Environ Geol (2008) 55:1755-1766
DOI 10.1007/s00254-007-1126-7

ORIGINAL ARTICLE

Using global node-based velocity in random walk particle tracking
in variably saturated porous media: application to contaminant

leaching from road constructions

Chan-Hee Park - Christof Beyer - Sebastian Bauer -
Olaf Kolditz

Received: 4 June 2007/ Accepted: 5 November 2007 / Published online: 22 November 2007

© Springer-Verlag 2007

Abstract Precise and efficient numerical simulation of
transport processes in subsurface systems is a prerequisite
for many site investigation or remediation studies. Random
walk particle tracking (RWPT) methods have been intro-
duced in the past to overcome numerical difficulties when
simulating propagation processes in porous media such as
advection-dominated mass transport. Crucial for the pre-
cision of RWPT methods is the accuracy of the numerically
calculated ground water velocity field. In this paper, a
global node-based method for velocity calculation is used,
which was originally proposed by Yeh (Water Resour Res
7:1216-1225, 1981). This method is improved in three
ways: (1) extension to unstructured grids, (2) significant
enhancement of computational efficiency, and (3) exten-
sion to saturated (groundwater) as well as unsaturated
systems (soil water). The novel RWPT method is tested
with numerical benchmark examples from the literature
and used in two field scale applications of contaminant
transport in saturated and unsaturated ground water. To
evaluate advective transport of the model, the accuracy of
the velocity field is demonstrated by comparing several
published results of particle pathlines or streamlines. Given
the chosen test problem, the global node-based velocity
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estimation is found to be as accurate as the CK method
(Cordes and Kinzelbach in Water Resour Res 28(11):2903—
2911, 1992) but less accurate than the mixed or mixed-
hybrid finite element methods for flow in highly hetero-
geneous media. To evaluate advective—diffusive transport,
a transport problem studied by Hassan and Mohamed (J
Hydrol 275(3-4):242-260, 2003) is investigated here and
evaluated using different numbers of particles. The results
indicate that the number of particles required for the given
problem is decreased using the proposed method by about
two orders of magnitude without losing accuracy of the
concentration contours as compared to the published
numbers.

Keywords Velocity approximation - Particle tracking -
Random walk - Transport in porous media -
Contaminant leaching from road constructions

Introduction

Tracing particles within the Lagrangian framework to
describe advective—diffusive transport in porous media has
received much attention in the literature over the past
several decades. As the flow velocity is of great importance
in modeling transport accurately, research has been con-
ducted to meet the need for obtaining accurate velocity
fields mainly governed by Darcy’s law in subsurface sys-
tems (Chavent and Roberts 1991; Cirpka et al. 1999;
Cordes and Kinzelbach 1992; Hoteit et al. 2002; Matringe
et al. 2006; Mose et al. 1994; Yeh 1981).

Because the standard finite element method (FEM)
estimates the flow velocity on the element level using the
Darcy equation, local heads and parameters, discontinuities
of the flow velocity may occur at the element or cell
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boundaries. To resolve these discontinuities, several
methods have been introduced. Using the same structure of
the standard FEM as in groundwater flow, Yeh (1981)
proposed to solve Darcy’s law for the velocity field glob-
ally at nodal points using an FEM. Cordes and Kinzelbach
(1992) provided a post-processing methodology for ele-
ment-based flow velocities based on flux-continuous
control volumes surrounding a node and conserving local
mass balance. On the other hand, the mixed or mixed-
hybrid FEM forms up the pressure, and the Darcy equation
is used to solve for pressure and the velocity field simul-
taneously. These methods are able to produce accurate
streamlines, regardless of the degree of heterogeneity and
also in block heterogeneous systems (Ackerer et al. 1996;
Cordes and Kinzelbach 1996; Durlofsky 1994; Mose et al.
1994). Recently, higher-order mixed FEMs have also been
provided to obtain more accurate streamlines for steady
state flow (Matringe et al. 2006).

On tracing pathlines for transient flow, Cheng et al.
(1996) developed a multi-dimension particle tracking tech-
nique to solve transport under unsteady flow conditions.
Bensabat et al. (2000) provided an adaptive-pathline based
particle tracking for the Eulerian-Lagrangian method in
solving transport. In these works, velocity fields are com-
puted at nodes instead of element or cell edges. In contrast,
the velocity field is estimated at edges in all mixed or mixed-
hybrid FEMs. Recently, Haegland et al. (2007) recon-
structed velocities obtained along edges to nodes through
corner-velocity interpolation and demonstrated improved
streamlines and time-of-flight on irregular grids. They found
that the node-based velocity method eliminates the influence
of cell geometries on the velocity field, and thus were able to
accurately reproduce uniform flow in 3D.

As particle tracking methods are suited for advection
dominated transport and the Eulerian method is suited in
the case of diffusive transport, both methods can be com-
bined in the form of the Eulerian-Lagrangian methods.
Using an Eulerian-Lagrangian method, Oliveira and Bap-
tista (1998) showed that due to the failure of mass balance
during the combination of the methods, severe tracking
errors can be introduced and therefore developed an
accurate tracking algorithm. Alternatively, solving advec-
tion and diffusion transport problems fully by the
Lagrangian method such as the random walk particle
tracking (RWPT) methods can preserve mass balance
locally and globally. However, oscillations due to the
random number generation exist by the nature of the
method.

Although the RWPT method has not been used widely
for multi-phase flow, Delay et al. (2005) emphasized
promising suitability of the method for modeling solute
transport in the vadose zone because strong variations of
velocity in the vadose zone can easily be handled in a
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flexible way using this approach. The RWPT method has
also little numerical difficulties restricted by the Peclet
number criterion (Hassan and Mohamed 2003; Salamon
et al. 2006). With strong variations of velocity, anomalous
transport can easily occur. Since anomalous transport is
observed in the system in which a variable velocity field is
envisioned as particles via different paths moving spatially
changing velocities (Cortis and Berkowitz 2005).

This paper, therefore, demonstrates the use of the global
node-based method for estimation of the ground water flow
velocity field based on the standard FEM. A global node-
based method for flow velocity calculation, as originally
proposed by Yeh (1981), is extended to unstructured grids
and unsaturated ground water, and the computational effi-
ciency is enhanced. This method has been recently used for
modeling of flow and transport in subsurface systems (Jang
and Aral 2007; Park and Aral 2007), but the accuracy in
tracing pathlines and in RWPT has not yet been evaluated.
Thus, the objective of the paper is to introduce and investi-
gate the accuracy of a global node-based method for flow
velocity determination and to apply the method for RWPT in
two field scale applications in variably saturated porous
media. After starting the governing equations for RWPT, the
formulation of the global node-based method is provided. To
evaluate the applicability and accuracy of the proposed
method for advective or advective—diffusive transport in
variably saturated media and under transient flow conditions,
the method is tested against published benchmark problems,
a benchmark for unsaturated transient transport as well as
compared to an analytical solution. Efficiency in terms of the
numbers of particles required is assessed by comparing to
results recently published. Finally, the proposed method is
applied in a study on contaminant leaching from demolition
waste, which is reused as base layers in road constructions.
The RWPT model is used to characterize the spatial vari-
ability of unsaturated flow and transport patterns in a noise
protection dam and a road dam scenario. Based on the sim-
ulated flow fields, contaminant leaching from the road
constructions to the groundwater surface is modeled for both
scenarios accounting for biodegradation and rate limited
sorption, which is governed by intraparticle diffusion
kinetics. The temporal development of breakthrough con-
centrations at the groundwater surface for three different
organic contaminants (weakly, moderately and strongly
sorptive) is presented and compared for both scenarios,
highlighting the dominant role of the respective dam
hydraulics on the transport behavior.

Methods

This section consists of governing equations, numerical
formulation of the global node-based velocity estimation,
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and velocity interpolation in elements needed in develop-
ing the proposed RWPT method. The governing equations
are mainly composed of flow and transport equations. The
flow system is determined by the FEM model, whereas the
transport system is solved by the RWPT model. Therefore,
obtaining pressure or saturation ratio of Richards flow
(i.e. flow in variably saturated porous media) is indepen-
dent of the RWPT model. With the known pressure
distribution, velocity is obtained by the method of global
node-based velocity. However, velocity interpolation
from the known velocity fields is necessary for the RWPT
model to determine transport.

Governing equations

The governing equation for groundwater flow under tran-
sient conditions is given by (Bear 1972)

Shaa—ilzv'(KVh)+Q (1)
where S, (L_l) is specific storativity, & (L) is the hydraulic
head, given as the sum of elevation z (L) and the pressure
head (L), ¢ (T) is time, K (LTI) is the tensor of hydraulic
conductivity, Q (Tl) is a source or sink term, and V is the
differential operator. For unsaturated conditions K is a
function of the pressure head 1, which itself depends on the
volumetric water content 6 ( — ) of the porous medium.
The governing equation of flow for unsaturated conditions is
the so-called Richards equation, which exists in three main
forms with y, 6 or both quantities as dependent variables
(Jury et al. 1991). Equation (2) is the y-based form of the
Richards equation (Freeze and Cherry 1979).
Y= v vy + B g @)
Z

where Cy () is the water capacity function defined by d6/
dyy and with z positive in a downward direction.

The advection—dispersion equation governing transport
of a conservative solute in porous media can be written as
(Bear 1979)

oc
i
where C is the concentration (ML), V is the pore velocity
vector (LT~ '), D is the hydrodynamic dispersion tensor
(L* T™Y), and V is the differential operator.

The modified velocity (Kinzelbach 1986) and the
hydrodynamic dispersion tensor (Bear 1979) are expressed
in componential notation as

3

oD;;

Vi=Vi+ E e (4)
= axj

—V(VC) + V(DVC) 3)

ViV;
Dij = OCT|V|5U + (O(L — OCT> |V|] + Dd‘L','j (5)

where §;; is the Kronecker symbol, o, is the longitudinal
dispersivity (L), oz is the transverse dispersivity (L), D? is
the molecular diffusion coefficient (L> T, 7 is the tor-
tuosity tensor (-), and V; is the component of the mean pore
velocity in the ith direction.

For unsaturated conditions the total solute flux in the
water phase is described by

ag—,c = —V - (q0C) + V(6D.VC) (6)

where q (LT™") is the Darcy flux vector of the effective
hydrodynamic dispersion tensor D, is used, as besides D*
also oy and oy depend on 0 (Bear, 1979).

In (3) and (6) anisotropic molecular diffusion can be
handled via the tortuosity tensor. Note that there is clear
distinction between hydrodynamic dispersion and molec-
ular diffusion.

The stochastic differential equation for particle position
at a new time level + + At equivalent to (3) in three-
dimensional problems can be written as (Hassan and
Mohamed 2003; LaBolle et al. 1996; Tompson and Gelhar
1990)

s (v y4 a0y WD)
Xe+Ar = Xt x\ Xty Vey 2ty ox By oz

+ V2D AtZy + \/2D AtZ, + \/2D,,AtZ;

oD, 0Dy, 3D,
Yerar = Ve + | Vo vy 2, 1) +— + —2 + —2 ) At
Ox y 0z

+ /2Dy AtZy + \/2D,,AtZ, + /2D, AtZ;

oD, 0D, 0D,
: : = A
0x + Oy * az> :

+ /2D AtZ, + \/2D_AtZ, + \/2D_AtZ,

LAt = 2+ (Vz(xnyhzﬁt) +

(7)

where x, y, and z are the coordinates of the particle loca-
tion, At is the time step, and Z; is a random number whose
mean is zero and variance is unit.

Node-based velocity

In the standard FEM, hydraulic head or pressure is calcu-
lated by solving the flow equation. With solved hydraulic
head, velocity is obtained using the Darcy equation.

g =V = —K(S)Vh (8)

where ¢ is the Darcy velocity (LT "), ¢ is the porosity (—),
V is the pore velocity, K is the hydraulic conductivity (LT~ "),
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which under unsaturated conditions is dependent on the
saturation ratio S (—), and & is the hydraulic head (L).
Normally, velocity is estimated in the center of the element
using the hydraulic head values at the surrounding nodes.
This creates discontinuities in the velocity along elemental
boundaries if heterogeneities are present, because velocity
estimation is based solely on the information obtained from
the element of interest.

To resolve discontinuities and to keep global informa-
tion of hydraulic head in the Darcy law, subject to
boundary and initial conditions the Darcy velocity is solved
using the Galerkin method (Yeh 1981)

/ (g + KVh)edQ =0 (9)
Q

where Q is the model domain and  is a trial function.
The element matrix M and vector g corresponding to (9)
formulate as

[My){q;} = {H:} (10)

where

Mz:/' = /wiwdee (lla)
o
where Q° is the element domain and

Q¢

Except for g, all values are known once the hydraulic
head distribution is solved. Then, Eq. (11a) represents a
mass matrix that can be solved consistently or lumped.
Note that the global matrix formed from (11a) is constant
for a given discretized domain so that the matrix needs not
be assembled repetitively once formulated. Only the vector
{H;} changes subject to the head distribution. This
additionally reduces the computational burden introduced
by solving for velocity component-wise, depending on the
number of dimensions. Because of a well-defined hydraulic
head distribution used in {H;} after solving the flow
equation, computation time for each directional velocity is
much shorter than that for hydraulic head for the test
problems provided in this paper.

In comparison to other methods, such as the mixed or
mixed-hybrid finite element, the finite difference or the
finite volume methods, it is worthwhile to mention that
global mass conservation is achieved for each component
over the whole problem domain by applying appropriate
Dirichlet and Neumann type boundary conditions to rep-
resent the fluxes. The physical meaning of these boundary
conditions can be seepage or rainfall infiltration or imper-
vious boundaries. No local mass conservation at the
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element level is guaranteed due to the nature of the stan-
dard FEM. Therefore, this method is affected by local mass
balance errors occurring in the hydraulic head calculation
e.g. in the case of highly heterogeneous media. An evalu-
ation of the errors that may occur is provided by evaluating
the benchmark test problems.

Further advantages of the global velocity estimation are
as follows:

1. Flexibility for obtaining subsequent velocities at edges
or faces.

2. The order of the approximation function for velocities
along the edge or the surface can easily be varied.

3. Feasibility for existing finite element codes due to the
similarity to the standard FEM.

4. Easy adaptation for unstructured grids in all dim-
ensions.

Velocity interpolation in elements

Whether the velocity field is obtained using numerical
methods on nodes, edges, faces or midpoints of elements,
an accurate interpolation of the velocity from the known
points to the particle position should be guaranteed by an
appropriate interpolation scheme. For velocity solved on
edges or faces, the Pollock method (Pollock 1988) has been
used with popularity (Cordes and Kinzelbach 1992; Hae-
gland 2003; Prevost et al. 2002).

As for nodal velocity approximation, nodal velocity can
be converted to edge velocity as in Prevost (2000) or by
similar compatible methods. In this work, the global node-
based velocity fields is converted to edge-centered velocity
fields in order to use Pollock’s method for structured ele-
ments (Pollock 1988). In this conversion process, an
arithmetic average method over two ending points of each
edge is used with equal distance weight for two velocities
normal to the common edge of two adjacent elements.

On the other hand, using Pollock’s method for interpo-
lation for unstructured elements requires isoparametric
transformation from physical space to reference space.
Depending on the number of dimensions, the inverse
functions of linear, bilinear or trilinear functions are
required, and the vector transformation should also be
made accordingly using the Piola transform (Brezzi and
Fortin 1991). Then, the time of flight needed for a particle
from entry to exit point of the element is in general com-
puted for tracing streamlines. Note that this method is
strictly constrained by the time of flight for steady state
flow. Time of flight for unsteady flow should complicate
Pollock’s method and leads solely to numerical integration.
In case that particles are traced under unsteady state flow
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system, interpolation at any location inside of elements is
necessary.

Benchmarking

The proposed RWPT method is implemented in the open
source scientific software GeoSys/RockFlow (GS/RF)
(Kolditz et al. 2007a, b) and tested with several benchmark
test problems. In terms of transport mechanisms for the
proposed RWPT method, first advective transport is tested
for accurate velocity fields. Second dispersive (or diffu-
sive) transport with the fixed uniform advection is
compared against an analytical solution, and the results
previously published by others. Finally, advection and
dispersion together are also compared with the results
obtained by the FEM model. These tests are conducted in
various medium types (fractured and porous media) and
summarized in Table 1.

For evaluating the accuracy of the RWPT method for
variably saturated porous media, examples are focused for
the accuracy of the velocity calculation in heterogeneous
media and diffusion in homogeneous media. To test the
RWPT model in unsaturated porous media, additional
results obtained by solving the experiment from Warrick
et al. (1971) are provided in this paper. The pressure fields
obtained for unsaturated flow have been compared against
results obtained with MIN3P (Mayer et al. 1999) and
HYDRUS (Simﬁnek et al. 2005). The results are in good
agreement as reported in Kolditz et al. (2007a, b).

Benchmarking advective transport in heterogeneous
saturated media

The test problem is taken from Mose et al. (1994) and
formulated to examine the accuracy of velocity fields in
highly heterogeneous media. A unit square domain is dis-
cretized using 40 x 40 quadrilateral elements. The
maximum material contrast in hydraulic conductivity is set

Table 1 Benchmarks for the RWPT method (Park et al. 2007)

to be four orders of magnitude as detailed in Fig. la.
Groundwater flows from top to bottom because of the
pressure gradient assigned by the two head boundary
conditions along the top and bottom of the model domain.
Depending on the configuration of the four different
materials, flow patterns vary. For the given inhomogeneous
medium, the solution obtained by the global node-based
velocity method shows very good agreement with the exact
solution obtained by solving stream functions using a
much higher grid density (Mose et al. 1994). In general,
the global node-based velocity method produces
smoother streamlines than the mixed or mixed-hybrid FEM
(Fig. 1b, ¢).

Benchmarking advective—diffusive transport
in homogeneous saturated media

This example was taken from Hassan and Mohamed (2003)
to test advective—diffusive transport in a homogeneous
two-dimensional aquifer of 100 m x 60 m where a uni-
form velocity field is held constant at 0.5 m d~' in the x
direction. The hydraulic conductivity is set as 107> m d ™"
and the head gradient of 1 in the x direction is set by
assigning two constant head boundary conditions along
both the left and right sides. Dispersivity is chosen to be
isotropic with a length of 0.1 m in the longitudinal as well
as the transverse direction. The initial source load is
applied to an area with dimensions of 0.1 m x 0.1 m to
have an initial concentration of Cy = 1 kg m™~>. Figure 2
provides a schematic description of the test problem. The
domain is discretized with quadrilateral elements of
0.5m x 0.5 m. The same grid density is also used for
converting particle distributions to element concentrations.

The stated problem can be solved with the analytical
solution provided by Ogata and Banks (1961). This allows
evaluating the computational accuracy of the solution in
terms of particle density. The concentration contours for
the different numbers of particles and for transport times of
20, 40, and 60 days are compared to the analytical solution

Characteristics Transport Medium type Reference

Divergent and convergent flow Advection Homogeneous Cordes and Kinzelbach (1992)

Flow in dipole of discharging Advection Homogeneous Cordes and Kinzelbach (1992)
and recharging wells

S shape flow Advection Two highly contrasted Matringe et al. (2006)

composite media

Diverse flow Advection Heterogeneous Mose et al. (1994)

Uniform flow Advection and diffusion Homogeneous Ogata and Banks (1961)

Diverse flow Advection and diffusion Heterogeneous
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Fig. 1 a Hydraulic
conductivity distribution for the
1 m x 1 m domain, b the exact
solution of the streamlines
obtained from the stream
function approximation with a
320 x 320 mesh from Mose

et al. (1994) and c streamlines
obtained from 40 x 40 grid

-
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Fig. 2 Schematic description of the two-dimensional aquifer and the
boundary conditions of the flow system

in Fig. 3. As the number of particles increases, the result of
the RWPT method shows better agreement with the ana-
lytical solution. The best agreement is found to be for
50,000 particles among the chosen numbers of particles.
This is significantly less than the number of particles
reported by Hassan and Mohamed (2003), who found that
up to 2.5 million particles were necessary to achieve
smoothness of the solution due to oscillations around the
contours. In general, the degree of oscillations along the
contours decreases with increasing number of particles. As
the oscillations observed here are much smaller than that
reported by Hassan and Mohamed (2003), the present
method allows to significantly reduce the number of par-
ticles required for a smooth solution by about two orders of
magnitude in comparison to their method.

To quantify the errors of concentrations computed by
the RWPT method with respect to the analytical solution,
the sum of squared concentration differences is computed
between the analytical solution and the numerical simula-
tion from all cells. Results for 60 days of simulation time
are shown in Fig. 4, where both measures are plotted
against the number of particles used. As can be seen, the
deviation between the analytical and the numerical results
decreases significantly, if the number of particles used is
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Fig. 3 Concentration contours converted from the particle distribu-
tions for 1,000, 5,000, 10,000, and 50,000 particles: The solid line is
the analytical solution, the dotted line is the RWPT result. Contour
lines are shown for C = 2.6e™*, 1.6e™%, 1.0674, and 4675[—]
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increased from 1,000 to 10,000. Because of the stochastic
nature of the dispersive step, concentration approximation
converted from the particle distribution requires a certain
number of particles. In general, more particles give more
accurate concentration distribution. For the test case shown
here, the finding is that 50,000 particles are required to
reproduce the concentration contours with high accuracy
comparable to the results produced by Hassan and Mo-
hamed (2003). However, 10,000 particles seem sufficient
to obtain a good average mass distribution (Fig. 4).

Benchmarking advective—diffusive transport in variably
saturated porous media

To benchmark mass transport in variably saturated media,
the soil experiment of Warrick et al. (1971) is selected for
unsaturated flow and transport. The comparison between
the numerical results and the experimental measurement
can be found in Kolditz et al. (2007a) for both flow and
transport. In the comparison, the results are obtained from
the finite element model, which is verified against numer-
ous test cases for unsaturated flow (Kolditz et al. 2007a).

The 2 m high soil column is installed to have the top
open to atmosphere (P.,, = 0 Pa). The bottom of the
column has a capillary pressure (Pc,, = 21,500 Pa).
While these fixed pressure boundary conditions are used in
the flow equation with an initial saturation of 45.5% over
the whole column, an inactive tracer is injected for 100 s
on the top of the column (see Fig. 5). Details on parameters
used in the numerical simulation are summarized in
Table 2.

Number of particles

2
" S(0)=0.455

N

P, =—21500Pa

ottom —

Fig. 5 Initial conditions and boundary conditions for the column
experiment by Warrick et al. (1971)
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Table 2 Parameters for flow and mass transport in the Warrick et al.
(1971) benchmark

Parameter Value

0.38
446 x 107" m%s
6.0 x 1071 m?s

Porosity
Permeability

Molecular diffusion coefficient
of tracer

Mass source influx 1 kg m~ for 100 s at the top

As pressure is calculated and used for solving the global
node-based velocity along the column, the resulting mass
transport can be solved with transient velocity fields. In
addition, the temporal spatial development of soil satura-
tion in the column is obtained from the pressure solution
determined by the FEM. In solving mass transport, the
FEM and RWPT models are used for comparison purpose.
Figure 6 shows saturations and two concentration contours
from the two different models at 2, 9, and 17 h. Both
concentration contours are in good agreement in terms of
peaks and shapes of trace development in the column,
indicating that the proposed method is capable of solving
mass transport in variably saturated media accurately.
Unlike the FEM, the contours from the RWPT model are
subject to subtle oscillation. This oscillation can be reduced
by increasing the number of particles as shown in Fig. 3 for
saturated flow. Nevertheless, the oscillation is inherent to
the RWPT method.

Applications

The RWPT method is applied in a study on the environ-
mental impact of secondary materials in road constructions
on groundwater quality (Beyer et al. 2007). In this study,
the leaching of organic contaminants from demolition
waste, which is reused for base layers in a noise protection

reactive transport simulations using GS/RF coupled to the
Lagrangian stream tube model SMART (Finkel et al. 1999).
The RWPT method is applied for the hydraulic character-
ization of the road constructions via probability density
functions (pdf) g(z, x) (T~ ") of the travel time 0 (T) of a non-
reactive passive tracer along a stream tube. The conceptual
models of the noise protection dam and the road dam are
depicted in Fig. 7a, b. Both constructions consist of layered
composite porous materials with strongly contrasting
hydraulic properties on top of a sandy podzol soil with low
organic carbon content. The geometry of the road dam
(Fig. 7b) is comparable to that of a typical smaller four-lane
German Autobahn. The horizontal layering of materials
used within the dam as well as the soil horizonation below
the road dam and the noise protection dam, however, are
simplified. Basis for the application of the RWPT method in
the unsaturated composite media is the derivation of the
Eulerian steady state velocity fields on the respective finite
element grids (see Fig. 8a, b) using the flow equation
for unsaturated conditions, i.e. the so-called Richard’s
equation.

Both two-dimensional models exhibit complex unsatu-
rated flow patterns. The velocity vectors at the finite
element mesh nodes (Fig. 8a, b) clearly show strong cap-
illary barrier effects along the sloped boundaries of the
material layers which cause a concentration of the seepage
fluxes on top of the demolition waste and generation of
lateral runoff, almost completely bypassing the demolition
waste. To derive the travel time pdf g(6, x) (ail) of the
passive tracer in each material layer of both models, an
instantaneous tracer source represented by 10,000 particles
was evenly distributed along each upper material layer
boundary. The particles were transported within the
unsaturated flow fields employing the RWPT method.
g(0, x) was then obtained by registering the particles
breakthrough times at each respective lower material layer
boundary. The results were checked against travel time

dam and a road dam, was assessed by performing numerical ~ distribution derived from finite element mass transport
Fig. 6 Saturation ratio and Saturation Concentration of Tracer
tracer concentration at 2, 9, and Q4 05 06 07 08 09 1 M 2 0 2 4 6
17 h for FEM and RWPT I ' ‘ '
/_/@/ r == 2h
15 15}
//_M
E E
N N
r 17h 3
05 05|
I L FEM
| — — —  RWPT
0+ 0 ;
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Fig. 7 Conceptual models of
the noise protection dam (a) and
the road dam (b)

(a) noise protection dam

E} m’

(b) road dam

2m, 10m 1.5m . 2.3m 2m

he

h* s
: b horizon
¢ horizon §

:symmetry axis

Fig. 8 Velocity vectors at the
finite element nodes for the
noise protection dam (a) and a g
cut out of the road dam (b) o

(@) noise protection dam

groundwater surfa

< > >
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simulations with the classical advection—dispersion Eq.
(1). Figure 9 shows a comparison of the resulting pdf g(0,
x) for the RWPT-method and the finite element mass
transport simulation for the base layer of the noise pro-
tection dam (see Fig. 7a). Despite the relatively simple
composition of the noise protection dam, the pdf pattern
shows distinct extremes—early peaking and a long tailing,
i.e. a fraction of approximately 10% of the particles is
transported extremely rapid (within weeks) through the
demolition waste layer, whereas the remaining fraction
experiences comparably long residence times (several
months to years). In general, the results from both methods
show a very good agreement in the timing of peak arrivals
and their relative magnitudes. Also, the tails of the pdf
correspond well.

Figure 10 presents the pdf g(0, x) derived with the
RWPT method for the road dam base layer and the subsoil.
Both layers show a distinctively different transport
behavior. For the demolition waste in the road dam base
layer, breakthrough of a large fraction of the passive tracer
is immediate as indicated by the peak of approximately
66% occurring after a few weeks only. This rapid transport
component is a consequence of the flow focusing at the
foot of the embankment, clearly obvious in Fig. 8b. For
other parts of the domain, transport velocities are slower
causing the long tailing of the pdf. In the subsoil the very
high transport velocities observed for the demolition waste
are somewhat dampened. Here, the pdf peak travel time is

observed after approximately 240 days, whereas the tailing
of the g(0, x) is somewhat increased as compared to the
base layer pdf.

In addition to the pdf, the particle distribution after
2 years is used to obtain a snapshot of concentration
contours of the particles. In the conversion process, a unit
area is empirically chosen to be 0.2 m x 0.2 m. The

0.16
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Fig. 9 Travel time distributions (pdf) g(0, x) for the demolition waste
base layer of the noise protection dam example calculated with
standard FEM and RWPT
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Fig. 10 Travel time distributions (pdf) g(0, x) for the demolition
waste base layer and the subsoil of the road dam example

concentration contours after 2 years for the noise protec-
tion dam is provided in Fig. 11.

Figure 12 presents breakthrough curves for three dif-
ferent sorbing contaminants, naphthalene, phenanthrene
and a sum parameter ~ 15EPA-PAH for the 15 most rel-
evant polyaromatic hydrocarbons (PAHs) according to the
US Environmental Protection Agency (EPA). The break-
through curves were calculated with RF/GS + SMART
based on the pdfs shown above. Sorption kinetics were in
each case modeled by intraparticle diffusion kinetics
(Grathwohl 1998). For each of the three contaminants
transport was calculated with and without biodegradation.
The breakthrough curves represent spatially averaged
breakthrough concentrations along the groundwater surface

Fig. 11 Concentration contours
converted from the particle
distribution at 2 years of the
simulation. The numbers in the
scale column represent the
number of particles in a unit
square of 0.2 m x 0.2 m

Y m]

at the lower model boundaries of the noise protection dam
and the road dam, respectively.

The breakthrough curves for the noise protection dam
are shown in Fig. 12a. Clearly visible is the increasing
retardation from naphthalene (weakly sorbing) over phen-
anthrene (medial sorbing) to X 15EPA-PAH (strongly
sorbing), for which both the peak breakthroughs are not yet
reached after 500 years of simulation time. Accounting for
biodegradation reduces breakthrough concentrations sig-
nificantly for all three compounds by about 95%. In
contrast to this, contaminant breakthrough is significantly
higher and much earlier for the road dam (Fig. 12b), which
is caused by higher flow velocities in the dam structure.
These are a consequence of higher average infiltration rates
in comparison to the noise protection dam due to surface
run off from the road asphalt layer which is infiltrating
along the side-strip and the embankment of the road dam.
Due to the resulting lower residence times of the contam-
inants in the unsaturated zone, breakthrough concentrations
at the groundwater surface are high, even if contaminant
degradation is accounted for in the simulation.

Summary and conclusions

In this paper, the RWPT model that uses the global node-
based velocity calculation is demonstrated. The method is
tested for the accuracy of velocity using the various bench-
mark problems. The accuracy of the calculated velocity field
for the chosen problems is found to be compatible with the
CK method (Cordes and Kinzelbach 1992). In addition, the
method is flexible for various shapes of elements that include
structured and unstructured elements. However, the velocity
interpolation for any arbitrary position from the known
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velocity at nodes can be different depending upon structured
or unstructured elements. The RWPT model is also tested for
transport for steady and transient velocity fields of flow in
saturated/unsaturated porous media. The RWPT model
produced the results in good agreement of the results
obtained by the FEM.

In comparison with prior results (Hassan and Mohamed
2003) for advective and diffusive transport in homoge-
neous media, the proposed RWPT model successfully
reduced the number of particles by about two orders of
magnitude without losing the accuracy of the concentration
contours. For the problem studied, simulations using dif-
ferent numbers of particles indicate that the deviation
between the analytical and the numerical solutions
decreases significantly when raising the number of parti-
cles from 1,000 to 10,000. A further increase in particle
numbers yields only little additional accuracy.

Finally, the RWPT method was applied in a study on
contaminant leaching under unsaturated conditions from
demolition waste reused in two road constructions sce-
narios: a noise protection dam and a road dam. Travel time
distributions of a passive tracer were calculated to char-
acterize the hydraulics of the constructions, i.e. the spatial
variability of unsaturated flow and transport patterns.
Results from the RWPT method show good agreement
when compared to simulations based on the Eulerian
approach. It is found that due to the composite structure of
the road constructions with strongly contrasting material
properties capillary barriers develop along sloped material
boundaries of the embankments. These capillary barriers
cause large quantities of the seepage water to partially
bypass the demolition waste. At the base of the embank-
ments, however, infiltration into the demolition waste is
focused resulting in high transport velocities especially for
the road dam. As a consequence, also for sorbing or bio-
degradable contaminants’ breakthrough of significant

concentrations to the groundwater surface might be possi-
ble within rather short time frames. These results suggest
that the complex hydraulic behavior of road constructions
should not be neglected in the assessment of the environ-
mental impact of waste reuse in road base layers, as it has a
relevant impact on contaminant leaching.
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