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Abstract. A coal refuse pile located in Greenbrier County, West Virginia was
studied to restrict generation of acid mine drainage through the use of a cap and
cover system. This paper presents results of a finite element method seepage
analysis on a proposed reclamation design. The proposed reclamation incorporates
a cap and cover system with a 0.3-m thick surface vegetation cap layer over a 0.6-
m thick low permeability layer. The low permeability layer is directly above the
coal refuse. Unsaturated soil mechanics was utilized, adopting the Fredlund and
Xing equation for soil-water characteristic curve (SWCC) estimation. SWCC
fitting parameters were calculated using the Zapata and the Hernandez estimation
techniques.  Different precipitation events were used to evaluate seepage
throughout the reclamation area and assess the effectiveness of the cap and cover
system. A steep area (>4H:1V) and a flat area were considered. The water balance
analysis showed a 50% to 88% reduction in water volume at the coal refuse layer
and a reduction in the time for the refuse to return to initial water content due to the
cap and cover system implementation. Moisture detainment was observed in the
growth layer and is important for supporting vegetation persistence.
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Introduction

Landfills are designed and constructed to regulate the flow of gases and liquid into the
subsurface to restrict the release of contaminants to the environment. This is commonly
accomplished by managing water penetration into the landfill. Cap and cover systems (also known
as alternative covers, store and release covers, or water balance covers) can be designed in several
configurations depending on its final purpose, availability of materials, and cost of execution.
Conventional covers utilize a low permeability layer above contaminated material to minimize
water movement. Typical configurations include a soil cover (e.g., growth layer), a low
conductivity soil layer or a geosynthetic clay liner, a composite, or a combination (Albright et al.,
2010).

Cap and cover systems are utilized for isolation to control environmental concerns. For
example, cap and cover systems are used to seal radioactive waste (Daniel, 1983), for landfills
(Nyhan et al., 1990; Warren et al., 1996), and to control acid mine drainage (AMD) in mine refuse
reclamation (Kim and Benson, 2004; Rowe and Hosney, 2013). The application of a cap and cover
system to control AMD is the focus of this research. Control of environment damage caused by
AMD is normally conducted using two approaches: i) “controlling the source” by reducing the
generation of AMD, or ii) “mitigation measure” in which the produced AMD is amended for
disposal (Johnson and Hallberg, 2005). Cap and cover systems control the source by reducing the
amount of AMD produced.

Cap and cover systems often include a vegetation growth layer to create resistive forces against
erosion, protect from freeze-thaw effects, reduce the rain splash effect, reduce runoff velocity, and
reduce soil particle movement (Gray and Sotir, 1995). Vegetation aids in the maintenance of the
water balance, consuming water from the topsoil layer, thus reducing infiltration and producing a

better aesthetical appearance to the reclamation (Peppas et al., 2000).

Depending on the soil media being utilized as a vegetation substrate, an additional nutrient
supply may be needed for vegetation establishment. Biosolids have been proven as an effective
nutrient supply to be used in surface mine reclamation. Research on different biosolids utilized in
reclamation of mine refuse piles indicated lumber mill waste, sewage sludge, and short paper fiber
(SPF) as three potential materials as a component of manufactured soil utilized in the growth layer

of a cap and cover system (Daniels and Zipper, 2010; Cyphers et al., 2018).
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Schuman and Sedbrook (1984) identified lumber mill waste as an appropriate reclamation
alternative for bentonite mine spoils, and Lunt (1955) verified an increase in soil organic matter
and pH moderation when lumber mill waste was utilized in coarse soils. Skousen and Clinger
(1993) monitored three years of a municipal wastewater sewage sludge application in a reclaimed
surface mine in West Virginia. Four different concentrations were applied to the site, resulting in
an increase in grass biomass, organic carbon; however, no relevant change in pH was observed.
Seaker and Sopper (1983) also performed monitoring over a mine refuse site with municipal
sewage application (rates of 80 Mg/ha and 108 Mg/ha) over a five-year period. They verified
enhancement of soil conditions for vegetation growth over the mine refuse with no negative effects

presented during the research period.

This research addresses the potential use of SPF as part of a manufactured soil in the growth
layer of a cap and cover system. SPF is a byproduct of paper production and has a high organic
content. For example, Ziadi et al. (2013) reported the following ranges of paper biosolid nutrient
contents: 294-438 g/kg, 4.5-231.5 g/kg, 1-5.8 g/kg, and 0.5-3.3 g/kg for total carbon, total nitrogen,
total phosphorus, and total potassium, respectively. Several studies have found benefits of
implementing SPF as a soil amendment. Camberato et al. (2006) identified an increase in organic
matter and water holding capacity and a reduction in erosion due to soil aggregation. Cyphers et
al. (2018) evaluated a coarse coal refuse (CCR) and SPF blend for vegetation growth, mixed in
different volumetric proportions. Results showed an increase of up to 70% in ground coverage by
vegetation per area studied. Carpenter and Fernandez (2000) verified different manufactured
topsoil amended with paper fibers were successful in obtaining N mineralization and resulted in

improvement in cation exchange capacity and P concentration.

Cap and cover systems are normally designed by applying unsaturated soil mechanics theory
seepage analysis (Benson and Bareither, 2012). Different soils will present different affinities for
water, which is described as matric soil suction. Fredlund and Xing (1994) performed regressions
of experimental testing results that culminated in equations describing matric suction as a function

of water content (equations 1 and 2), resulting in the soil-water characteristic curve (SWCC):

46



Where:

— #
0(¥,a,n,m) =C(¥) {ln[e+(l‘u/a)n]}m

—In(1+¥/y )
1n[1+(1'°00'000/wr)] +1 @)

M)

C¥) =

6 = Volumetric water content,

s = Saturated volumetric water content,

C(®) = Correction factor for suction = 10® kPa at zero water content,
a = Parameter function of the air entry value of the soil,

n = Parameter function of the rate of water extraction of the soil,

m = Parameter function of the residual water content (8y),

¥ = Soil water suction, and

¥, = Suction corresponding to the residual water content.

When a coarse soil is evaluated, high values of air entry parameters are found in the curve,

resulting in a rapid fall of the slope followed by a long tail. When evaluating finer materials, the

water affinity is higher, thus high values of matric suction are observed for lower water contents

when compared to coarse soils. Lu and Likos (2014) describe water affinity presenting the

capillarity effect where in fine soils the water tension is higher raising the waterfront higher than

in coarse materials.

Along with other parameters, the hydraulic conductivity can be generated from the SWCC.

Fredlund et al. (1994) established a model for the estimation of hydraulic conductivity integrating

the SWCC parameters along the volumetric water content range reaching the saturated stage at air

entry value (equation 3):
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ksat = Hydraulic conductivity at saturated conditions,
y = Variable function of the water content,

Paev = Air entry value,

6" =Correction factor for tortuosity,

b = Suction corresponding to residual water content.

The overall objective of this work was to simulate the performance of a cap and cover system

designed for controlling AMD infiltration in a coal refuse pile in West Virginia. The cap and cover
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system were composed of a growth layer and low permeability layer; the growth layer utilizes in-
situ material combined with SPF to limit the need for off-site material. The cap and cover system
performance were tested with multiple precipitation events for a steep (slopes greater than 1V:4H)
and a flat portion of a developed reclamation plan. Two designs were considered, both with the
same base refuse layer: one with the cap and cover system and one without. The intent was to
compare the volumetric water difference (VWD) at the refuse due to the system implementation.
A three-dimensional finite element seepage model of the proposed reclamation plan for the coal
refuse site was performed. The model was executed in a transient analysis utilizing unsaturated

soil mechanics.

Background: Cap and cover system design

The cap and cover system studied in this work was designed as part of a reclamation plan for
a coarse coal refuse in Greenbrier County, WV, as described by Hopkinson et al. (2017). The
intent was to control AMD by promoting infiltration into and evapotranspiration out of the growth
layer and to minimize infiltration into the refuse pile (Skousen et al., 2019). Figure 1 illustrates
the cap and cover system design; it is composed of two layers configured above the in-situ mine

refuse base layer: a low permeability layer and a growth layer.

a)

i

Figure 1. a) Cap and cover system layering and b) growth layer blend appearance.

The low permeability layer was designed as a 0.60-m compacted refuse layer consisting of the
refuse material that was regraded to the specified surface elevation contours. The 0.30-m thick
growth layer was composed of a combination of SPF and in-situ refuse material with a volumetric
proportion of 60% refuse material to 40% MGro™ (SPF) (Figure 1).
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Methods

Site Description
The pile consists of coarse coal refuse, a pyritic shale which is producing AMD. The site was

abandoned in 1999 and continues to produce AMD. The refuse pile (19.27 ha) is characterized by
minimal vegetation coverage. The effluent is being treated with conventional settlement ponds for
pH stabilization and metal removal. The site is in a mountaintop, and the unique water recharge
is precipitation. The site exhibits gullies, distributed surface water channeling, and high subsurface
infiltration. A geomorphic reclamation plan mitigating these issues was designed for this site (i.e.,
Hopkinson et al. 2017) and served as the base design for this paper. Ward (2001) identified the
site yearly treatment cost surpasses $220,000. Santos (2017) stated that for the year of 2015 the
AMD treatment for the site cost totaled $173,324, including chemicals, labor, and site
maintenance; and, the budget for executing a conventional reclamation is $2,288,385 versus

$2,959,494 for the geomorphic reclamation.

Soil Characteristics

Soil characteristics of the primary components of the cap and cover system were defined by
Stevens (2016) and Tolikonda (2010) (Table 1). The saturated hydraulic conductivity of the
growth layer was three orders of magnitude (cm/s) greater than the low permeability layer.
Porosity ranged from 0.18 for the low permeability layer to 0.52 for the growth layer. All soil
layers were considered three dimensionally isotropic. The unsaturated hydraulic conductivity was
calculated by the Fredlund and Xing (1994) estimation utilizing the saturated hydraulic

conductivity values presented herein.

Table 1. Soil hydraulic and strength properties (Data retrieved from: Tolikonda, 2010; Stevens,

2016)
Material Saturate(_j I_—|ydrau|ic Porosity Speci_fic
Conductivity (cm/s) Gravity
Fill 4x10% 0.45 2.65
Low permeability layer 2x10° 0.18 2.31
Growth layer 1x 103 0.52 2.00

The unsaturated properties for the soils used in the modeling were assigned by characterizing

the soil-water characteristic curves. Two grain size distribution curves are illustrated in Figure 2
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and are used as the base for the Fredlund and Xing (1994) SWCC equation parameters. Grain size
distribution of the growth layer is similar to the in-situ soil, as reported by Stevens (2016). The
SWCC fitting parameters are considered equivalent since they are calculated based on the GSD.
Two different methods were utilized for the calculation of the SWCC parameters according to their
suitability: 1) Zapata (1999) was utilized for the in situ soil (fill and growth), and 2) Hernandez

(2011) was used for the low permeability layer.

Zapata (1999) defines the SWCC parameters based on grain size distribution and plasticity of
the material, when applicable, and no hysteresis is considered. The method correlates the diameter
corresponding to the 60% finer fraction in the particle size distribution (Deo) to the fitting
parameters of the Fredlund and Xing (1994) SWCC (equations 1-2), by equations 4 to 6:

ar, = 0.8627(Dgp) 0751 (4)

mys, = 0.1772(In(Dey)) + 0.7734 %)
1

Vrpz = a5 (G709 (6)

where fitting constant ny, is 7.5.
The subscripts “f” denotes fitting parameter into the Fredlund and Xing (1994) equation, and “z”

denote that the fitting parameters were calculated by the Zapata (1999) estimation.

The low permeability layer SWCC estimation was performed by using the Hernandez (2011)
model (equations 7 to 9) which is more suitable for soils with a higher fines content. This method
utilized the diameter corresponding to the 10% finer fraction in the particle size distribution (D10)

as the soil gradation parameter input.

apn = —967.21Dy, + 218.37Dyo — 2.7 ©)
ne = 10(—0.0075a; + 0.1133a; — 0.3577a, + 0.3061) (8)
mep, = 0.0058a, — 0.0933a; + 0.4069a, + 0.3481 9)

where fitting constant %, is 100.
The subscripts “f” denotes fitting parameter into the Fredlund and Xing (1994) equation, and “h”
denote that the fitting parameters were calculated by the Hernandez (2011) estimation.

50



100 -
90 ~
{0 - —In situ soil
70 4 ONC s e Low permeability
60 -
50 A
40 -

30 -

Percent Finer by weight

20 ~

10 A

0 T T T T T rrrT T 7T T T rrrr T T T rrrr T T T 1
100 10 1 0.1 0.01

Particle diameter (mm)

Figure 2. Grain size distribution (GSD) for the modeled soils Data retrieved from: Tolikonda,
2010; Stevens, 2016).

In this work, the Zapata (1999) estimation for the in-situ soil was calculated with a Dgo of
1.0 mm as it is the upper boundary for this model. The Hernandez (2011) estimation was
calculated with a Dip of 0.07 mm. The fitting parameters as, nr;, My, and P+, were calculated to
be 0.86,0.77,7.5and 0.73, respectively, for both the in situ and growth soils. The low permeability
layer fitting parameters asm, nm, Mmm, and v were calculated to be 5.17, 2.81, 0.75 and 100. Fitting

parameters were applied to equations 1 and 2 for SWCC generation ( Figure 3).

With SWCC defined for each soil, the Fredlund et al. (1994) method for unsaturated hydraulic
conductivity can be applied (Figure 4). Unsaturated behavior mirrors the SWCC and reflects the

saturated hydraulic conductivity at the air entry value.
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Simulation description

The four events selected for precipitation for each model were a 24-hour duration rainstorm
with 1-, 5-, 25-, and 100-yr recurrence interval, corresponding to a 59 mm, 82 mm, 112 mm, and
139 mm rainfall depth, respectively (NOAA, 2018). The model used a daily time step starting day
0, and the precipitation events were applied at day 1 for an initial volumetric water content before
precipitation. Evapotranspiration was applied at a constant rate using the modified Wilson-Penman
(Wilson et al., 1994) method. The air temperature, humidity, and solar radiation were set as 20°C,
70%, and 20 Mj/m?/day, respectively (NOAA, 2018; NREL, 2019). These values remained
constant among all simulations. Reflection coefficient, sunshine ratio, and wind speed were set as
constant values of 0.05, 0.65, and 1 m/s, respectively, with no crust formation or vegetation. These
values were selected for simulation for the months of May and June. A low reflection rate was

selected for the material due to its black color.
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Figure 3. Estimated SWCCs for the modeled soils.

Model Geometry

Seepage modeling in this research was performed using the SoilVision® software with the
SVFIux® module. The cap and cover system layers were created utilizing the geometry from the
final watershed design of the site reclamation project (Figure 5). Two models were created: 1) a

steep slope model (slopes greater than 1:4 (14.04°) and 2) a flat model (slopes < 1:4). Site
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accounting for steep slopes was performed using Carlson® Civil suite 2016 identifying 11.82
hectares of the 19.27 hectares as flat slopes with average slope angle of 6.3°, and 7.45 hectares as

steep slopes with slopes averaging at or above 20°.
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Figure 4. Hydraulic conductivity functions of the modeled soils.
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Figure 5. Modeling region’s steep and flat locations on the project. Adapted from (Hopkinson, et
al., 2017).

The surface grid was composed of 20-m side squares resulting in a projected area of 22,400 m?
for both the steep and flat model (Fig. 5). A water table was set 1 m vertical distance above the
bottom of the refuse layer. Representation of the steep model in the SVFIux® software
environment is presented in

Figure 6. The flat modeling area (Figure 7) contains the beginning of a drainage channel and
that discharges in the east channel of the watershed design. The coordinates of the corners provide
visualization of the relief of the geometry. For modeling purposes, coordinates were transposed
to be relative to the model (having a corner at (0, 0, 0) for both steep and flat). Surface grids are
delineated in the dashed blue lines and the model elements in the dashed black line.
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Figure 6. Steep model representation; local coordinates in meters. Inset demonstrate layers in the
model
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Figure 7. Flat model representation; local coordinates in meters.
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Results and Discussion

Refuse layer water content

The volumetric seepage analysis focused on identifying the reduction in water volume at the
refuse layer. Effectiveness of the reclamation is evaluated by comparing the maximum volumetric
water difference (VWD) in the refuse presented by the steep and flat models with and without the
cover.

The first result observed is the time difference for the model to return to the initial volumetric
water balance due to evapotranspiration and seepage (Table 2). For the flat slope model,
effectiveness of the low permeability layer presents more evidence when evaluating the water
movement velocity. Reduction of runoff by water infiltrating in the growth layer creates high
gradients for water seepage, accumulating more water in the low permeability layer pores. In the
uncovered model, seepage occurs directly in the refuse with less infiltration when compared to the
growth layer. In the uncovered model, the evapotranspiration effect is more evident because of
the time reduction for water removal from the model. Two main factors contribute to the covered
model evaporation results: i) smaller water content develops lower hydraulic head for water to

seep outside the model, and ii) the growth layer as a more porous material retains water.

Table 2. Modeling results summary showing time (days) to return to initial water content

Precipitation Event

1-yr 5-yr 25-yr 100-yr
Without cover 17 30 50 61
Steep
With cover 25 36 58 63
Flat Without cover 17 21 29 45
With cover 26 32 51 66

For visualization of the model response, a time progression of the degree of saturation of the
covered steep and flat slopes response for the 25-yr storm was plotted. While similar progression
was observed for both steep and flat covered models, there are different saturation levels at day 2
(Figure 8 and 9). The growth layer at the steep model saturates up to 60%; however, the flat model
saturates to 70% in the growth layer due to hydraulic head build up. As time progresses, water
seeps to the toe of the slope, creating a saturation point (blue area). The crest of the slope

desaturates at a faster rate due to evapotranspiration. At day 45, the model returns to similar initial
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saturation (day 0) conditions. The refuse layer remains with less than 20% saturation throughout
time as result of the cover protection. The set water table reflects saturation at the bottom of the

model. It remains constant throughout the time steps, not influencing the model behavior.
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Figure 8. Degree of saturation progression of the covered steep slope model along time due to
the 25-yr storm; a) Day 0, b) Day 2, c) Day 10, d) day 15, e) day 45.
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The initiation of a drainage channel is present in the center of the flat model. This feature is
highlighted at Figure 9 with saturation levels remaining high at the channel (Fig. 9 c and d). The
set water table reflects saturation at the bottom of the model. It remains constant throughout the

time steps, not influencing the model behavior.
a) b)
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Figure 9. Degree of saturation progression of the covered flat slope model along time due to the
25-yr. storm; a) Day 0, b) Day 2, ¢) Day 10, d) day 15, e) day 45.
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Comparison between the models with the cap and cover system (covered model) and without
(uncovered model), indicated that runoff values were larger for the without cap and cover
condition, due to the higher porosity of the growth layer. The volumetric increase in runoff follows
a similar proportion of precipitation increase, but this pattern is not observed at the covered model.
Maximum infiltration to the refuse layer shows a substantial reduction for the covered model
(Figure 10 and Figure 11). Maximum water difference at the refuse varies from 50% to 88% for
the different storms (Table 3) when compared to the uncovered condition. At the flat uncovered
model, runoff decrease at the 100-yr storm compared to the 25-yr due to ponding increasing the

hydraulic head. No representative runoff volume was observed with cap and cover model.
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Figure 10. Volumetric water balance analysis comparison at the steep slope model: a) without
the cap and cover system and b) with the cap and cover system.
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Figure 11. Volumetric water balance analysis comparison at the flat slope model: a) without the
cap and cover system and b) with the cap and cover system.
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Table 3. Volumetric water difference (%) comparison for the cap and cover system applied to a
steep and flat area.

Precipitation event

1-yr S-yr 25-yr 100-yr
Steep 50 55 71 68
Flat 88 81 76 80

Runoff values are not representative for the without cap and cover models as a result of the
model runoff calculation. The model uses indirect pore pressure calculations for runoff volumes
resulting in water infiltrating and building the pore pressure downslope in the model, thus water
would be infiltrating upslope and raising back downslope, causing double counting in the volume.
Minor errors due to the numerical solution nature can be noticed in the results. Comparing the
same slope cases, the covered and uncovered models present different precipitation volumes at the

0.001 m® order of magnitude.

Growth layer water content

Analysis of the water content in the growth layer can lead to identification of permanent wilting
point and field capacity suction based on the pierce model (Harold et al., 1986) contrasting with
SWCC of the growth layer ( Figure 3). Permanent wilting point (1,500 kPa) is defined as
approximately 0.05 volumetric water content; it can be concluded that the water trapped at the
growth layer is providing moisture for vegetation. In contrast, field capacity (10 kPa) is at
approximately 0.52 volumetric water content (near saturation) and is only reached on days 2 and
3 for the steep slope model and days 2 to 6 for the flat slope model for the 100-yr. storm (Figure
12) event and at days 2 to 4 for the 25-yr storm event.

The growth layer was designed as a loose soil to allow vegetation growth but there is
acknowledgment that some compaction will happen due to construction. Moo-Young and Zimmie
(1996) studied the properties of short paper fiber residuals and identified that this material naturally
consolidates with exposure to environmental conditions, reducing the porosity and consequently
decreasing the intrinsic permeability of the soil. Therefore, the runoff over the growth layer is
expected to increase, further reducing infiltration. Alternatively, vegetation development will
consume near surface water while creating a blockage for evapotranspiration and will act as a

physical barrier for sediment transportation.
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b)

Figure 12. Volumetric water contents responses due to the 100-yr storm: a) steep model
at day 3, and b) flat model at day 6.

Relevance and Conclusions

The outcome of this paper is to understand the volumetric difference into the refuse pile due
to the implementation of the cap and cover system for different precipitation events. Reduction in
infiltration represents cost savings on the AMD treatment by reducing chemical demand, labor,
and site maintenance.

The infiltration reduction due to implementation of the barrier varied from of 50% to 88% by
the seepage analysis for the tested rainstorm events in two slopes. Effectiveness of the cap and
cover system in reducing infiltration is more evident with the flat slopes model as the volume
reductions at the refuse were higher than the steep slopes model. Reduction in infiltration for the

flat slopes model due to the 1-yr precipitation event was 88% compared to 50% for the steep slopes
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model, for example. An increase in the time to return to initial volumetric water content conditions
affirms the effectiveness of the cap and cover system in delaying and reducing water seepage into

the refuse.

Reduction of water infiltration into the refuse layer (AMD producer) by the cap and cover
system indicates a beneficial alternative for coal refuse piles reclamation using in-situ (coal refuse)
and waste materials (biosolids). This can represent significant construction cost savings by
reducing borrow material volume and haulage while maintaining acceptable infiltration

performance.

When comparing the SWCC of the growth layer and the saturation volumes, it can be inferred
that the water retained in the growth layer voids will serve to support vegetation since water content
did not reach the permanent wilting point (from SWCC, at 1500 kPa: VVolumetric water content =
0.05). Saturation values exceed the field capacity at the immediate days following the 100-yr and
25-yr storms and might present some harm for vegetation in case one of these two extreme events
occur. As gravity drives water downslope, vegetation water availability at the toe lasts longer

indicating a potential better growth area compared to the slope crest.

The results presented herein are intended to model reduction in infiltration. The volumetric
water difference in the refuse layer represents the volume of liquid which will seep and react with
the pile forming the AMD to be treated. Reduction in water infiltration in coal refuse piles,

represents reduction in AMD treatment costs, including labor, chemicals, and power.

Analyzing the long-term cost benefit, the cost reduction in AMD treatment due to the
reclamation benefits will equate to the reclamation construction costs. For an average reduction
in VWD of 50% (a result from the 1-yr return period storm) due to the implementation of the cap
and cover system compared to cost treatment reported for the year of 2015 (i.e., $173,324),
reduction in cost due to the reclamation would be $86,662 per year. When comparing the
conventional to the geomorphic reclamation, taking the year of 2015 as the base case, the amount
saved in treatment costs would equate the difference in construction cost in an 8-year time span,

highlighting the benefit of the geomorphic approach.

The model was designed using local conditions and materials. The implementation of the
design principles and aspects may be expanded to several other coal refuse piles in the Appalachian
region. Modeling allows site material performance prediction, identification of project limitations,
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critical water accumulation points, and design flaws consequently avoiding failures and re-

construction.
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