and contact detection,
which serve as input data for the image-based meshing and the uFE modelling. This
Section discusses each stage of the methodology and provides a brief description of the
properties of the intact sand used in this study.

2.1. Image acquisition and segmentation

The material used in this study is Reigate sand, part of the Lower Greensand formation
(England). Reigate sand is a quartz-rich sand, with a median grain diameter (dso) of
300um and characterized by very high densities and an interlocked fabric which enables
the use of block sampling to collect intact samples from an outcrop of this material [10].
A minimal cement content was observed in the samples retrieved. The shape of the grains
in this geologically old, once deep buried sand, varies from near-spherical to highly non-
spherical with embayment [11]. The most striking feature of this sand is the
predominance of flat, extended contacts, contrasting to the point contacts found in more
recent sand formations or in reconstituted samples of the same sand.

Non-invasive images of the internal microstructure of Reigate sand were acquired
using high resolution x-ray computed tomography (UCT). These pgraphs are maps of x-
ray attenuation based on composition and density of the material. Therefore, each pixel
in the image has an intensity value (or color) associated with the material it represents.
As shown in Figure 2a the grains or solid phase have brighter color (denser material)
while the pore space is darker. The images have a spatial resolution of 5um, i.e.
0.018xdsp, which means that each grain is represented by a large number of pixels and



the overall grain shape can be well captured. While the uCT scans carried out generated
three dimensional images (3D), only slides along the full volume, i.e. two dimensional
(2D) images were investigated in this study.

In order to identify the individual grains, image segmentation techniques were used
[10]. This consisted of binarizing the image using a pre-set threshold value of intensity
to separate the pore space from the solid phase, followed by a watershed technique to
isolate the grains touching; details can be found in [11]. Figure 2b shows the segmented
image where each individual grain is represented by a unique color, the particle’s id that
takes values from 1 to N (N being the total number of grains) and the pore space that
takes the value 0 and is represented in black.
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Figure 1. Flow chart showing the steps of the proposed PFE model.
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Figure 2. (a) uCT raw image and (b) segmented image.



2.2. Contact detection

In order to complete the initial microstructure configuration, the contact region between
two contacting grains was detected and directly introduced in the model. Considering
two contacting grains, each grain has been defined as a set of pixels with a unique
intensity value in the segmented image, the particle’s id. Pixels are classified as ‘contact
pixels’ if they are connected to a pixel with a different and non-zero id. The pixel contact
classification used in this study was based on a 4-connectivity pixel neighborhood
relation, i.e. face-to-face pixel connection. This operation required a total of four
orthogonal ‘passes’ through the data along the x and y directions (x being the horizontal
and y the vertical directions). The size of the contacts was calculated by multiplying the
number of pixels defining each contact by the area of each pixel (i.e. the image
resolution). The contact surfaces were introduced in the UFE model as the initial contacts
and the contact properties were assigned to them, as discussed later.

2.3. Image-based meshing

The segmented image representing the internal microstructure, in terms of grain
arrangements and real grain morphology, is the starting point for the image-based mesh.
In this work, an open source software package OOF2 (Object Oriented Finite Elements
v2, NIST) has been employed to create the mesh directly from the image [12]. An easy
and straight-forward approach to generate the mesh is by using a direct pixel-to-element
conversion. However, the computational costs of running the model, in this case, will be
very high due to large number of elements. A more efficient approach is proposed here,
which assumes that the grains are homogenous and therefore each grain can be
represented by larger elements containing a few pixels. These elements can be
represented by various polygonal shapes, for which the respective size and shape depend
on the size and shape of the grains.

The meshing process begins with specifying the minimum and maximum size of the
features presented in the image, i.e. the grains. The image is subsequently gridded
according to the specified sizes. It was found that that this automated gridding can often
introduce errors in the generated mesh, in particular, by creating elements that contain
part of two different grains or part of a grain and void space, named the ‘inhomogeneous
elements’. Amendment of these inhomogeneous elements can carried out either by
subdividing the elements, which increase the number of elements, or running a routine
that changes the topology of element without increasing the number of elements, which
is preferable. In these routines, nodes can be added, removed or reconnected to increase
the homogeneity of mesh. The effectiveness of enhancing the quality of the mesh by
modifying its topological structures has been recognized in previous studies [6].
Moreover, in order to model the contact interaction between grains more accurately, the
elements along the boundary of each grain were locally refined.

The assessment of the quality and efficiency of the mesh was taken into account by
quantifying i) the ability of the mesh to represent the features in the images, using the
homogeneity index, and ii) the mesh convergence behavior, using the shape index [12].
When all the pixels in the image are associated to a mesh element, the homogeneity index
equals 1. The shape index of regular shaped elements, such as triangles and squares
equals 0, while the shape index of thin and elongated elements takes higher values. High
aspect ratio elements may lead to slow convergence of the FE solver [13] and should,
therefore, explain.



The 600 x 600 pixel segmented image shown in Figure 2b was used to generate the
mesh for the example here presented. Mesh enhancement and refinement, resulted in a
homogeneity index of 0.97 and a shape index of 0. In total, it comprised 61884 nodes and
48963 elements. As can be seen in Figure 3a and in more detail in Figure 3b, the number
of elements containing more than one pixel, and in some cases a large number of pixels,
is significant, and this is critical to reduce the processing time and consequently improve
the computational efficiency.
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Figure 3. (a) Image-based mesh showing the refined elements along the boundary of each grain (b)
Detailed image of the mesh.

3. The uFE model

This WFE model consists of a 2D array of approximately 250 grains subjected to strain
controlled isotropic compression. In the case of a 2D simulation, it can happen that a few
grains do not exhibit any contact in the plane of the image and appear to be not in contact
to any surrounding grain. This is a limitation of 2D analysis and in order to minimize its
impact in the simulation the model was set to be capable of simulating large displacement
without inducing strain.

The image-based mesh generated in OOF2 has been converted to *.inp format and
imported to the commercial finite element package, Abaqus v6.13 (Dassault Systéms).
This software has the capability of modelling contact interaction between the individual
grains comprising the sample. The geometric nonlinearity of the system was activated to
allow large deformation analysis. The external lateral boundaries of the model were fixed
in the x direction and loading was applied by defining prescribed displacement at the top
and bottom of the model, up to 10% strain value. The incremental change of boundary
conditions is described by a quasi-static model. Contact interaction properties and
constitutive parameters were assigned to the model, which are now described.



3.1. Contact interaction

Each contact between two given grains was modelled as ‘surface-to-surface’ with
properties of hard contact in the normal direction and Coulomb friction in the tangential
direction. The effectiveness of these conditions when compared to Classic Hertzian and
MD theories’ described in the literature for idealized circular shape [8, 9, 14].

An element-based contact approach was considered, where the contacts were
detected in the initial assembly, prior to loading (Figure 4a). In addition, a node-based
contact has been defined along the free part of the boundary of each grain, i.e. defined
by the pixels in the grain that are in contact with pixels of value 0, i.e. pixels defining the
edge of the grain in contact to the pore space. This node-based contact represents the
potential surface of contact after grain rearrangement, imparted by the external loading
conditions (Figure 4b). For grains with irregular shape, as it is the case of real sand, it is
more appropriate to allow the whole free surface to potentially become a contact, which
was done by modelling all grains as ‘general contact’.

A refined mesh of approximately one element per pixel was used for the contacts,
which avoids potential noise in the measurement of the contact forces and, thus, enabling
a more accurate modeling of the forces at the contact interface. The surface-to-surface
technique was used to discretize the contact interfaces, which each contact constraint was
formulated based on an integral over the region surrounding the contact node, and
improves the accuracy of measuring the contact stresses. The coefficient of inter-particle
friction for the silica grains was considered to be 0.23 taken from experiments at the
grain scale [15]. To solve the model, a scripting user interface or ‘Abaqus command’
was used as the element based contact is not supported in the graphical user interface
‘Abaqus/CAE’.

Contact Elements Potential Contact Nodes
along boundary
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Figure 4. Schematic definition of contacts: (a) element-based contact and (b) node-based contact.
3.2. Constitutive parameters

Linear and isotropic material behavior was assumed for the grains in this study. It is
important to note that plasticity or viscosity can also be introduced to model, and their
influence on the behavior at a grain scale level, investigated. Averaged values of 100
GPa for Young’s modulus and 0.15 for Poisson’s ratio, corresponding to bulk modulus
of K=47.6GPa and shear modulus of G=43.5GPa [16], were used. Here, we are assuming
that the bulk behavior is controlled by grain rearrangement and not by plastic behavior
at the grain scale.



4, Result and discussion

The results were investigated in terms of grain displacement and stress distribution.
Figure 5a shows the arrows representing the displacement of the grains, in this case, the
node displacement. In the same way, the stress at the nodes is illustrated in Figure 5b. It
can be observed that the grains showing larger displacement, i.e. significant
rearrangements, are associated with very small or zero stresses, while the grains carrying
the majority of the stress through contacts have more stable positions. This suggests that
the contact topology, in particular, the large area contacts, is responsible for controlling
the ability, or in this case the inability, of the grain to rearrange and therefore to be able
to transmit stresses, i.e. to be part of the force chain. Another key point to highlight from
these results is the anisotropy of the contact network of stress transmitting grains, when
responding to an externally applied load. This anisotropic and heterogeneous network is
aresult of the irregular shapes and sizes of the grains and the complexity of the associated
geometrical arrangement or fabric.

In order to interpret the results, an awareness of limitations of a 2D analysis is
required. As already discussed previously, the fact that the 2D slice of the volume image
may not cut thought the contact between two given grains makes these grains more
vulnerable to move and lead to misrepresentative results.
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Figure 5. (a) Grain displacement represented by black arrows indicating the direction and magnitude
(given by the arrow’s length). (b) Stress distribution at the nodes of each grain in black.

5. Conclusion

This paper presents a novel contribution towards the development of pFE models able
to investigate the primary fabric of stress transmitting grains. The model here described
takes as input an image of the internal microstructure of the soil, in order to account for
all the relevant geometric data that influences the response of the material under external
loading, such as, grain morphology, contact topology and grain arrangements. The
results have shown the development of a highly anisotropic network of stress



transmission under the applied loading and boundary conditions. The ability of the grains
to transmit stress via their contacts seems to be directly associated to the degrees of
freedom they have to move and rearrange. It is suggested that grains forming large
contact areas are more stable and therefore more likely to transmit stress and be part of
a force chain. This observation highlights the need to account for fabric of real soil and
in particular the intact fabric features imparted during geological history. The inherent
limitations of a 2D analysis are discussed. On-going work includes the 3D extension of
this UFE model.
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