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Abstract Macropores developed in barrier layers in soil
covers overlying acid-generating waste rock may produce
preferential flow through the barrier layers and compro-
mise cover performance. However, little has been pub-
lished on the effects of preferential flow on water balance
in soil covers. In the current study, an inclined, layered soil
cover with a 10-cm-wide sand-filled channel pathway in a
silty clay barrier layer was built over reactive waste rock in
the laboratory. The channel or preferential flow pathway
represented the aggregate of cracks or fissures that may
occur in the barrier during compaction and/or climate-
induced deterioration. Precipitation, runoff, interflow, per-
colation, and water content were recorded during the test.
A commercial software VADOSE/W was used to simulate
the measured water balance and to conduct further sensi-
tivity analysis on the effects of the location of the channel
and the saturated hydraulic conductivity of the channel
material on water balance. The maximum percolation,
80.1% of the total precipitation, was obtained when the
distance between the mid-point of the channel pathway and
the highest point on the slope accounted for 71% of the
total horizontal length of the soil cover. The modeled
percolation increased steadily with an increase in the
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hydraulic conductivity of the channel material. Percolation
was found to be sensitive to the location of the channel and
the saturated hydraulic conductivity of the channel mate-
rial, confirming that proper cover design and construction
should aim at minimizing the development of vertical
preferential flow in barrier layers. The sum of percolation
and interflow was relatively constant when the location of
the channel changed along the slope, which may be helpful
in locating preferential flow pathways and repairing the
barrier.

Keywords Acid rock drainage - Channel flow -
Laboratory test - Soil cover - VADOSE/W - Water balance

Introduction

Acid rock drainage (ARD) from the oxidation of reactive
waste rock is a major concern in the mine industry.
Treatment and prevention are considered two important
methods for dealing with the problem (Egiebor and Oni
2007). The use of an engineered soil cover incorporating a
capillary barrier over the waste rock has been found to be
an effective approach to mitigate ARD due to decreased
influx of water and gaseous oxygen into the waste rock. A
capillary barrier is usually comprised of a layer of coarse-
grained material (such as sand or gravel) underlying a layer
of fine-grained material. The capillary barrier effect has
been extensively studied in the laboratory and at many sites
(e.g., Nicholson et al. 1989; Akindunni et al. 1991;
Woyshner and Yanful 1995; O’Kane et al. 1998; Choo and
Yanful 2000; Bussiére et al. 2003; Fala et al. 2005; Adu-
Wusu et al. 2007). The moisture distribution in the barrier
or fine layer can be influenced by a number of factors
including a change in the geometry of the soil cover. For

@ Springer


http://dx.doi.org/10.1007/s12665-010-0488-4

Environ Earth Sci

example, some of the water available to infiltrate into the
barrier layer may be diverted laterally in a sloped cover,
resulting in decreased saturation upslope during drying
period (Bussiére et al. 2003).

Another factor affecting the moisture distribution and
the performance of the soil cover is preferential flow in
the barrier layer. Macropore flow (Beven and Germann
1982), fingered flow (Hill and Parlange 1972; Selker et al.
1992), and funnel flow (Kung 1990; Walter et al. 2000)
are three kinds of preferential flow mechanisms. Among
them, macropore flow is the main concern related to soil
cover performance because percolation into the underly-
ing waste could increase significantly when macropores
occur in the barrier layer. Macropores could develop from
a number of mechanisms including plant root penetration,
animal intrusion, freeze—thaw, and desiccation (Beven and
Germann 1982; Corser and Cranston 1991; Suter et al.
1993). In the field, macropore flow has been found to
contribute to the deterioration of soil covers (Taylor et al.
2003; Adu-Wusu and Yanful 2006, 2007). However, soil
covers with macropore flow has not been studied sys-
tematically in the laboratory under controlled conditions.
Such controlled studies are necessary to understand how
the resulting preferential flow influences water balance
parameters such as interflow, runoff and percolation. Such
studies also provide useful data for calibrating computer
models.

Laboratory or field calibrated computer models provide
cost-effective tools for evaluating and predicting soil cover
performance, especially, over the long term, when mea-
sured data may not be available. Such combined experi-
mental and modeling approach has been used extensively
by many researchers (e.g., Khire et al. 1999; Scanlon et al.
2002; Swanson et al. 2003; Yanful et al. 2003; Bussiére
et al. 2003; Adu-Wusu et al. 2007). Modeling allows
hypothetical cases to be run and re-run to check the sen-
sitivity of certain parameters following calibration of the
program. Although a number of computer programs can
simulate water flow in soils under saturated—unsaturated
conditions, some of them are more commonly used than
others for the evaluation of water transfer in soil covers.
These programs include one-dimensional (1D) models,
such as Soilcover (Wilson et al. 1994), UNSAT-H (Fayer
2000), HYDRUS-1D (Simunek et al. 2005), and two-
dimensional (2D) models, such as HELP (Schroeder et al.
1994), HYDRUS-2D (Simunek et al. 1999), SEEP/W
(GEO-SLOPE 2002), VADOSE/W (GEO-SLOPE 2004).
Recently, 2D models have seen more extensive applica-
tions than 1D models because actual soil covers rarely
behave as 1D systems (Aubertin and Bussiere 2001).
VADOSE/W (GEO-SLOPE 2004) is a 2D finite element
program that incorporates heat, water vapor, and gas
flow in its fundamental equations. The oxygen transfer
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formulation embedded in the program makes it possible to
directly calculate influx of oxygen into the underlying
waste rock, which is important in the evaluation of soil
cover performance during ARD mitigation. Recently,
VADOSE/W has been used successfully to model water
balance and oxygen flux in field test plots at Whistle mine
site, Ontario, Canada (Adu-Wusu et al. 2007; Song and
Yanful 2008).

In the current study, a soil cover consisting of com-
pacted silty clay and construction sand was placed over a
waste rock layer with a 20% of slope in the laboratory. A
10-cm-wide channel filled with the same sand was installed
in the silty clay layer to produce macropore flow (called
channel flow in this paper). The test lasted 151 days and
the cover system went through two cycles of wetting and
drying. Extensive measurements were conducted to
investigate water flow, water balance, oxygen concentra-
tion and oxidation of the waste rock during the test. This
test (referred to as Test 1) is part of experiments performed
to investigate the impact of channel flow on the perfor-
mance of the inclined layered soil cover. This paper is
focused on the water flow and water balance aspects of the
test. Apart from the test, numerical modeling was con-
ducted using the commercial computer software VADOSE/
W to simulate the measured water balance and to analyze
the sensitivity of channel flow to water balance compo-
nents. The objectives of the paper are to (1) present mea-
sured water balance in the cover system with channel flow;
(2) analyze the effects of the location of the channel and
the saturated hydraulic conductivity of the channel material
on water balance. The results of the study would help to
better understand the effects of preferential flow on cover
performance and to enhance cover design to minimize
macropore flow.

Materials and methods
Materials

The sand and silty clay used in the study as cover materials
were obtained from a location near a suburban area of
London, ON, Canada. The waste rock was obtained from
Mattabi mine site near Ignace, ON, Canada. The waste
rock was crushed, sieved, and washed before being used in
the experiments. The particle size distributions of the test
materials are presented in Online Resource Graph 1 and
the geotechnical properties in Table 1. The detailed
description and the elemental compositions of the soils
have been described elsewhere by Song and Yanful
(2009a). The acid base accounting (ABA) analysis (MEND
1991) indicated that the waste rock was a potential acid
producer.
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Table 1 Summary of hydraulic and geotechnical properties of soils
used in the experiment

Waste rock Silty clay Sand

Saturated hydraulic (3.1 x 107%* 95 x107° 2.8 x 1072

conductivity (cm/s)
Plasticity index (%) - 14.5 -
Optimum water - 15.8 -

content (%)
Dry density (g/cm?) 2.10 1.81 1.57
Porosity 0.26 0.36 0.41

* Value obtained from Hazen’s equation based on the particle size
distribution

Experimental unit and installation of soils

The cover soils and waste rock were placed in a plastic box
measuring 120 cm x 120 cm x 25 cm (width x height x
thickness). The box sat on a steel frame and was reinforced
with steel angles. A rainfall simulator designed to model
field precipitation was placed over the box during rainfall
events. Two outlets were installed at the left side of the box
and three at the bottom to collect effluents (Fig. 1). Song
and Yanful (2009a) have provided a detail description of the
experimental unit and the rainfall simulator.

The inclined multilayer test cover consisted of con-
struction sand overlying a compacted silty clay, which, in
turn, overlaid crushed acid generating mine waste rock. The
thickness of the sand was 30 cm, the compacted silty clay
was 50 cm, and the thickness of the waste rock ranged from
11 to 35 cm to provide a 20% slope to support the overlying
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Fig. 1 Section of the soil cover with channel pathway and instru-
ments in the test

cover soils. A 10-cm-wide channel filled with the same
construction sand was installed in the silty clay layer to
simulate channel or preferential flow in the barrier layer
during precipitation events (Test 1). A cross-section of the
soil layers and instrumentation is shown in Fig. 1. The
channel pathway was located at the upslope section (30 cm
from the highest point on the slope). The silty clay was
firstly compacted in 5-cm-thick sublayers outside the box,
and then transferred into the box. The controlling gravi-
metric water content of the compacted silty clay was 17.8%
(+2% of optimum water content) to achieve a low hydraulic
conductivity (Mitchell et al. 1965; Daniel and Benson 1990;
Taha and Kabir 2005). The details of the installation of the
soils are described elsewhere (Song and Yanful 2009a).

Measurements and data collection

During the test, the temperature and matric suction were
recorded hourly through a datalogger. The volumetric
water content was measured daily using time-domain
reflectometry (TDR) (Topp et al. 1980). Gaseous oxygen in
the soils and waste rock were sampled every 3 days and
analyzed using an oxygen analyzer for the oxygen con-
centration. As shown in Fig. 1, there were 5 temperature
probes (labeled T1-T5), 15 suction sensors (P1-P15), 15
pairs of water moisture rods (W1-W15), and 11 oxygen
sampling ports (labeled O1-O11) employed in the experi-
ment. Moreover, all effluents (runoff, interflow, percola-
tion) and influent (precipitation) were recorded to evaluate
the water balance. Samples of the effluents were also
analyzed for chemical composition. Air temperature and
relative humidity in the laboratory were measured daily
during the test. These environmental data are necessary for
the modeling of the measured water balance. The test
lasted 5 months from 8 February 2008 to 8 July 2008.

Water balance evaluation

As there was negligible runoff, the following equation
(Eqg. 1) was used to calculate the water balance:

Vpreci — Vintf — Vperc — Vevap — iVstor (1)

where V.. is the total volume of precipitation (m3), Vintt
is the total volume of interflow (m3), Vpere 18 the total
percolation (m3 ), Vevap 1s the total actual evaporation (m3),
and V., is the total change in water storage of the test soils
(m?). A positive value of the change in water storage means
the total water content increases in the cover system, while
a negative value indicates the total water content decreases.
Total change in water storage was calculated from the
measured volumetric water content of the soils. Due to the
heavy weight of the test box and the soils, the actual
evaporation from the system was not directly measured
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from weighing but was calculated from Eq. 1. In the
computer program VADOSE/W, the actual evaporation
from the system was calculated directly from the Penman-
Wilson method (Wilson 1990) or input potential evapora-
tion, while the percolation was estimated using Eq. 1 when
runoff was negligible.

Modeling
Modeling methodology

The computer program VADOSE/W (GEO-SLOPE 2004)
couples heat transport and water transfer to simulate flow
of water, heat and vapor through both saturated and
unsaturated soils. The embedded oxygen transfer (modified
Fick’s second law) is dependent on the saturation of the
soils but does not influence the calculation of the heat and
water flow part, so the water flow part can be simulated
separately. The basic governing equations for the water
flow and heat transport are as follows (Egs. 2, 3).

a_P—Q_i_Lg Daﬂ +ig D%
or T Py Ox\ " Ox A

+%(Kx@(l’/pwg+y)) +Q<Ky6(P/pwg +y))

fobs Oy Oy
(2)
oT 0 oP, 0 oP,
;vta =0+ Lva (Dva) + Lva—y <Dv6_y
0 or 0 oT or
Fallgy) * 5 () Henvigy
oT
+ Pwlw Vva_y (3)

where P is water pressure, m is the slope of the soil water
characteristic curve, Q is the applied boundary flux, P, is
vapor pressure of the soil moisture, D, is the vapor diffu-
sion coefficient, K, and K|, are hydraulic conductivity in the
x and y directions, respectively, y is elevation head, p,,
is density of water, g is acceleration due to gravity and ¢ is
time, A, is apparent volumetric heat capacity of soil, T is
temperature, Q, is the applied thermal boundary flux, L,
is latent heat of vaporization; k, and k,, are thermal con-
ductivity values in the x and y directions, respectively, c,, is
mass specific heat capacity of water, V, and V, are Darcy
water velocity in the x and y directions.

Then water (liquid and vapor phases) flow and heat
transfer were combined using Eq. 4 (Edlefsen and Ander-
son 1943).

Py = Py (e_w> (4)

where P, is saturated vapor pressure of pure free water, W,
is the molecular weight of water (0.018 kg/mol), R is
universal gas constant (8.314 J/mol K).
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Actual evaporation (E) is calculated using the Penman-
Wilson method (Wilson 1990) when net surface radiation
data are available (Eq. 5) or directly estimated from user
supplied potential evaporation (Eq. 6).

AQ, + vE,
T A+ Av (5)

where FE is actual evaporation, A is slope of the saturation
vapor pressure versus temperature curve at the mean
temperature of the air, Q, is net radiant energy available
at the surface, v is the psychometric constant, E, =
f(u)es(B—A), flu) = 0.35(1 4+ 0.15 U), U is wind speed,
e, 18 vapor pressure in the air above the evaporating surface,
B is inverse of the relative humidity of the air, A is inverse
of relative humidity at the soil surface.

where E), is user supplied potential evaporation, A, is rel-
ative humidity at the soil surface, A, is relative humidity of
the air, e, is saturation vapor pressure in the air above the
evaporation surface, eg is saturation vapor pressure at the
soil surface. In VADOSE/W, Egs. 2-6 are solved simul-
taneously using finite elements and input data to yield the
actual evaporation rate E, the vapor pressure P,, water
pressure P, and temperature 7. Key input data include the
soil-water characteristic curve (SWCC), the hydraulic
conductivity—suction function, thermal data (soil thermal
conductivity, mass specific heat capacity), and climate data
(temperature, relative humidity, wind speed, precipitation).
Other details on VADOSE/W are given in Krahn (2004).
The measured water balance components were first
employed to calibrate and validate the input parameters in
the computer program VADOSE/W. Then further analysis
of channel flow was conducted using the calibrated pro-
gram. Two aspects were investigated in the present study:
the effects of the location of the channel on the components
of water balance and the effects of material property (i.e.,
saturated hydraulic conductivity) of the sand filling the
channel pathway on water balance components. The pur-
pose was to obtain a picture of how channel flow occurring
in the moisture-retaining layer impacts the long-term per-
formance of the soil cover. Table 2 presents the modeling
cases and their purposes. Case 1, the experimental case,
was to calibrate the model. The effect of the location of the
channel flow pathway on the water balance was modeled
through Cases 2-5. The location of the channel pathway in
the current study is expressed by the normalized distance
(x), which is defined as the ratio of the horizontal distance
from the mid-point of the channel pathway to the highest
point on the slope to the total horizontal length of the soil
cover. In all the modeling cases, the width of the
channel pathway was 10 cm, the same as that built in the
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Table 2 Modeling cases in the present study

Modeling case  Type of case Purpose

Properties of the channel pathway

Specific position-horizontal =~ Normalized  Saturated hydraulic
distance from the highest distance® conductivity
point on the slope (cm) (x, m/m) (m/day)
Case 1 Experimental test (Test 1)  To calibrate model Upslope, 30-40 0.29 24.2
Case 2 Hypothetical case To evaluate the effect Up-upslope, 0-10 0.04 24.2
Case 3 Hypothetical case Olfl the 110031011 of the  Midslope, 6070 0.54 242
Case 4 Hypothetical case channel pathway Downslope, 80-90 0.71 24.2
on water balance
Case 5 Hypothetical case Down-downslope, 110-120  0.96 242
Case 6 Hypothetical case To evaluate the effect of ~ Upslope, 30-40 0.29 242
Case 7 Hypothetical case h]}c/draulic? T‘E‘ﬁu“i‘ﬁty Upslope, 30-40 0.29 121
. of material filling the
Case 8 Hypothetical case channel pathway on Upslope, 30-40 0.29 48.4
Case 9 Hypothetical case water balance Upslope, 30-40 0.29 12.1
Case 10 Hypothetical case Upslope, 30-40 0.29 4.84
Case 11 Hypothetical case Upslope, 3040 0.29 2.42

? Normalized distance (x) is the ratio of the horizontal distance from the mid-point of the channel pathway to the highest point on the slope to the
total horizontal length of the soil cover, e.g. for Case 1, the normalized distance = 0.35 m/1.20 m = 0.29

experiment. The material filling the channel pathway and
its hydraulic properties (specifically, SWCC and unsatu-
rated hydraulic conductivity) were also the same as in the
experiment.

In addition, six other cases (Cases 6—11) were modeled
to analyze the influence of the saturated hydraulic con-
ductivity of the channel material on the water balance. In
this modeling, the location of the channel and its width
were kept the same as that built in the experiment. As
mentioned, the SWCC of the channel material was also
kept unchanged. Only the saturated hydraulic conductivity
of the material was varied.

Figure 2 shows the finite element mesh used to model
the water balance in the experiment. A finer mesh (1 cm
high) was chosen at the surface 20 cm in the sand layer to
improve computation accuracy and convergence. The
drying and wetting processes in the experiment were
modeled separately for the sand layer. It was somewhat a
pseudo-hysteretic analysis because only the unsaturated
hydraulic conductivity functions were varied during the
drying and wetting processes and the SWCC of the sand
was kept the same to simplify the modeling. Only the sand
layer was considered during separate drying and wetting
stages in the modeling because: (1) the measured water
content and matric suction in the sand layer showed sig-
nificant difference during the precipitation and evaporation
stages; (2) the water content and the suction in the silty
clay layer and the waste rock were relatively stable during
the precipitation and evaporation stages. Apart from the
consideration of the different drying and wetting processes
in the sand layer, the surface sublayer (0-10 cm) of the
sand was assigned different unsaturated hydraulic con-
ductivity values during rainfall events to consider the initial

infiltration process (Krahn 2004). The thickness of the top
sublayer of the sand was taken as 10 cm based on a visual
examination of the sand layer in the experimental unit,
which revealed a relatively dry sublayer 4-9 cm at the
surface along the slope before rainfall events. The model-
ing steps and the corresponding unsaturated hydraulic
conductivity functions of the sand layer for the experi-
mental case are presented in Table 3. Other modeled
hypothetical cases also followed the same modeling steps
as listed in Table 3. However, for Cases 6—11, the saturated
hydraulic conductivity of the material filling the channel
pathway was changed (but the shape of the unsaturated
hydraulic conductivity curve was kept the same as that of
the sand layer at the depth of 10-30 cm).

Input data

Data needed to run VADOSE/W include soil properties
(SWCC, unsaturated hydraulic conductivity, thermal data)
and environmental and climatic conditions (temperature,
relative humidity, wind speed, potential evaporation, and
precipitation). In addition, the oxygen decay coefficient of
the waste rock must also be known in order to calculate the
gas flux.

Soil water characteristic curve The soil-water charac-
teristic curve (SWCC) of a soil is an important parameter
that governs water movement in the unsaturated soil. The
SWCC tests of the waste rock and sand were conducted
using a tensiometer with a measurement range of
0-100 kPa. The SWCC of the silty clay was measured using
a pressure plate (Fredlund and Rahardjo 1993) that could
withstand a maximum air pressure of 15 bars (approximately
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Fig. 2 Mesh and boundary
conditions used in the computer
modeling (BC boundary
condition)

Sand (0-10 cm)

Sand (10-30 cm)

Node A—

BC2 ]

Silty clay

Waste rock ==

Channel pathway

Table 3 Modeling steps applied in the present study for Case 1 (experimental case)

Modeling step Modeling period Climatic event

Used unsaturated hydraulic conductivity
of the sand layer as shown in Fig. 4

Step 1 18 days from 8 to 25 Drying stage
February 2008
Step 2 6 days from 26 Raining stage
February to 2 March (first rainfall event)
2008
Step 3 61 days from 3 March Drying stage
to 2 May 2008
Step 4 7 days from 3 to Raining stage
9 May 2008 (second rainfall event)
Step 5 60 days from 10 May to Drying stage

8 July 8 2008

The whole sand layer used the hydraulic conductivity curve
labeled “sand-drying”

The surface sand 10 cm used the hydraulic conductivity curve
labeled “sand (0-10 cm)-wetting”, and other sand (including
sand in the channel path) used the curve labeled “sand
(10-30 cm)-wetting”

The whole sand layer used the hydraulic conductivity curve
labeled “sand-drying”

The surface sand 10 cm used the hydraulic conductivity curve
labeled “sand (0-10 cm)-wetting”, and other sand (including
the sand in channel path) used the curve labeled “sand
(10-30 cm)-wetting”

The whole sand layer used the hydraulic conductivity curve
labeled “sand-drying”

1,500 kPa). The measured data were fitted with the equation
by Fredlund and Xing (1994). Figure 3 shows the SWCCs of
the test soils used in the modeling. The fitted parameters are
listed in Table 4.

Unsaturated hydraulic conductivity function The unsat-
urated hydraulic conductivity functions of the soils used in
the modeling are shown in Fig. 4. These curves were
obtained by fitting the saturated hydraulic conductivity of
the soils and the corresponding SWCCs with the function
embedded in VADOSE/W. The methods used to obtain the
saturated hydraulic conductivity of the soils have been
described by Song and Yanful (2009a). The van Genuchten
(1980) model was used to generate the unsaturated
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hydraulic conductivity functions for all soils except the
sand in the wetting stage which was fitted with the method
proposed by Fredlund et al. (1994). The saturated hydraulic
conductivity of the waste rock was decreased from
3.1 x 1072 to 1.16 x 107> cm/s to consider the effect of
the underlying geotextile because it was found that fine
particles collecting on the geotextile blocked the water flow
significantly and delayed percolation during the test. The
unsaturated hydraulic conductivity functions for the sand
were slightly modified during calibration of the model.
During precipitation events (wetting stage), only 2-3
orders of magnitude increase in the unsaturated hydraulic
conductivity of the sand [labeled “Sand (0-10 cm)-
wetting” in Fig. 4] was assigned to the surface sublayer



Environ Earth Sci

Fig. 3 Soil water characteristic
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Table 4 Input thermal data and curve fitted parameters used for the
cover soils and waste rock in the modeling

Soil  Mass Soil mineral ~ Parameters®
specific heat thermal
capacity conductivity ¢ n m
(Kl/kg °C)  (KJ/day m °C)
Sand 0.88 380 0.99566 1.094 1.9288
Silty 0.8 400 88.894 1.7143  0.23098
clay
Waste 0.7 388 0.03401 0.72593 1.0855
rock

% Parameters used in the equation by Fredlund and Xing (1994)

(Krahn 2004). The sand filling the channel pathway had the
same unsaturated hydraulic conductivity as the sand layer
overlying the barrier, that is, at the depth of 10-30 cm.
During analysis of the effects of the saturated hydraulic
conductivity of channel sand on the water balance, the
channel sand had the same unsaturated hydraulic conduc-
tivity—suction function (same shape) as the sand layer at the
depth of 10-30 cm, but different saturated hydraulic
conductivity.

Thermal data The mass specific heat capacity and ther-
mal conductivity of the soil are two input parameters in
VADOSE/W that define the heat transfer in the soil. The
water content and thermal behavior of the soil can influ-
ence each other because unsaturated soil consists of air,
water and solid particles, and air and water have different
thermal behavior. Table 4 lists the thermal data for the
soils used in the modeling.

Climate data The climate data needed in VADOSE/W
include daily minimum and maximum temperature, daily
minimum and maximum relative humidity, daily wind
speed, daily energy source (net radiation or potential
evaporation) and precipitation and its duration. Generally,

1.E-02 1.E+00 1.E+02 1.E+04
Suction (kPa)

1.E+06

the change in temperature during the experiment was not
large (about 6°C), and the daily change in laboratory
temperature was around 2-3°C (Online Resource Graph 2).
Therefore, the minimum temperature used in the model
was the measured temperature minus 1°C and the maxi-
mum temperature was the measured temperature plus 1°C.
The average humidity ranged from 12 to 60%. The dif-
ference between the maximum and the minimum humidity
was mostly less than 10%. A table fan positioned above the
experimental unit provided wind for the soil cover. The
potential evaporation measured downslope and upslope of
the sand surface indicated that the wind speed was not
uniform along the slope. The wind speed upslope was
higher than that downslope. The estimated average wind
speed was 2.6 m/s when the fan was on. The wind speed
was zero when the fan was off. During the modeling, the
measured potential evaporation was input for the calcula-
tion of actual evaporation and its distribution was consid-
ered constant each day. The measured average potential
evaporation was 1.8 mm/day when the fan was switched
off and 3.8 mm/day when the fan was turned on. During
the test period, the soil cover had two rainfall stages. The
first rainfall event, applied over 6 days from 26 February to
2 March 2008, had a total precipitation of 164 mm and an
average intensity of 27.3 mm/day. The second rainfall
event lasted 7 days (from 3 to 9 May 2008) and had a total
precipitation of 148.1 mm and an average intensity of
21.2 mm/day (Online Resource Graph 3).

Boundary and initial conditions

The boundary conditions applied in the modeling are
indicated in Fig. 2 and explained in Table 5. The measured
indoor climate data were employed as the upper boundary
condition (BC1). At the bottom of the waste rock, Nodes B,
C and D (at the locations of Outlets 3, 4 and 5 in Fig. 1)
were specified as seepage points during modeling, and the
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Fig. 4 Unsaturated hydraulic 1.E+02 : -
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Table 5 Boundary conditions used in modeling
Symbols used in Fig. 2 Location Explanation
BCl1 Surface of the soil cover Climate data without vegetation data

(upper boundary)

Left side of the soil cover
(downdip boundary)

BC2 (except for Node A)

BC3 (except for Bottom of the soil cover
Nodes B, C, and D) (bottom boundary)
BC4 Right side of the soil cover
(updip boundary)

Node A Located at the Outlet 2 (Fig. 1)
Node B Located at the Outlet 3 (Fig. 1)
Node C Located at the Outlet 4 (Fig. 1)
Node D Located at the Outlet 5 (Fig. 1)

Zero water flux, zero thermal flux, and zero gas flux
Zero water flux, zero thermal flux, and zero gas flux
Zero water flux, zero thermal flux, and zero gas flux

Seepage point for water flow during rainfall events, zero water
flux during drying period. Zero thermal flux and gas flux all
time in the modeling

Seepage point for water flow, zero thermal flux and gas flux
Seepage point for water flow, zero thermal flux and gas flux
Seepage point for water flow, zero thermal flux and gas flux

other nodes at the base (BC3) were set as no-flux boundary.
The right side (BC4) was specified as no-flux condition,
and the left side (BC2) was also specified as no-flux
boundary except for Node A (at the location of Outlet 2 in
Fig. 1), which was specified as seepage point during pre-
cipitation and no-flux point during drying period. The
boundary conditions for heat transport and gas diffusion
were very simple. Except for the upper boundary (climate
boundary), the other three sides were set to a no-flux
boundary for heat transport and gas diffusion.

The initial parameters needed for the nodes were pres-
sure, temperature, and gaseous oxygen concentration. For
pressure, —0.8, —0.3, and —0.1 m were specified for the
nodes in the sand layer, silty clay layer, and waste rock,
respectively. These values were similar to the measured
soil water potential values downslope in the sand layer,
silty clay layer, and waste rock at the beginning of the test.
The temperature was kept constant at 22°C, and the initial
gaseous oxygen concentration was 180 g/m>.
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Results

Soil temperature, matric suction, and volumetric
water content

In general soil temperature during the experiments changed
with the air temperature in the laboratory; temperatures
in the soils were very close to each other in the range of
20-24°C. The temperature fluctuated more in the sand
layer than in the silty clay layer and the waste rock because
the sand layer, being the upper most layer, was in direct
contact with the atmosphere. The measured laboratory
temperature was about 1-1.5°C higher than the measured
temperature in the soils (Online Resource Graph 4).

At the same depth in the sand layer, the measured matric
suction increased upslope during the drying period (Fig. 5).
For example, the suction upslope was 34.5 kPa at the end
of the first wetting—drying cycle (2 May 2008), while
suctions midslope and downslope were 24 and 18.5 kPa,
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respectively. Similarly, the measured matric suctions at the
end of the test (8 July 2008) were 30, 20, and 14 kPa
upslope, midslope, and downslope, respectively. Although
the sensor located midslope was equidistant from the ones
upslope and downslope, the measured suction differences
between them were not the same. The difference between
the suction upslope and the one midslope was larger than
that between the suction midslope and the suction down-
slope. For instance, the suction difference between P11
(upslope) and P7 (midslope) was 10 kPa at the end of the
first wetting—drying cycle (2 May 2008), while the suction
difference between P7 (midslope) and P2 (down slope) was
about 5 kPa on the same day. This phenomenon may be
attributed to the effect of the channel pathway and channel
flow existing between the upslope and the midslope. Due to
water moving down through the channel pathway during
rainfall events, less water accumulated upslope, resulting in
larger suction during the subsequent dry period. Even
during rainfall events, the suction upslope was a bit larger
than those midslope and downslope due to the effect of the
channel flow upslope. Apart from the effects of channel
flow, suction was also influenced by slope because of water
movement down the slope. For example, the suction
midslope was larger than the one downslope as mentioned
above.

The matric suction in the silty clay and sand layers had
similar trends (Online Resource Graph 5). In general,
rainfall events affected the suction in the silty clay layer
because suction decreased during precipitation. Evapora-
tion had less effect on the silty clay layer than on the sand
layer due to the lower hydraulic conductivity of the sand
layer when suction was high. Measured matric suction
values in the middle of the silty clay layer ranged from O to
10 kPa. Thus, it may be inferred that the overlying sand
layer prevented water loss from the barrier layer (silty clay)
during evaporation. Yanful et al. (2003) made similar
observations from laboratory experiments. The relatively

Fig. 5 Measured matric suction 40

lower suction measured in the silty clay layer implied that
the silty clay layer could maintain high water content at
increasing suctions in the overlying sand.

Measured matric suction in the waste rock (Online
Resource Graph 6) decreased with time and was not
affected by rainfall events, unlike the trends observed in
the sand and silty clay. Suction values recorded in the
waste rock (depth of 90 cm) were between —1 and 1 kPa.
The negative suction values implied that the waste rock
was nearly saturated. This was in agreement with the
volumetric water content (0.1-0.3 cm/cm? ) measured on
waste rock samples taken after the test.

The observed volumetric water content of the sand layer
at the depth of 20 cm agreed well with measured suction at
the same depth (Fig. 6). The volumetric water content
decreased along the slope from downslope to upslope.
Water was lost more quickly upslope (W11) than midslope
and downslope (W7 and W2) following rainfall. The
measured maximum volumetric water content in the sand
layer at the depth of 20 cm below the sand surface was
approximately 0.13 downslope (W2) with a degree of sat-
uration of 32% during the rainfall events, whereas the
maximum volumetric water content upslope (W11) was
approximately 0.09 with a degree of saturation of 22%.
These results indicate that the upslope channel flow path-
way likely transported more gaseous oxygen into the
underlying waste rock.

As predicted from the measured matric suction, the
volumetric water content in the silty clay layer at the depth
of 55 cm was close to the porosity and ranged from 0.33 to
0.38 (Fig. 7). The water content downslope was higher
than those measured midslope and upslope. Rainfall events
did not show much effect on the volumetric water content
of the silty clay layer. Because the whole silty clay layer
was compacted in ten sublayers, the measured initial water
content showed some scatter. After 80 days, the water
content of the silty clay layer became relatively uniform
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due to the re-distribution of the pore water. The average
volumetric water content at the depth of 55 cm in the silty
clay layer was about 0.35 at the end of the test, which
corresponded to a degree of saturation of 97%. This high
saturation would considerately reduce gaseous oxygen
ingress into the underlying waste rock.

The measured volumetric water content downslope
(W6) in the waste rock ranged from 0.03 to 0.06; it was
0.05 and 0.08 midslope (W9) and 0.02-0.035 upslope
(W15) (Online Resource Graph 7). TDR measured volu-
metric water contents of the waste rock likely did not
reflect actual values because they were significantly dif-
ferent from water contents (0.1-0.19) obtained from oven
drying at the end of the test. Previous study by Song and
Yanful (2009b) using column tests with similar precipita-
tion events gave volumetric water content of similar order
(0.16, on average). Visual inspection after the test indicated
that the waste rock close to the bottom of the box was
nearly saturated. Fortunately, the volumetric water content
of the waste rock had only a small influence on the cal-
culation of the water storage change in the soil cover
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system because the change in the waste rock water content
was insignificant and the volume of waste rock was smaller
than that of the sand or silty clay.

Comparison of modeled and measured water balance
components

The modeled and measured water balance components
including precipitation, interflow, percolation, actual evap-
oration, and change in soil water storage for the experimental
case (Case 1) are shown in Fig. 8 and in Table 6. Figure 8
indicates that there was almost no discrepancy between the
measured precipitation and the precipitation used by the
model due to indoor temperature being higher than 0°C
during the test period.

The measured total interflow was 33.08 L, while the
modeled interflow was 33.07 L; that is, there was only
0.01 L difference in the total interflow. For the percolation,
the measured value (40.24 L) was close to the modeled
value (38.48 L). The modeled change in soil water storage
and actual evaporation also matched the measured values
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Table 6 Measured and modeled water balance components for the experimental case (Case 1)
Components Measured values (L) and percentage Modeled values (L) and percentage
First rainfall Second rainfall ~ Total First rainfall Second rainfall ~ Total
event event event event
Precipitation 49.197 (52.5)* 44.437 (47.5) 93.634 (100) 49.098 (52.5) 44.497 (47.5) 93.595 (100)
Interflow 20.029 (21.4) 13.051 (13.9) 33.080 (35.3) 18.888 (20.2) 14.182 (15.1) 33.070 (35.3)
Percolation 19.781 (21.1) 20.456 (21.8) 40.237 (43.0) 19.011 (20.3) 19.465 (20.8) 38.476 (41.1)

+7.966° (+8.5) +7.558° (+8.1) —1.741° (—=1.9)  +9.122° (+9.7)

22.058 (23.6)

Change in soil water storage +7.185° (+7.7)  —3.833° (—4.1)

Actual evaporation 25.901 (27.7)

* The values in the bracket are the percentages over the total precipitation

° The maximum values achieved during the rainfall events; the positive value meant the water storage in the cover system increased

¢ The final change in soil water storage in the cover system; the negative value meant that the water storage in the cover system decreased

very well. For example, the modeled cumulative change in
soil water storage and actual evaporation at the end of test
were —3.83 and 25.90 L, respectively, while the measured
cumulative change in soil water storage and actual evap-
oration were —1.74 and 22.06 L, respectively. As shown in
Table 6, the largest difference between modeled and
measured water balance components occurred in the actual
evaporation with an error of 4.1% (23.6% for measured and
27.7% for modeled actual evaporation) over the total pre-
cipitation, which indicated that the modeled water balance
components were, in general, consistent with the measured
results.

The measured interflow during the second rainfall event
(2-9 May 2008) was 13.05 L, which was less than the
measured interflow in the first rainfall event (26 February
to 2 March 2008) with a value of 20.03 L. This difference
implied that lower precipitation intensity produced smaller
interflow. However, the measured percolations from the
first rainfall event and the second rainfall event were 19.78
and 20.46 L, respectively, which were very close to each
other. So, the effects of precipitation intensity on the
interflow and percolation were different. Another reason
for the difference in behavior between interflow and

percolation during the first and second rainfall events may
be the presence of the geotextile underneath waste rock in
the box. The geotextile could be plugged by fine particles
from the waste rock and might not have transferred effluent
evenly. The modeled interflow and percolation during the
first and second rainfall events had similar results as the
measured values. In short, the comparison of modeled and
measured water balance components indicated that the
model could reasonably predict the measured water bal-
ance under the prescribed parameters and designed mod-
eling steps for the experimental case (Case 1).

Results of sensitivity analysis

Figure 9 shows the modeled changes in soil water storage
at different locations in the inclined soil covers with the
channel flow pathways. The rainfall events increased the
total water content in the cover system. Larger precipita-
tion and intensity produced the larger positive change in
soil water storage during rainfall. For instance, the maxi-
mum changes in soil water storage after the first and the
second rainfall events for Case 3 were 8.2 and 5.2%,
respectively. With the change of the channel pathway from
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Fig. 9 Modeled changes in soil
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the upslope to the downslope (i.e., increasing the normal-
ized distance of the channel pathway, x), the maximum
change in soil water storage decreased. For example, the
maximum change in soil water storage was approximately
9.7% for Case 1 (x = 0.29) during the first rainfall event,
while the maximum change in soil water storage was
around 6.8% for Case 4 (x = 0.71) during the same period.
Similar results can be found in the second rainfall event.

The change in soil water storage decreased quickly after
rainfall but further decreased slowly with the prolonged dry
period. The normalized changes in soil water storage were
very close to each other (around —4%) at the end of the
first wet—dry cycle (day 84 in Fig. 9) but were a bit scat-
tered at the end of the second wet—dry cycle (e.g., the
changes in soil water storage in Cases 1, 3, and 4 were
—4.1, —5.5, and —6.3%, respectively on day 151) for the
different locations of the channel pathway. The difference
in the water storage change for the modeled cases during
the first and the second wet—dry cycles may be attributed to
the varying indoor climate. During the first wet—dry
cycle, the average relative humidity in the laboratory was
10-30%, but it ranged from 20 to 60% in the second
wet—dry cycle, as shown in Online Resource Graph 2. The
higher relative humidity caused less evaporation, thereby
decreasing the change in water content.

Time (day)

The relationship of normalized interflow, percolation,
and actual evaporation to the location of the channel flow
pathway is presented in Table 7 (also Online Resource
Graph 8). With the location of the channel pathway
changing from upslope to downslope (i.e., increase in the
normalized distance of the channel pathway, x), the cal-
culated percolation increased from 20.8 to 80.1%, and
interflow decreased from 53.1 to 0%. However, the esti-
mated interflow accounted for a very small part (<2.5%)
after the normalized distance of the channel pathway was
larger than 0.71 (Table 7). Similarly, percolation reached
the maximum value of 80.1% when x = 0.71 (Case 4) and
did not increase with an increase in the normalized distance
of the channel pathway. The actual evaporation from the
soil covers declined from 30.1 to 23.9% with the increase
in the normalized distance of the channel pathway from
x = 0.04 (Case 2) tox = 0.71 (Case 4). When the distance
of the channel increased from x = (.71 to 0.96 (Case 5),
the actual evaporation only increased from 23.9 to 24.2%.
As shown in Table 7, the sum of percolation and interflow
increased from 73.9 to 82.6% with increasing normalized
distance of the channel pathway from x = 0.04 to 0.71.
When the distance of the channel increased from x = 0.71
to 0.96, the sum of percolation and interflow decreased
from 82.6 to 80.1%. Similarly, the sum of percolation,

Table 7 Modeled percolation, interflow, and actual evaporation for the soil cover with the channel pathway at the various locations (Cases 1-5)

Normalized distance® Modeling cases Normalized value (%)

Sum of percolation, Sum of percolation,

(x, m/m) - - interflow (%) interflow, actual
Percolation Interflow Actual evaporation evaporation (%)

0.04 Case 2 20.8 53.1 30.1 73.9 104.0

0.29 Case 1 41.1 353 27.1 76.4 104.1

0.54 Case 3 65.7 14.8 25.1 80.5 105.6

0.71 Case 4 80.1 25 239 82.6 106.5

0.96 Case 5 80.1 0 242 80.1 104.3

? Normalized distance (x) is the ratio of the horizontal distance from the mid-point of the channel pathway to the highest point on the slope to the

total horizontal length of the soil cover
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interflow, and actual evaporation also increased with an
increase in the normalized distance of the channel pathway
from the highest point on the slope (x) and reached a
maximum value of 106.5% at x = 0.71 (Case 4), and then
decreased with further increase in the normalized distance.
Generally, the sum of percolation, interflow, and actual
evaporation was relatively constant (in the range of 104—
106.5%) as the channel pathway moved from upslope to
downslope.

When the location of the channel flow pathway was kept
constant at the normalized distance of 0.29 (the same as in
the experiment), changes in soil water storage with time for
the varying saturated hydraulic conductivity (K;) values of
the sand filling the channel (Cases 1 and 6-11) are shown
in Fig. 10. With a decrease in the saturated hydraulic
conductivity of the material filling the channel pathway,
the change in soil water storage increased during the
rainfall events. For example, the change in soil water
storage was about 8.8% during the first rainfall event (days
18-23) for Case 6 (K; = 242 m/day) and 10.9% for Case
11 (Ks = 2.42 m/day) over the same period. For all the
modeled cases, the change in soil water storage was larger
during the first rainfall event (days 18-23) than during the

second rainfall event (days 85-92). Again, this can be
attributed to the effect of precipitation intensity because the
average intensity during the first rainfall events (27.3 mm/
day) was larger than that in the second rainfall events
(21.2 mm/day). The changes in soil water storage for all
modeled hydraulic conductivities ranged from —2.8 to
—3.6% at the end of the first wet—dry cycle (day 84) and
from —2.8 to —4.9% at the end of the second wet—dry cycle
(day 151).

Table 8 presents the modeled calculated interflow, per-
colation, and actual evaporation for the cover when the
material filling the channel pathway had different saturated
hydraulic conductivity (K;) values (Cases 1 and 6-11).
Normalized interflow, percolation, and actual evaporation
changed significantly more with a change in the saturated
hydraulic conductivity (K;) of the channel material when
K, was less than 48.4 m/day (twice the hydraulic conduc-
tivity of the overlying sand layer) than the cases when K
was larger than 48.4 m/day (Online Resource Graph 9). In
general, actual evaporation did not change as much as
interflow and percolation in all modeled cases. Table 8
shows that the sum of modeled percolation and inter-
flow and the sum of percolation, interflow, and actual

Fig. 10 Modeled changes in
soil water storage for the
inclined layered soil cover with
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Table 8 Modeled results of percolation, interflow, and actual evaporation for the soil cover with the material filling the channel pathway having

varying saturated hydraulic conductivity values (Cases 1 and 6-11)

Saturated hydraulic Modeling cases Normalized value (%)

Sum of percolation, Sum of percolation,

conductivity (m/day)

interflow (%) interflow, actual

Percolation Interflow Actual evaporation evaporation (%)
242 Case 6 51.9 26.8 26.2 78.7 104.9
121 Case 7 50.0 28.3 26.4 78.3 104.7
484 Case 8 46.1 31.3 27.1 77.4 104.5
24.2 Case 1 41.1 353 27.7 76.4 104.1
12.1 Case 9 34.8 404 28.6 75.2 103.8
4.84 Case 10 249 48.8 29.7 737 103.4
242 Case 11 17.4 54.7 30.7 72.1 102.8
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evaporation decreased with a decrease in the saturated
hydraulic conductivity of the material filling the channel.
However, the decrease in the sum of percolation, interflow,
and actual evaporation was small and ranged from 104.9%
with K =242 m/day (Case 6) to 102.8% with
K, = 2.42 m/day (Case 11), as shown in Table 8.

Discussion

After the test, several samples were taken from each soil
layer to measure water content using the oven drying
method. The results showed that TDR measured volumetric
water contents of the sand and silty clay agreed well with
those obtained from oven drying. However, the TDR
measured volumetric water contents of the waste rock
showed significant deviation from those obtained from the
oven drying method. For example, the TDR measured
volumetric water contents ranged from 0.02 to 0.08 (Online
Resource Graph 7), while values from oven drying were
from 0.1 to 0.19. The discrepancy between the TDR water
contents and those from oven drying may be attributed to
the effect of the ionic strength of the waste rock pore water
on the TDR readings (Nadler et al. 1999; Nichol et al.
2003). These authors have shown that high ionic strength
of soil pore water can reduce the quality of TDR wave-
forms. A further proof that ionic strength played a role was
the fact that the TDR measured volumetric water content
values and those from oven drying were similar in Test 2
(cover without channel), where the waste rock oxidized
less (Song and Yanful 2009a). As mentioned before, the
calculated total change in soil water storage in the cover
system fluctuated only slightly for the different values of
the volumetric water content in the waste rock. However, it
would still be necessary to improve the method of mea-
suring the water content of waste rock in future research.

During the test, an electric table fan was placed over the
experimental box to create wind to accelerate evaporation
from the soil cover. It was found that the equivalent wind
speed back-calculated from the measured potential evap-
oration was not uniform along the surface of the cover
slope. The wind speed upslope was higher than the one
downslope. This was also confirmed by the fact that the
measured matric suction in the sand layer upslope was
larger than that downslope at the same depth (say 10 cm),
and the upslope section had thicker visible drying front
than the downslope. For example, the visible drying front
was approximately 4 cm downslope and 9 cm upslope at
the end of the test. The difference in the upslope and
downslope wind speed made it difficult to set the atmo-
spheric boundary condition at the surface of the soil cover
during the modeling. The sensitivity analysis indicated that
the different settings of the surface boundary condition
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produced larger effects on the matric suction simulation in
the sand layer (particularly in the top 15 cm) than on the
water balance components such as the change in soil water
storage.

To calibrate the computer model to measured water
balance in the test, the unsaturated hydraulic conductivity
functions of the sand layer estimated from the van
Genuchten (1980) and Fredlund et al. (1994) methods were
decreased slightly in the low suction range (less than
100 kPa) (Online Resource Graph 10). The practice of
making slight modifications in input parameters during
calibration of saturated—unsaturated flow models has been
used by other investigators. For example, Scanlon et al.
(2002) used modified laboratory-measured water retention
and saturated hydraulic conductivity data generated by
UNSAT-H calibration to predict water balance compo-
nents. Adu-Wusu et al. (2007) also modified laboratory-
measured soil water characteristic curves during calibration
of model VADOSE/W for water balance prediction in two
soil covers. The variability of soil properties implied that
the ability of the computer model and accuracy of input
parameters are of equal importance in obtaining good
outputs from the model (Adu-Wusu et al. 2007).

Although the sand layer went through the apparent
wetting and drying periods in the test, its actual hysteresis
on SWCC was not considered and only one SWCC
(measured in the laboratory using tensiometer with wetting
process) was used during modeling because (1) studies
(Yang et al. 2004; Pham et al. 2005) have indicated that
suction difference between the wetting and drying bound-
ary SWCCs at the same water content in fine sand was only
0.1-0.2 log-cycles; (2) using one SWCC can simplify the
modeling. Because VADOSE/W (GEO-SLOPE 2004) does
not consider hysteresis, it was difficult to model the actual
hysteretic process in detail. In the modeling, the wetting
periods were roughly determined just from the rainfall
events, but this determination did not represent the actual
conditions for the whole sand layer. For example, the
drying process may still exist in the sand layer (or part of
the sand layer) on the rainy day because the actual pre-
cipitation only occurs in 1 h of the rainy day. Moreover,
the history of the wetting—drying cycles also affected the
hydraulic property and consequently the modeled results.
For example, the discrepancies between the measured
change in soil water storage, actual evaporation and the
corresponding modeled values in the second wet—dry cycle
(3 May to 8 July 2008) are relatively larger than those in
the first wet—dry cycle (26 February to 2 May 2008) as
shown in Fig. 8. This phenomenon implied that the
hydraulic properties (SWCC and unsaturated hydraulic
conductivity) of the sand may need to be modified slightly
for the second wet—dry cycle to get better fit between
measured and modeled results.
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In the modeled cases with the different saturated
hydraulic conductivity values (Cases 6—11), the soil water
characteristic of the channel material was unchanged and
kept the same as that of the sand used in the experiment.
This may not be true in actual field situations because
different saturated hydraulic conductivities imply that the
materials have varying pore sizes and connectivities which
could result in different soil water retention functions.
However, the modeled cases still provided insight into the
effect of hydraulic conductivity of the filling material in the
channel pathway on water balance components during
preferential flow in the barrier layer.

In the experiment, the diversion capacity of the barrier
layer (silty clay) was likely negligible because of the low
saturated hydraulic conductivity (8.2 x 10~° m/day) of the
silty clay layer and the short length of the soil cover. The
channel flow could have a different effect on the water
balance components if a large diversion capacity can be
built up at the bottom of a capillary barrier and the scale of
the soil cover is large. Except for the location of the
preferential pathway and saturated hydraulic conductivity
of material filling the channel, other factors such as the
geometry of the flow pathway, the geometry of the sloped
cover, and the characteristics of the cover soils can all
affect the final water balance components (especially the
percolation to the underlying waste rock) and, conse-
quently, the performance of the cover system during
preferential flow. Further research is necessary to shed
more light on the effect of preferential flow in barrier layers
on the long-term performance of the soil covers.

Significance to the engineered soil cover design

Through sensitivity analysis of the location of the channel
flow pathway, it was found that the sum of the percolation
and interflow was relatively constant and only changed
slightly when the location of the channel flow pathway
changed. This phenomenon may be used to identify the
position of the channel pathway developed in the barrier
layer through measurement of the water balance compo-
nents in the field, hence providing the possibility to locate
and repair cracks that may have developed in the barrier.
Water balance components, especially runoff, interflow, and
percolation will change depending on the location of cracks
and hence preferential flow. Of course, many other factors
such as geometry and frequency of the cracks (macropores)
may also influence the water balance components.

The modeled results showed that the percolation was
sensitive to both the location of the channel pathway and the
saturated hydraulic conductivity of material filling the
channel pathway, so ideally, the best cover design should
minimize the development of preferential flow in the
barrier layer. In practice, however, cracks may form and

compromise the performance of the cover. The sensitivity
analysis also indicated that the maximum percolation
occurred when the channel pathway was located down-
slope; therefore the soil cover design and construction
should include special measures to avoid the formation of
cracks and preferential flow downslope. If the generation of
preferential flow were inevitable, decreasing the percolation
could be an option. In the modeled cases, the actual evap-
oration did not change significantly with the location of the
channel and change in the hydraulic conductivity of the
channel material. The water was mainly redistributed
between percolation and interflow; as a result, increasing
the interflow could decrease the percolation into the
underlying waste rock. One way of increasing interflow
from the barrier includes choosing the appropriate barrier
material, geometry (or topography) and configuration of the
soil cover. It should be noted that forgoing analysis and
discussion are based on consideration of percolation alone.
Since channeling may also impact ingress of gaseous
oxygen into the underlying waste rock, oxygen transfer is a
factor that must be considered. Increased oxygen due to
channeling can result in increased oxidation of sul-
fide-bearing minerals present in the waste rock. Thus,
oxygen flux analysis should also be conducted in the design
to minimize the effect of channeling on soil cover
performance.

Conclusions

A 10-cm-wide channel pathway installed in a layered soil
cover with a slope of 20% was modeled physically in the
laboratory. The cover consisted of sand and silty clay
overlying acid-generating waste rock. Measured water
balance components were simulated with the commercial
computer program, VADOSE/W. Further modeling was
conducted to analyze the effects of the location of the
channel pathway and the saturated hydraulic conductivity
of the material filling the channel on water balance com-
ponents. Based on the measurement and modeling, the
following is concluded:

1. Measured matric suction in the sand layer decreased
and water content increased from upslope to
downslope. The silty clay layer maintained high
saturation during entire the test. The volumetric water
content of the waste rock obtained from TDR
measurements was lower than water content obtained
from oven drying. Continuous oxidation of the waste
rock probably affected the TDR waveforms, resulting
in the discrepancy.

2. Measured percolation in the test accounted for 43.0%
of the total precipitation, interflow for 35.3% and
actual evaporation for 23.6%.
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3. The measured and modeled results indicated that
precipitation intensity affected the maximum change
in soil water storage in the cover during rainfall events.
High precipitation intensity produced a large change in
soil water storage during rainfall.

4. The computer program reasonably simulated the
measured water balance in the experiment. A careful,
step-by-step modeling approach and slight adjustment
in the hydraulic conductivity-suction function of the
sand layer was used to achieve a satisfactory match.

5. The modeled percolation increased almost linearly
with the location of the channel from upslope to
downslope when the normalized distance of the
channel pathway to the highest point on the slope
was less than 0.71. The maximum percolation, 80.1%
of the total precipitation, was obtained when the
normalized distance of the channel pathway was 0.71.
Interflow decreased almost linearly with an increase in
the normalized distance of the channel pathway when
the normalized distance was less than 0.71. The
interflow was 2.5% and zero when the normalized
distance of the channel pathway was 0.71 and 0.96,
respectively. The sum of percolation, interflow, and
actual evaporation was relatively constant ranging
from 104.0 to 106.5% when the location of the channel
pathway varied.

6. When the channel pathway was located upslope with
a normalized distance of 0.29 (the same as built in
the experimental box), the modeled percolation
increased and interflow decreased steadily with
increasing saturated hydraulic conductivity of the
material filling the channel, and these changes were
quite significant when the saturated hydraulic con-
ductivity of the channel material was less than twice
the hydraulic conductivity of the overlying sand
(24.2 m/day).

7. The modeled results indicate that percolation is
sensitive to both the location of the channel pathway
and the saturated hydraulic conductivity of material
filling the channel, so cover design and construction
should avoid producing vertical preferential flow in a
barrier layer.
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