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Abstract—In this work an open source scientific software
platform OpenGeoSys (OGS) was utilized for the simulation of
fluid flow and solute transport in fractured porous media. A
particle based method was proposed which takes use of velocities
calculated by finite element method (FEM) to obtain flow
patterns, and in which the distribution of the solute mass is
represented by particle plume and can be quantitatively obtained
by counting the number of particles. Two benchmarks were
developed in order to verify the proposed method: one was to
simulate solute transport in two dimensional steady flow through
infinite fractured porous media with one single crack; the other
was to simulate solute transport in an artificial rock fracture in
novaculite under laboratory conditions. The simulation results
showed that the proposed particle tracking method agreed well
with the classical FEM simulation methods. The particle plume
could exhibit the flow pattern, as well as the detailed channeling
effects and accelerations or decelerations in some regions. This
method can be applied as a tool to observe the detailed structure
of evolving contaminant plumes in fractured rock.

Keywords-fractured porous media; particle tracking; solute
transport; OpenGeoSys (OGS); dual-porosity/permeability; single
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. INTRODUCTION

Groundwater flow and solute transport in fractured rocks is
of great interest in the study of hydrogeology. The complexity
of fracture structures leads to great difficulties in the
investigation of flow patterns and contamination distributions
within the fractured rocks. Numerous studies have been carried
out in this area by means of both laboratory experiments and
numerical simulations ([1]-[4]). It has been proved that varies
of factors, e.g., the surface roughness and fracture aperture
statistics may have some influences on the groundwater flow
and solute transport processes during the numerical simulation
(I5]-[7D). In these studies fractures are treated in several
different ways: some researchers studied the seepage flow in
single rock fracture ([8]-[13]); some considered the fracture
and the matrix as a continuum ([14]-[16]); some developed the
models under the consumption of dual-porosity/permeability
([17]-[20]); and some utilized the fracture network system to
generate stochastic fracture models ([21]-[25]). All these
methods are based on assumptions to some extent, and the
selection of different methods depends on the specific
circumstance.

For the numerically simulation of solute transport in porous
media, particle tracking method ([26]-[28]) is an alternative of
the classical finite element method (FEM). One of the main
advantages of the particle tracking method is that the Peclet
constraint on the grid spacing does not apply. The stochastic
nature of this method makes it easily keeps away from
suffering the pain of numerical dispersion or artificial
oscillations, which in the FEM has to be achieved by
maintaining fine grids or small time step sizes. Another
advantage of the particle tracking method is that it may not
require the solution of large system of equations. The
computation time is proportional to the number of particles
used. As the particles are independent of each other, this
calculation can be parallelized. And a further advantage of the
particle tracking method is that the velocity distribution used
for moving the particles can be obtained from other method
(e.g. FEM), thus this method is relatively easy to be combined
with flow models.

Therefore, the combination of particle tracking with
groundwater flow model in fractured rock was a meaningful
attempt. It is difficult to fully describe the solute displacement
in fractured rocks because of the randomness and irregularity
of the fracture and matrix structure, but the particle tracking
method provides a way to consider all possible displacement of
the solute due to the statistical nature of the method that the
particles can randomly move around to some extent. Some
approaches have been devised for using particle tracking
method in the simulation of solute transport in fractured rock.
Some researchers utilized the particle tracking method in the
continuum model ([29]-[31]); some developed the particle
tracking method within the fracture-matrix system [32]; and
some studied the fracture network system with particle tracking
method ([33]-[35]).

In this work, a particle based method was developed for the
simulation of velocity distribution of the fluid flow and the
concentration distribution of the solute transport in fractured
porous media. For the groundwater flow simulation, both dual-
porosity/permeability model and single fracture model could be
accomplished. For the solute transport simulation, particle
tracking method was utilized. The calculation of the flow
velocity and the simulation of solute displacement could be
combined within one model that the particles took use of the
velocity distribution to move in the fractured porous media.
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Il.  NUMERICAL IMPLEMENTATION

This work was carried out on a scientific software platform
OpenGeoSys (OGS) which is an open source initiative for
numerical simulation of thermo-hydro-mechanical-chemical
(THMC) processes in porous and fractured media ([36]-[39]).
OGS is designed as an object-oriented platform and the source
code is written in C++. Finite Element Method is utilized as a
basic concept for most of the problems that OGS can solve.

In the OGS simulation, the basic steps of the solution
procedure are independent of the specific processes (defined as
PCS in OGS). Several processes can be coupled for solving
complex problems. For the simulation of groundwater flow in
porous media (PCS named GROUNDWATER_FLOW),

Darcy’s law and the law of conservation of mass are considered.

And the calculation result of groundwater flow velocity can be
utilized for the simulation of mass transport in groundwater
(PCS named MASS_TRANSPORT), where the advection-
dispersion equation is utilized as control equation.

In this work, an alternative method for solving the solute
transport problem in groundwater is presented, which is based
on the random walk particle tracking concept. This method
does not solve the advection-dispersion equation directly;
instead, a finite number of particles are utilized to represent the
distribution of the solute in the groundwater. The particles are
moved through the domain according to the velocity
distribution obtained from the GROUNDWATER_FLOW
process. The introduced process is named RANDOM_WALK
in OGS simulation ([40],[41]). The RANDOM_WALK process

includes several steps, which will be descripted in details below.

A. Information Read in

For the RANDOM_WALK process, an input file hamed
“* pct” is utilized to set up the properties of the particles, such
as the way to generate the random series, the total number of
the particles, the initial element index number of the particles,
the initial position of the particles, the identity of the particles,
the release time of the particles, the initial velocity of the
particles, etc.

The details of the input file setting are as follows: there are
two ways to generate the random series, “0” stands for different
pseudo-random series and “1” stands for same pseudo-random
series. The total number of the particles defines how many
particles will be utilized in the simulation. The element index
number of the particles illustrates in which mesh element the
particles are located. The position of the particles is expressed
as X-, y-, and z-coordinate in the coordinate system. The
identity of the particles is set to be 0 when the particles are free
to move in groundwater, 1 when the particles are temporarily
absorbed by the porous media, and 2 when the particles are
retarded. The release time of the particles defines when the
particles are released to the system. The initial velocity of the
particles is expressed as vy, Vy, and v, in a three dimensional
system.

Another input file named “*.mcp” involves other
information of the particles, such as the name of the particles
and the mobility of the particles. Particles with different names
can represent different kind of solute in groundwater. The
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particles can be defined as immobile when they are utilized to
represent the background concentration; otherwise they are
defined as mobile.

Note that all the particles are utilized together to represent
the solute in groundwater, that the number of the particles can
be converted to the solute concentration, and the position of the
particles can represent the solute distribution, but the particles
are independent from each other that in the numerical
calculation each particle is looped over separately.

In the RANDOM_WALK process, firstly the information
of the particles is read in from the input files. For each particle,
if it is defined as mobile and its release time is smaller than or
equal to the current calculation time step, this particle is
considered to be released and can be involved in the next
calculation steps. The initial properties of the released particles
are retrieved.

B. Displacement Calculation

The RANDOM_WALK process takes use of the velocity
distribution obtained from the GROUNDWATER_FLOW
process to convey the particles. The control equation in this
process is not the advection-dispersion equation, but an
equation to calculate the particles’ displacement, which can be
derived from the stochastic physics in the following way.

The stochastic differential equation can be expressed as [42]

x(t, )= x(t,_, )+ v(x(t,_,)At + Z[2D(x(t,_, )At (1)

where X is the coordinates of the particle (L), v is the
velocity of the particle (ML ™), At is the calculation time step
(T), D is the hydrodynamic dispersion tensor (L2T ), and Z is a
random number with a mean of 0 and unit variance.

This equation is equivalent to an expression that is slightly
different from the advection-dispersion equation. To be
equivalent to the advection-dispersion equation, the velocity
should be modified and can be expressed as [43]

! 2

with dispersion tensor [44]

AT
D, =a M5ij +(a, — oy )‘T‘J +D¢ (3)
where 5” is the Kronecker symbol, AL js the longitudinal

dispersion length (L), A

d
(L),

is the transversal dispersion length
I is the tensor of molecular diffusion coefficient (L2T),

and v; is the component of the mean pore velocity in the ith
direction (ML™).
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Thus the equivalent stochastic differential equation to the
advection-dispersion equation in three dimensional problems
can be written as ([45],[46])

o,
Xl-m‘Xt+[vx(xtvytvzwt)+ ﬁxx*’i“'
oX

aaD“]AH\/ZDXXAtZﬁ\/ZDXYAtZZ+\/2DXZAt23
z

(4)

A

i, d, D,
Vo =V, +[vy (XY, 2.t)+ axy +8yw+62yjm +(2D, MZ, + 2D MZ,+,[2D A2,

D, Dy D,
ZHM:zl+(vz(xt,y‘,zl,t)+ o +le+ > ]AH\/ZDZXAtZﬁ\/ZDZyAtZZ+\/2DHAtZS

Within one calculation time step, the displacement of the
released particle is calculated. It can be seen that the
displacement of the particle includes two sections, one is a
certain distance caused by advection and dispersion, the other
is a “random walk” caused by the method’s intrinsic stochastic
nature.

Considering equation (4) together with equation (3), the
spatial derivatives of the dispersion coefficients can be
expressed as a function of the derivatives of velocity. It can be
seen that the calculation of groundwater flow velocity is crucial
to this random walk particle tracking method. Especially that,
to obtain the derivatives of velocity, velocity has to be
continuous mathematically. This is achieved by the way that
velocity at any location in an element is interpolated from the
known velocity at the element nodes. Note that as previously
mentioned, the processes are independent with each other in the
OGS simulation, thus the RANDOM_WALK process can be
coupled with processes other than GROUNDWATER_FLOW.

C. Boundary Control

After one calculation time step, the new x-, y- and z-
coordinate of the particles are obtained from equation (4).
Because of the “random walk”, there’s a chance that some
particles are on the outside of the calculation domain. In this
case, a boundary control is necessary in order to “drag” the
particles back in.

To achieve this goal, the first step is to check if one particle
has gone outside, which can be implemented with search
algorithms. Secondly, regarding the particles which are outside
of the calculation domain, an intersection point between the
particle’s path line and the domain surface is calculated.
Thirdly, the intersection point’s x-, y- and z-coordinate will be
assigned to the particle and thus the particles are dragged back
to the surface of the calculation domain.

The properties of the particles, e.g., the element index
number, the position, and the velocity, will be updated in the
memory after the displacement calculation and boundary
control. Loop over all the particles and proceed all the
calculation time steps, the final information of the particles can
be obtained.
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I1l. BENCHMARKS AND SIMULATION RESULTS

A. Strack’s Experiment

Strack [47] developed a numerical model to simulate two
dimensional steady flow through infinite fractured porous
media with one single crack. The numerical experiment was
utilized to wverify the flow patterns in a dual-
porosity/permeability model with simplified assumptions. In
this work, a benchmark was developed according to Strack’s
numerical experiment.

The calculation domain is a quadrilateral with constant
hydraulic head on the inflow (left) and outflow (right)
boundary and with a single line inside to represent the crack
which has an angle of 45°with the hydraulic gradient. The
numerical solution was computed using FEM to solve steady
state liquid flow problem in the dual-porosity/permeability
model. The relevant parameters are listed in Table 1.

TABLE I. MODEL PARAMETERS FOR STRACK’S EXPERIMENT
Parameters Value Unit
Porosity of the continuum 0.2
Permeability of the continuum 1E-12 m?
Length of the fracture 2 m
Thickness of the fracture 0.05 m
Porosity of the fracture 0
Permeability of the fracture 1E-10 m?
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FIGURE I.

1=18000s

PARTICLE PLUME DISTRIBUTION IN THE
FRACTURED MEDIUM OVER TIME. THE DOTS INDICATE THE
POSITION OF PARTICLES AND THE COLORS OF THE DOTS
REPRESENT THE VELOCITY OF THE PARTICLES. THE WHITE
CURVES AND BACKGROUND COLORS SHOW THE CONTOUR OF

THE PRESSURE GRADIENT.

Particles were injected from a thin belt shaped area very
close to the inflow (left) boundary to indicate the flow pattern
within the domain. The total number of the particles was 500.
In the very beginning of the simulation (t=0) all the particles
were released at once and the simulation continued for several
time steps. The simulation results are shown in Figure 1.

The white curves are the piezometric contours and the dots
are the particles. The color of the dots represents the velocity of
the particles. It can be seen that the particles moved along the
calculation domain according to the velocity distribution. At an
early stage of the simulation (Figure la-1c), the particles
formed a line that is nearly straight. As the particles
approaching to the fracture (Figure 1d), a velocity acceleration
occurred in the fracture area. This trend became more obvious
when the particles passed through the fracture area completely
(Figure le-1g), and the particles formed a w-shaped plume. At
a later stage of the simulation (Figure 1h-1j) the shape of the
particle plume didn’t change much.

B. Yasuhara’s Experiment

In this section a benchmark test was established in order to
verify a laboratory experiment operated by Yasuhara
([48]1,[49)]), in which an artificial fracture sample of novaculite
was injected with water for a flow-through experiment.
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In Yasuhara’s experiment, the novaculite sample was split
open and the fracture surfaces were profiled. Then the two
parts of the rock were mated together again under moderate
effective stresses. The fracture structure could be obtained by
simply point-by-point subtraction of the upper and lower
surfaces, but since these two surfaces were measured separately
in an open-book format, it was difficult to match them
precisely. Thus in this work, the fracture was defined through
geostatistical reproduction by giving a desired mean and
standard deviation of the aperture, which can be utilized
directly in the hydraulic simulations.

Under the assumption of laminar flow in the fractured rock,
permeability is a function of the fracture aperture,

k=b?/12 )

where k is permeability (L2) and b is fracture aperture (L).

The fracture aperture model was established by using
geostatistical Gaussian simulation method. The mean aperture
was 18.5um in the beginning of the experiment. It was assumed
that the aperture probability distribution follows log normal
distribution. An exponential type Variogram model was used
and the range and sill were obtained by trial and error.

In the numerical mesh, aperture information was assigned
to each grid. A series of steady state hydraulic simulations were
conducted on the mesh domain by fixing the pressure (345kPa)
on the outlet boundary and inflow rate (ImL/min) on the inlet
boundary. By comparing the pressure distribution on the inlet
boundary with the observation from the experiment
(402.02kPa), the best fitted aperture distribution was with range
of 6 mm and sill 0.5mm. Relative parameters are listed in Table
2 and the aperture distribution is shown in Figure 2.

With this aperture distribution, steady state groundwater
flow distribution can be obtained and the simulation result is
shown in Figure 3.

TABLE I1. PARAMETERS FOR THE FRACTURE APERTURE
MODEL
Parameters Value Unit
Length of mesh domain 89.5 mm
Width of mesh domain 50 mm
Resolution of mesh domain 1 mm
Mean of aperture 185 pum
Range of aperture distribution 6 mm

172



ATLANTIS
PRESS

APERTURE
0.000241

-0.0002

0.0001

1.421e-6

THE BEST FITTED APERTURE DISTRIBUTION
FOR YASUHARA'’S EXPERIMENT.

FIGURE II.

WVELOCITYT!
109097
0.1

0.08
‘0.06
-0.04
Iom

0.00057

THE STEADY STATE GROUNDWATER FLOW

FIGURE IlI.
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Based on this fixed steady state hydraulic simulation, the
solute transport in the fracture can be simulated. In order to
compare the performance of proposed particle tracking method
with classical FEM which solves the advection-dispersion
equation, two simulations were conducted separately. The
simulation results overlaid each other and are shown in Figure
4,

The background color represents the solute concentration
and the red dots represent the particles. Comparison between
FEM and RWPT shows a good agreement and indicates that
the later one allows accounting for realistic features of the
transport process.
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(a) t=0. 5s

FIGURE IV. COMPARISON OF SIMULATION RESULT OF
PARTICLE PLUME OBTAINED BY RWPT (RED DOTS) WITH
CONCENTRATION OBTAINED BY FEM (BACKGROUND COLOR
GRADIENT)

In the particle tracking simulation, particles were injected
from the inlet (left) boundary to simulate the solute transport
process in the fracture. The total number of particles injected
was 10000 and the particles were injected for a constant time
period of 1s.The simulation results of particles plume over time
are shown in Figure 5.

The background color represented the groundwater flow
distribution and the dots represented the particles. The colors of
the particles showed their velocities in groundwater. It can be
seen that the complexity of groundwater flow and mass
transport in fractured rock can be exhibited by the proposed
simulation model. Particles released at different position in the
simulation domain experienced very different processes during
their journey to the downstream. The particle plume showed
the flow pattern, as well as the detailed channeling effects and
accelerations or decelerations in some regions. The dense
particle plume showed the accumulation of solute mass in the
fractured porous media. The tailing phenomenon is also well
exhibited.
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FIGURE V.

PARTICLE PLUME DISTRIBUTION IN THE
FRACTURE APERTURE OVER TIME. THE DOTS INDICATE THE
POSITION OF PARTICLES AND THE COLORS OF THE DOTS
REPRESENT THE VELOCITY OF THE PARTICLES

IV. CONCLUSION

The proposed particle tracking based method was
numerically implemented in OGS, as a simulation process
which is independent from the flow process. For both dual-
porosity/permeability model and single fracture model, this
method showed very good performance and adaption.
Moderate number of particles was utilized in the
implementation of two benchmarks. The computation process
was not so expensive comparing to the classical FEM. No
obvious numerical fluctuations were observed in the simulation.

This proposed method provides a way to consider all
possible displacement of the contaminant in the fractures due to
the statistical nature of the method that the particles can
randomly move around to some extent. The method can be
applied as a tool to observe the detailed structure of evolving
contaminant plumes in fractured rock.
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