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Discrete element simulations of continental collision in Asia
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ABSTRACT

Analogue physical modelling using granular materials (i.e.,
sandbox experiments) has been applied with great success to a
number of geological problems at various scales. Such physical
experiments can also be simulated numerically with the Discrete
Element Method (DEM). In this study, we apply the DEM
simulation to the collision between the Indian subcontinent and
the Eurasian Plate, one of the most significant current tectonic
processes in the Earth.

DEM simulation has been applied to various kinds of dynamic
modelling, not only in structural geology but also in soil mechanics,
rock mechanics, and the like. As the target of the investigation
is assumed to be an assembly of many tiny particles, DEM
simulation makes it possible to treat an object with large and
discontinuous deformations. However, in DEM simulations,
we often encounter difficulties when we examine the validity of
the input parameters, since little is known about the relationship
between the input parameters for each particle and the properties
of the whole assembly. Therefore, in our previous studies
(Yamada et al., 2002a, 2002b, 2002c¢), we were obliged to tune the
input parameters by trial and error.

To overcome these difficulties, we introduce a numerical biaxial
test with the DEM simulation. Using the results of this numerical
test, we examine the validity of the input parameters used in the
collision model. The resulting collision model is quite similar to
the real deformation observed in eastern Asia, and compares well
with GPS data and in-situ stress data in eastern Asia.

INTRODUCTION

Analogue physical experiments are excellent for reproducing
earth-process phenomena in the laboratory, and have been
implemented for a century. For example, to investigate geodynamic
processes in the upper, brittle crust, such experiments have usually
been carried out using granular material such as dry quartz sand.
The knowledge and information derived from such ‘sandbox’
experiments forms the backbone of contemporary structural
geology. Such experiments now can also be carried out using
DEM simulation, a numerical simulation technique that is based

on the dynamics of small particles. In a DEM simulation we can
select initial properties for each particle more flexibly than with
analogue sandbox experiments. We believe that DEM simulations
can supplement the role of the sandbox experiment and, at least
partly, replace it. Using both analogue and numerical techniques,
we can consider the principles and parameters that control
geodynamic processes.

In this study, DEM simulation is applied to the Indian collision
with Eurasia, one of the largest geodynamic processes in the Earth
in scale. An understanding of this collision is essential to the
understanding of geological structures in eastern Asia.

COLLISION OF INDIA WITH EURASIA

According to plate tectonics theory, the Indian subcontinent
was located at the centre of the Indian Ocean at the end of the
Cretaceous, moving northward at a speed of about 10 cm per year,
and is thought to have collided with the Eurasian continent in the
first half of the Tertiary. Although its speed was reduced by half
after the collision, the Indian subcontinent has continued to move
northward.
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Fig. 1. Deformation of eastern Asia due to the Indian collision (modified
from Tapponnier et al., 1982). Heavy lines are major faults or plate
boundaries. Open barbs show subduction of oceanic crust. Solid
barbs are large intercontinental thrusts. Large open arrows represent
qualitatively major block motions with respect to Siberia since Eocene.
Smaller solid arrows indicate directions of extension. Numbers near
all arrows refer to successive tectonic regimes: 1, Middle Cenozoic; 2,
Late Cenozoic.
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Fig. 3. Analogue model using multi-
layered clay (modified from Pelzer and
Tapponnier, 1988). a) Sketch of the
experiment. b) Image of one of the
experimental results.

Fig. 2. Analogue model using
combination of dry quartz
sand and silicone polymer
(modified from Davy and
Cobbold, 1988). a) Picture of
the experimental equipment.
b) Sketch of one of the
experimental results.
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Fig. 4. Spring-dashpot-slider system. There are two sub-systems, one
for normal movement, and the other for shear movement. Slider is only
for shear movement and ensures that shear force is less than maximum
Coulomb friction at the contact.

The collision of the Indian subcontinent with the Eurasian
plate is one of the most spectacular current tectonic events
on Earth (Figure 1). In order to investigate the associated
lithospheric deformation processes, several physical experiments
on the collision tectonics have been conducted using analogue
materials, such as combinations of dry quartz sand and silicone
polymer (Davy and Cobbold, 1988; Figure 2), and layered
plasticine (Tapponnier et al., 1982, 1986; Peltzer and Tapponnier,
1988; Figure 3).

Basic assumptions in these experiments included: (1) rigid
Indian continent, (2) deformable Eurasian Plate, (3) constrained
northern and western margins of the experimental volume, and (4)
unconstrained southern and eastern margins. The results of these
experiments suggested that such simple tectonic models could
explain the major tectonic features in eastern Asia.
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Fig. 5. The interactive force between particle i and particle j. Fij is the
interactive force on particle i by particle j; AUi is the displacement of
particle i; AUj is the displacement of particle j.

Discrete Element Method simulation

Cundall et al. (1979) originally proposed DEM simulation
as a numerical simulation technique in which various kinds of
engineering problem could be solved by modelling them as an
assembly of tiny particles. The motion of each particle follows
Newton’s equation of motion, and interactive forces between
the particles are described by a spring-dashpot-slider system
connecting those particles (Figure 4).

With DEM simulation, we can solve engineering problems that
include large-scale deformation and discontinuities, which cannot
be solved with conventional continuum-based methods, such as
the Finite Element Method, or the Boundary Element Method.

There are two steps in each calculation cycle: the first step is to
evaluate interaction forces on every particle, and the second step
is to move those particles by numerically integrating Newton’s
equation of motion for each particle, subject to the given external
forces (Matsuoka et al., 2001b). The interaction forces can be
evaluated from the force-displacement relationship (Figure 5).
The algorithm employed in this study is based on that described
briefly by Matsuoka et al. (2001a), and further developed since
then.

One of the most important points of a DEM simulation,
compared with an analogue physical experiment, is that some data
can be extracted from each particle during deformation, such as
displacement path (velocity) and stress fields. Displacement or
velocity data, and interaction force data, for each particle at every
single time step can easily be extracted, since these data sets are
produced sequentially during the forward calculation in the time
domain.

In order to compute stress-field data for each particle, we
introduce the average Cauchy stress tensor, which is defined
within the volume V of the deformed configuration as

l N Mv
0= (—‘;)Z{ZNQF,C} : 6))

p=t [ p=l

where N, is the unit normal at contact ¢ of patticle p, F_is the
contact force at contact ¢ of particle p, N is the number of particles
in volume V, and M is the number of contacts on particle p
(Cundall and Strack, 1983). In this study, this equation is applied
to each particle.
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parameters, including the ki

relative position of the
indenter (corresponding
to India) and the bonding
conditions between the
particles. In all simulations, the particle size was randomised in
a range between 0.06 and 0.14 (dimensionless length) to avoid
potential weak planes arising from a ‘perfect’ initial packing
arrangement of uniform-sized particles.

Fig. 6. Sketch of initial geometry in
our DEM simulation.

In this study, we conduct several DEM simulations to examine
the input parameters for particle interaction, such as bonding
radius and viscous coefficient. Figure 7a shows a simulation result
for conditions of homogeneous mild bonding and high viscosity.
The collision produced progressive development of fault systems,
expressed as lines of gaps between the particles, which propagated
from the left corner of the indenter to the unconstrained right
margin. The boundary at the right side of the particle assembly
is broadened in response to the space problem arising in the
collision.

The DEM simulation result mentioned above is similar to that
of the analogue modelling conducted by Tapponnier et al. (1982,
1986), and is also similar to the observed deformation of eastern
Asia, which is mainly controlled by the development of two major
faults (Red River Fault and Altyn Tagh Fault; Figure 1).

During the deformation, the velocity of, and stresses on,
each particle were also extracted and their variations with time
were examined. Figure 7b shows the velocity distribution of the
particles at the same time step as Figure 7a. The pattern suggests
that the collision pushed a small continental fragment to the east.
The velocity was calculated for a short time period, and the pattern
shown changed immediately after this scene. The velocity pattern
sometimes shows a series of ‘explosion’ features which correspond
to slip events along faults.

Figure 7c shows normal stress fields on each particle. These
vectors correspond to the stress by which each particle will move
in the next time interval. The directions are generally toward the
fixed end walls and perpendicular to fault surfaces where they
exist. These vectors are also unstable and change in direction
where slip events occur along faults. The shear stress fields are
presented in Figure 7d. The white particles are rotating in a
counter-clockwise direction, whereas the black ones are rotating
in a clockwise direction. Several regions of white particles can be
seen in front of the indenter, simulating left-lateral fault zones. A
continental block to the right of the indenter has been fragmented,
and has rotated in a clockwise direction.

Comparison with Experiments, GPS, and In-situ Stress Fields
The plasticine models by Tapponnier et al. (1982, 1986) are
characterized by sequential development of major fault systems
and rotation of fragmented continental blocks (Figure 3). Davy
and Cobbold (1988) constructed analogue models that were

Fig. 7. DEM simulation results, at one instant during deformation.
a) Deformation Geometry. b) Velocity distribution. ¢) Normal
stress. d) Shear stress. Light symbols denote particles that are
rotating anticlockwise; dark symbols denote particles that are rotating
clockwise.

properly scaled to lithospheric deformation, and found that
formation of a single major shear zone was the common feature in
this tectonic setting (Figure 2). In our previous studies (Yamada
et al., 2002a, 2002b, 2002¢) and in this study, the DEM simulation
produced both types of faulting with similar geometry: initiation at
the left comer of the indenter and propagation to the right margin
of the particle assembly. This suggests that the input parameters
that we used are major factors in controlling deformation style.
Immediately in front of the indenter, thrust faults perpendicular to
the indentation were produced in the physical experiment (Figure
3), and the layers were thinned in the corresponding position in the
DEM simulation (Figure 7a).

Features of the DEM simulation results that differ from the
analogue experiments are related to the larger size of the particles
in the DEM simulation, which significantly affects the resolution
of deformation structures.

The velocity distribution in the DEM simulation is equivalent
to that in GPS data from studies of the real deformation in eastern
Asia. The velocity pattern of the simulation generally shows
continuous curvature from the collision front but is commonly
affected by faulting (Figure 7b). Such a pattern is quite similar to
that suggested by the GPS data (Figure 8), in which the vectors are
more smoothly continuous from the Himalayan Mountains,

1t is difficult to obtain precise vectors for current stress fields,
and only the directions of the maximum horizontal compressive
stresses are available (Figure 9). These data can be compared with
the normal stress directions in DEM simulation (Figure 7c). The
present direction of the maximum horizontal compressive stress
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Fig. 8. Present-day motion of eastern Asia suggested by GPS data
(modified from Wang et al., 2001);

axis (Figure 9) is generally sub-parallel to direction vectors in the
GPS data (Figure 8), suggesting that such large-scale tectonics
may be controlled primarily by ductile deformation of the lower
crust and its substrate. In' the DEM simulation, the directions
of the normal stress are generally toward the fixed end walls
(Figure 7c), suggesting that this boundary condition, assumed
by Tapponnier et al. (1982), miay not be appropriate to model the
dynamics of the collision process.

NUMERICAL BIAXIAL TEST WITH DEM SIMULATION

In DEM simulation of tectonic processes; little is known about
the relationship between the input parameters for each particle
(‘micro-properties’), and the properties of the whole assembly
(‘macro-properties’). Therefore, in our previous studies (Yamada
et al., 2002a, 2002b, 2002¢), we had no other choice but to select
values for the input parameters by trial and error.

In this study, we introduce a DEM simulation of the biaxial test,
in order to estimate the properties of test pieces, such as Young’s
modulus, unconfined compressive strength (UCS), and cohesion,
with the input parameters for the Indian collision model. In this
way, we can tune the input parameters of the collision model so
that the properties of the test pieces are similar to those of upper
crust.

Figure 10 is a diagram of the numerical biaxial test (rectangular
solid model). Walls are placed on the upper and lower surfaces
of a test piece. The upper wall moves downward, and the lower
wall moves upward at the same speed. These movements apply
compressive stress to the test piece. An unconfined test and several
confined tests can be simulated to derive the ‘macro-properties’ of
a test piece. In a confined test, constraining forces are applied to
the outside particles as the upper and lower walls are moved, but
no such force is applied in the unconfined test.

Radius of Particles (m) 0.06-0.14

Density of Particles (kg/m?) 3000

Bonding Radius 1.01 x (Radius of Particles)
Spring Stiffness (normal) 20x10°

Spring Stiffness (shear) 2.0 x 10°

Table 1. Input parameters for particle interaction in a simulated biaxial
compression test.
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Fig. 10. Sketch of the numerical biaxial test. a) Unconfined test. b)
Confined test.
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Fig. 11. Stress-strain plot from a simulated unconfined biaxial test.
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Fig. 12. Linear regression through peak strength data from simulated
biaxial tests.
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We show the results of numerical biaxial tests with the input
parameters shown in Table 1, which are the same as that of the
collision simulation (except for particle radii). Figure 11 shows the
relationship between stress and strain in the simulated unconfined
test. The estimated Young’s modulus is 13.8 GPa and the UCS is
98 MPa. Table 2 shows the relationship between peak strength and
stress on the outside particles at fracture, in an unconfined test and
two confined tests. Figure 12 shows a linear regression through
the peak strength data. The estimated internal friction angle is
20.2°, and the cohesion is 3.2 MPa. These estimates are generally
similar to those observed in the upper crust.

The results of our DEM simulation of biaxial tests suggest
that the spring stiffness and bonding radius parameters mainly
determine Young’s modulus and UCS for the assembly. However,
the factors that determine the internal friction angle and the
cohesion of a whole assembly are still controversial.

Test o, (Pa) o, (Pa)
1 : Unconfined 9.86 x 107 0
2 : Confined 1.02 x 108 1.48 x 106
3 : Confined 1.05 x 108 2.96 x 106

Table 2. Peak stress data from simulated confined/unconfined biaxial
tests (3 cases).

CONCLUSIONS

DEM simulation results can be correlated with scaled physical
experiments carried out under similar boundary conditions, and
with observations of natural deformation, including GPS velocity
data and in-situ stress data. Therefore, the method is a powerful
tool with which to analyse natural geological deformations, to
validate quantitatively the parameters that control deformation,
and to construct dynamic models of structural deformation
development in time and space.

The stress fields and velocity distributions extracted from our
DEM simulations, with a condition of homogeneous bonding
and high viscosity, are relatively stable and smooth compared
with other results in our previous studies (Yamada et al., 2002a,
2002b, 2002¢). In addition, the deformation geometry is similar
to the experimental results of Tapponnier et al. (1982, 1986) and
to observed deformation in eastern Asia. Therefore, the actual
collision of the Indian subcontinent with the Eurasian plate may be
controlled mainly by ductile deformation of the lower crust and its
substrate, and the stress field in the upper crust vary in response.,

In addition, we have introduced the numerical biaxial test
in this study, to help us to estimate the validity of the input
parameters for particle interaction. The result of DEM simulation
of the collision, with input parameters selected on the basis of
results from numerical biaxial testing, is similar to the actual
deformation in eastern Asia, and compares well with GPS and
in-situ stress data. It demonstrates that the combination of the
collision-simulating model and numerical biaxial testing gives us
the best way to study the geodynamic principles and parameters
that control tectonic deformation.
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