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EXECUTIVE SUMMARY 
 

This report describes a computer application that was developed to assess 

impacts to groundwater caused by leaching of trace elements from CCPs used in 

highway construction.  Laboratory and field experiments conducted to verify the 

application are also described.  The application, referred to as WiscLEACH, is based on 

three analytical solutions to the advection-dispersion-reaction equation that describe 

transport in the vadose zone and groundwater.  The application was designed to be 

computationally efficient and can be used without experience in numerical modeling.   

WiscLEACH was calibrated using predictions from HYDRUS-2D, a widely used 

and carefully verified numerical model for simulating flow and transport in variably 

saturated media.  Identical simulations were conducted with both models, and the 

dispersivities in WiscLEACH were adjusted until similar distributions of concentration 

were predicted.  Field and laboratory experiments were also conducted on CCPs to 

provide data for verifying WiscLEACH.  Comparison of measured concentrations of trace 

elements with those predicted by WiscLEACH indicate that the application over-predicts 

measured concentrations slightly, which is a conservative error.   

Predictions made with WiscLEACH indicate that maximum groundwater 

concentrations of trace elements leached from CCPs typically occur close to the 

groundwater table and near the centerline of the pavement structure.  Peak groundwater 

concentrations decrease as the depth to groundwater increases, the thickness of the 

byproducts layer decreases, the seepage velocity in the vadose zone decreases, or the 

seepage velocity in groundwater increases.  Parametric studies have shown that the 

variables having the greatest influence on maximum concentrations in groundwater are 

depth to the groundwater table, thickness of the CCP layer, hydraulic conductivity of the 

least conductive layer in the vadose zone, hydraulic conductivity of the aquifer material, 

and the initial concentration in the CCP layer. 
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1. INTRODUCTION 

Over 120 million Mg of coal combustion products (CCPs) are produced each 

year by coal-burning electric utilities in the US (ACAA 2003).  CCPs include fly ash, 

bottom ash, boiler slag, flue gas desulfurization (FGD) material, and scrubber residues.  

In 2003, fly ash constituted 60% of the total mass of CCPs produced in the US, and 

bottom ash constituted 20%.  Approximately 38% of CCPs are re-used in various 

applications. The remaining 62% is disposed in landfills and impoundments (ACAA, 

2003).    

There is considerable interest in finding uses for CCPs that are currently being 

disposed in landfills. In fact, federal and state legislation is encouraging, or even 

mandating the reuse of byproducts (Eighmy and Chesner, 2001).   Many of the CCPs 

that are being disposed have desirable properties, and finding methods to use them is 

consistent with the principles of sustainable construction and development.  Highways 

are of particular interest, because highway construction has potential for large volume 

use of CCPs.  For example, fly ash can be used in concrete pavement, for stabilization 

of base course and subgrades, and for structural fill and embankments (Edil and 

Benson, 2002).  Bottom ash can be used in structural fills, embankments, road base, 

and subbase (Kalyoncu, 2002).  Using CCPs in highway construction can reduce CCP 

disposal costs and reduce the need for natural resources commonly used in 

construction.   

Potential impacts on groundwater quality are an issue when industrial byproducts 

such as CCPs are used in highway construction.  Trace elements in CCPs such As, Cd, 

Cr, Se, Cu, Pb, Zn, and B may leach from CCPs and migrate into underlying 

groundwater.  The objective of this study was to develop a model that can be used to 

assess potential groundwater impacts caused by leaching from CCPs used as base, 

sub-base, subgrade, or structural fill in highway applications and to validate the model 
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using laboratory tests and field data collected from highway test sections constructed 

with CCPs.  This report describes the model that was developed (WiscLEACH) and the 

validation using laboratory and field data.  Field and laboratory data collection efforts 

conducted as part of this study are described in the appendix.   

 

2. BACKGROUND 

2.1. Leaching of Trace Elements from CCPs 

Leaching of trace elements and their environmental impacts on surface water, 

groundwater, and soil is a concern when using CCPs in highway applications.  Previous 

studies have shown that Ag, As, B, Ba, Cd, Cr, Co, Cu, Hg, Mg, Ni, Pb, Sb, Se, and Zn 

leach from CCPs (Kim, 2002; Praharaj et al., 2002).  The release of elements from 

CCPs is strongly influenced by pH (Fleming et al., 1996; Ricou et al., 1998).  Low pH 

favors leaching of elements such as Ag, Cd, Cr, Hg, Ni, Pb, and Zn (Kim, 2002).  Higher 

pH favors leaching of elements such as As (Bin-Shafique et al., 2006).  For many CCPs, 

trace elements are released in very low quantities due to the alkaline nature of CCPs 

(Bin-Shafique et al., 2006; Kim et al., 2003; Wang et al., 2004). 

Release of trace elements from CCPs is largely controlled by adsorption-

desorption and dissolution (Bin-Shafique et al., 2006; Mudd et al., 2004; Murarka et al., 

1991; Wang et al., 2004).  Murarka et al. (1991) suggests that leaching of trace elements 

from fly ash is solubility controlled.  Bin-Shafique et al. (2006) indicate that trace element 

leaching from fly-ash-stabilized inorganic soils is adsorption controlled and that 

partitioning generally can be assumed to be instantaneous, linear, and reversible.  The 

partitioning is a function of pH, the liquid-to-solid ratio, and the physical and chemical 

characteristics of  the fly ash and soil (Kosson et al., 2002; Wang et al., 2004, Bin-

Shafique et al., 2006).  
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Two distinct leaching pattern have been observed during column leach tests on 

CCPs and highway materials stabilized with CCPs: “first flush” and “lagged response” 

(Sauer et al., 2005a) (Fig. 1).  The “first flush” response is characterized by a high initial 

concentration followed by decreasing concentrations as more water flows through the 

material (Bin-Shafique et al., 2006; Mudd et al., 2004).  The “lagged response” is 

characterized by a low initial concentration, followed by an increase in concentration, 

and then a decrease in concentration (Creek and Shackelford, 1992; Edil et al., 1992).  

Creek and Shackelford (1992) indicate that the leaching pattern is related to the charge 

density of the elements being leached.  Bin-Shafique et al. (1992) indicate that the first-

flush leaching pattern from CCPs can be described mathematically by the advection-

dispersion-reaction equation (ADRE) with instantaneous, linear, and reversible sorption. 

 In Wisconsin, the Wisconsin Administrative Code requires that batch water leach 

tests (WLTs) following ASTM D 3987 be conducted on CCPs that are used in confined 

geotechnical applications such as highway base, subbase, and subgrades.  

Concentrations of four trace elements (Cd, Cr, Se, and Ag) in the leachate must not 

exceed specified standards (Cd: 25 μg/L, Cr: 500 μg/L, Se: 250 μg/L, Ag: 250 μg /L).  

Column leach tests are also conducted in some cases to evaluate leaching from CCPs 

under flow-through conditions, although CLTs are not required by Wisconsin regulations.  

The Wisconsin Administrative Code also provides maximum concentrations in 

groundwater for the elements of concern for CCPs (Cd: 5 μg/L, Cr: 100 μg/L, Se: 50 

μg/L, Ag: 50 μg /L).  These groundwater standards, which are analogous to maximum 

contaminant levels stipulated by USEPA, must be maintained at a point of compliance, 

which normally is the boundary of the right-of-way for highways. 
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2.2. Models to Assess Impacts to Groundwater from Byproducts 

Two types of computer models have been used to assess leaching behavior: 

geochemical models and flow and transport models.  Geochemical models have been 

developed that simulate equilibrium dissolution/precipitation (Batchelor, 1998; 

Garrabrants et al., 2003; Moszkowicz et al., 1996; Moszkowicz et al., 1998; Park and 

Batchelor, 2002), surface complexation and surface precipitation (Dijkstra et al., 2002; 

Guo et al., 2004), and material heterogeneity (Sanchez et al., 2003).  These models 

couple diffusive transport with chemical equilibrium or kinetic reactions describing 

partitioning of leaching contaminants between the liquid and solid phases.  However, 

these models do not consider transport in soil or groundwater (Kosson et al., 2002).   

 The flow and transport models SESOIL, IMPACT, and HYRDUS-2D have been 

used to simulate transport of trace elements leached from byproducts in subsurface soil 

and groundwater (Apul et al., 2005; Bin-Shafique et al., 2002; Hesse et al., 2000).  

SESOIL (Seasonal Soil Compartment Theory and Model) is a screening-level one-

dimensional transport model that can simulate advection, diffusion, adsorption, 

volatilization, biodegradation, cation exchange, and hydrolysis.  The model is based on 

mass balance and equilibrium partitioning between phases. Output from SESOIL 

includes time-varying pollutant concentrations at various soil depths as well as losses to 

surface runoff, groundwater, volatilization, and degradation.  SESOIL is integrated in 

Minnesota’s STUWMPP model for evaluating use of byproducts in highway construction 

(Friend et al. 2005). 

IMPACT was developed to assess the environmental impact of highway 

construction and repair materials on surface water and groundwater (Hesse et al., 2000).  

IMPACT simulates one-dimensional vertical flow and solute transport by solving the 

ADRE using the finite-difference method.  Steady flow is assumed and all materials are 

assumed to be saturated. Sorption is assumed to be instantaneous and reversible.  A 
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database of leaching parameters is included that are derived from batch leach tests, 

column leach tests, and flat plate leach tests conducted in the laboratory.  The leaching 

rate is described by a power function to fit to laboratory data.   

HYDRUS-2D is a widely used and verified Windows® software package for 

simulating water and solute movement in two-dimensional variably saturated media.   

Apul et al. (2005) and Bin-Shafique et al. (2002) have used HYDRUS-2D to study 

leaching of trace elements from highways constructed with industrial byproducts.  

HYDRUS-2D solves Richards' equation for two-dimensional variably saturated water 

flow and the advection-dispersion equation for solute transport using the finite element 

method (Simunek et al., 1999).  Bin-Shafique et al. (2002) used HYDRUS-2D to simulate 

selenium (Se) leaching and transport in a fly-ash-stabilized highway subgrade in 

Wisconsin.  Se concentrations predicted with HYDRUS-2D were found to be in good 

agreement with concentrations observed in pan lysimeters installed beneath the 

highway.  Parametric simulations conducted with the model showed that the maximum 

concentration of leached trace elements decreases by a factor of 5 times within 1 m from 

a fly-ash-stabilized soil layer and then decreases more gradually at deeper depths.  Apul 

et al. (2005) combined HYDRUS-2D and a Bayesian approach for probabilistic 

calibration of hydraulic parameters to reproduce measured water contents in a 

Minnesota highway embankment.  Leaching of cadmium (Cd) from a hypothetical fly ash 

embankment was simulated and compared to results obtained with a percolation 

equation method, where the aqueous solubility is multiplied by the liquid-to-solid ratio to 

estimate the total release.   Concentrations predicted by HYDRUS-2D were substantially 

lower than those predicted by the percolation equation method. 
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3. MODEL FORMULATION 

 The model developed in this study was required to (i) be relatively easy to use by 

designers and regulators that may not have expertise in numerical modeling, (ii) execute 

rapidly so that parametric simulations can be conducted efficiently, (iii) use readily 

available input (e.g., from climatic data bases and conventional laboratory tests), (iv) 

predict concentrations in the vadose zone, groundwater, and at a point of compliance 

(boundary of the right of way), and (v) provide predictions that are shown to be accurate 

or conservative.  The model also needed to use routines and algorithms in the public 

domain so that a software application could be distributed as freeware.   

 The model, referred to herein as WiscLEACH, is based on a combination of three 

analytical solutions of the ADRE so that execution is rapid and numerical modeling 

expertise is not required.  Input to the model consists of the annual precipitation rate 

(available for most locations from the National Weather Service), physical properties of 

the pavement layers and underlying soils (available in textbooks and in highway 

engineering reports), leaching characteristics of the byproducts derived from batch or 

column leaching tests (required for most byproducts applications), and transport 

parameters for the subsurface (available from textbooks or the literature).   WiscLEACH 

was calibrated by comparison with predictions made with HYDRUS-2D and verified with 

monitoring data from a full-scale field study where fly-ash-stabilized subgrade and 

bottom ash were used for construction of a state highway.   

 

3.1. Conceptual Model 

The conceptual model consists of a CCP layer in a typical highway structure as 

shown in Fig. 2.  The CCP layer is underlain by a subgrade and overlain by base course 

and pavement or shoulder material.  Groundwater exists at a specified depth below the 

CCP layer.  All materials in the profile are assumed to be homogenous and isotropic. 
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Precipitation falling on the pavement surface, the shoulders, and surrounding 

ground becomes infiltration or is shed as runoff.  Steady, one-dimensional unit gradient 

flow is assumed in the pavement layers and the vadose zone, with the rate of flow (qv) 

controlled by the least conductive layer in the profile (i.e., qv = Kmin, where Kmin is the 

lowest hydraulic conductivity in the profile).  The rate of vertical flow may vary across the 

section, but horizontal mixing of flows is not considered.  The net infiltration rate is 

assumed to equal qv.  Evaporation from the surface of the pavement, the shoulders, and 

the surrounding ground is not considered (i.e., all water that infiltrates moves 

downward). 

Trace elements leach from the CCP layer as water percolates down through the 

profile.  This water migrates downward through the subgrade soils until the groundwater 

table (GWT) is reached.  Leaching from the CCP layer is assumed to be sorption-

controlled with linear and reversible partitioning or is defined empirically by the user.  

Transport in the vadose zone is assumed to follow the advection-dispersion-reaction 

equation (ADRE) with instantaneous, linear, and reversible sorption.  Bin-Shafique et al. 

(2006) show that this assumption is valid for inorganic soils stabilized with fly ash and 

typical subgrades.   

Trace elements that reach the GWT are transported horizontally and vertically, 

although the flow of groundwater is assumed to occur predominantly in the horizontal 

direction.  Steady saturated groundwater flow is assumed and transport is assumed to 

follow the ADRE with instantaneous, reversible, and linear sorption.  In both layers, 

chemical and biological reactions that may consume or transform trace elements are 

assumed to be absent.     

Input to the model consists of the average annual precipitation rate, hydraulic 

conductivity of each of the layers, retardation factor for the CCP layer and underlying 

layers, geometry of the pavement structure and right of way, depth to groundwater, 
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retardation factors in the vadose zone and below the groundwater table, and input 

parameters describing leaching from the CCP layer. 

 

3.2. Vadose Zone 

Transport between the ground surface and the groundwater table (GWT) is 

assumed to follow the ADRE for one-dimensional steady-state vertical flow with two-

dimensional dispersion and linear reversible sorption (Bear, 1979): 
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where C is the solute concentration, t is time, x is horizontal distance from the centerline 

of pavement, z is depth below ground surface (bgs), vz is the seepage velocity in vertical 

direction, Dx and Dz are dispersion coefficients in the x and z directions, and R is the 

retardation factor.  The seepage velocity in Eq. 1 equals min(qv/ni), where ni is the 

effective porosity of the ith layer in the profile (pavement, base, CCP layer, or subgrade).  

The hydrodynamic dispersion coefficients are computed assuming D = αvz + τDo, where 

α is the dispersivity (vertical or horizontal), τ is the tortuosity, and Do is the molecular 

diffusion coefficient for the trace element being considered.  In most cases, the term τDo 

is small compared to αvz, and can be ignored. 

An analytical solution to Eq. 1 provided by Leij et al. (1991) can be used for 

cases where the release of trace elements from the CCP layer follows a “first-flush” 

leaching pattern with instantaneous, linear, and reversible sorption.  The solution to Eq. 

1 is obtained by applying the following initial and boundary conditions 
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where Co is the initial concentration in the CCP layer, zT and zB are the depths of the top 

and bottom of the CCP layer, L = Ws + Wp/2, Wp is the width of the pavement, and Ws is 

the width of the shoulder.  Eq. 2a indicates that the CCP layer is the only source of trace 

elements and that the trace elements concentration is initially uniform in the CCP layer.  

Eq. 2b implies that no trace elements are transported into the CCP layer from overlying 

layers.  Eqs. 2c and 2d indicate that transport by dispersion and diffusion is negligible at 

distances far from the surface of the pavement and the centerline of the profile.  The 

solution to Eqs. 1 and 2 is (Leij et al., 1991): 
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Eq. 3 is applied from the surface of the pavement to the GWT (Fig. 2).  

Leij et al. (1991) provide another solution to Eq. 1 that can be used for the 

“lagged response” leaching pattern.  For this case, the initial and boundary conditions 

are assumed as follows:  
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where g(t) is the trace element concentration as a function of time at the bottom of the 

CCP layer, zB is the depth at the bottom of the CCP layer, and L is the half-width of the 
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CCP layer.  Eq. 4a implies that no trace elements initially exist in the subgrade and Eq. 

4b indicates that the flux of trace elements into the subgrade from the overlying CCP 

layer is the product of the concentration and the seepage velocity.  Trace elements are 

assumed to be released uniformly along the base of the CCP layer.  Eqs. 4c and 4d 

indicate that transport by dispersion and diffusion is negligible at distances far from the 

surface of the pavement and the centerline of the profile.  The solution to Eqs. 1 and 4 

for z > zB is (Leij et al., 1991): 
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Eq. 5 is applied from the top of the subgrade to the GWT (Fig. 2).   

 

3.3. Groundwater 

 When groundwater flow occurs predominantly in the horizontal direction, 

transport in groundwater due to a line source at the GWT can be described with the 

following form of the ADRE (Leij et al., 2000): 
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where C is solute concentration, t is time, vh is the groundwater seepage velocity in the 

horizontal direction, vz is the groundwater seepage velocity in the vertical direction, Dxw 

and Dzw are the hydrodynamic dispersion coefficients in the x and z directions, and Rw is 
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the retardation factor in groundwater.  An implicit assumption when using Eq. 6 is that 

the cross-dispersion terms are negligible, which is reasonable for predominantly 

horizontal flow in a uniform and isotropic medium. 

Leij et al. (2000) provide an analytical solution to Eq. 6 for the following initial and 

boundary conditions: 
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where zGWT is the depth of the GWT, g(t) is the trace element concentration at the GWT 

due to transport in the vadose zone, and x1 and x2 define the lateral extent over which 

g(t) applies.  Eq. 7a implies that the groundwater is initially free of trace elements and 

Eq. 7b indicates that the flux of trace elements entering the GWT equals the advective of 

flux of trace elements in the vadose zone at the GWT.  Eqs. 7c and 7d indicate that the 

diffusive and dispersive fluxes in groundwater are negligible for distances very far from 

the centerline of the pavement and the GWT.   The solution to Eqs. 6 and 7 for z > zGWT 

is (Leij et al., 2000): 
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Eq. 8 accounts for solute transport from a line source at the GWT between x1 and x2.  

This feature was used to account for the horizontally varying concentration in the vadose 

zone that occurs in response to the different seepage velocities inside and outside the 

pavement and the effects of horizontal dispersion near the edges of the domain defined 

by x = ±L (Fig. 2).  Eq. 8 was applied for a series of contiguous line sources extending 

along the GWT, with the combined effect obtained by superposition.   

 

3.4. WiscLEACH Implementation 

Eqs. 3, 5, and 8 are used in WiscLEACH to predict concentrations of trace 

elements in the vadose zone and GWT as a function of space and time.  Gaussian 

quadrature is used for the integration in Eqs. 5 and 8.  A Windows® graphical user 

interface is included to make entering the input and display of the output simple and 

straightforward.  WiscLEACH is designed to predict impacts to groundwater caused by 

first-flush or lagged response leaching from a CCP layer in a pavement structure.  

However, the program can also be used to predict groundwater impacts from structural 

fills and embankments by adjusting the thickness and properties of the layers in the 

profile. 

Output from WiscLEACH is presented in three ways: (i) transient concentrations 

at specified monitoring points, (ii) the maximum concentration at a point of compliance 
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(POC) located a specified distance from the centerline of the pavement (defined by the 

user), (iii) and two-dimensional isochors in the vadose zone and groundwater at times 

specified by the user.  Predictions can be made for periods up to 100 yr. 

A sensitivity analysis was conducted to determine the minimum horizontal and 

vertical dimensions of the domain so that the size of the domain does not influence the 

solution.  The domain size was reduced systematically until the maximum concentration 

at the POC changed.  For all conditions that were considered, the analysis showed that 

the minimum domain size is defined by -1.5 L to max(Wpoc, 1.5 L) in the horizontal 

direction and from the ground surface to 1.5 zGWT (Fig. 2).  These minimum dimensions 

are programmed into WiscLEACH.  A sensitivity analysis was also conducted to 

determine the temporal discretization needed to accurately integrate Eqs. 5 and 8 and 

the spatial discretization needed to superpose the solutions with Eq. 8 accurately.  This 

analysis showed that the maximum time step is 0.4 yr, the maximum horizontal 

discretization is 2.0 m, and the maximum vertical discretization  is 0.1 m.  These 

temporal and spatial discretizations are set as defaults in WiscLEACH. 

 

4. MODEL CALIBRATION WITH HYDRUS-2D 

WiscLEACH was calibrated by comparing predictions made with WiscLEACH to 

predictions made with HYDRUS-2D, a widely used and verified program for simulating 

water and solute movement in two-dimensional variably saturated media.  Predictions 

made with HYDRUS-2D were assumed to be the ‘correct’ solution to the leaching 

problem, whereas WiscLEACH is an approximate solution.  The calibration procedure 

consisted of direct comparisons to check the one-dimensional solution in the vadose 

zone followed by iterative solutions where the dispersivities used in WiscLEACH were 

varied until concentrations predicted in the vadose zone and groundwater matched 

those predicted by HYDRUS-2D.  No other parameters (besides the dispersivities) 
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needed to be calibrated in WiscLEACH to obtain a reasonable correspondence with the 

predictions made with HYDRUS-2D.   

 

4.1. HYDRUS-2D Numerical Model 

The conceptual model used for the HYDRUS-2D simulations is shown in Fig. 3.  

Flow in the vadose zone was assumed to be vertical and steady state and transport is 

assumed to follow the ADRE with instantaneous, linear, and reversible sorption.  Trace 

elements that reach the GWT were transported horizontally and vertically in accordance 

with the ADRE with instantaneous, linear, and reversible sorption.  Chemical and 

biological reactions that may consume or transform trace elements were not considered.  

Hydraulic properties of all materials in the profile were assumed to be homogenous and 

isotropic.   

HYDRUS-2D simulates two-dimensional isothermal flow of water in a rigid 

variably saturated porous medium (Simunek et al., 1999).  The air phase is assumed to 

have no effect on liquid flow.  For these conditions, flow is described by the following 

modified form of Richards’ equation:  
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where θ is the volumetric water content, h is the pressure head, t is time, x and z are 

spatial coordinates, K(h) is the unsaturated hydraulic conductivity, and S is a sink term.  

No-flow boundaries were applied on the vertical edges of the vadose zone and the 

bottom of the domain.  Constant-head boundary conditions were applied along the 

upstream and downstream vertical edges of the domain below the groundwater table to 

establish an average hydraulic gradient of 0.01 in the longitudinal (flow) direction.  A 
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specified flux boundary condition was applied on the top of the domain inside and 

outside the pavement (Fig. 3).   

The form of the ADRE solved by HYDRUS-2D is: 
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where C and s are solute concentrations in the liquid and solid phases, qx and qz are the 

volumetric fluxes in the horizontal and vertical directions, Dx and Dz are dispersion 

coefficients in the horizontal and vertical directions, and ρd is the dry density.  No flux 

boundaries were applied on the lateral edges of the vadose zone and on the bottom of 

the domain when solving Eq. 10.  All other boundaries were assigned the Cauchy 

boundary condition with no mass influx.  The initial concentration of trace elements in the 

domain was assumed to be zero, except in the CCP layer.  The initial concentration of 

the CCP layer was set as the initial elution concentration (Co) (see subsequent 

discussion).   

A sensitivity analysis was conducted to determine the minimum longitudinal and 

lateral dimensions of the domain used in HYDRUS-2D so that the boundaries would not 

influence flow or transport near or in the CCP layer or the POC.  The domain was 

reduced in size systematically until the distribution of velocities changed.  This analysis 

showed that the minimum domain size is 40 m long and 12 m wide for all conditions that 

were considered.  The domain contained 5074 finite element cells.  
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4.1. Validation of Vadose Zone Predictions 

The solution used in WiscLEACH for the vadose zone was validated by 

comparing predictions from WiscLEACH and HYDRUS-2D for transport in a domain 40 

m wide and 6 m deep.  The CCP layer was assumed to be 5-m wide and 0.5-m thick 

(0.5 m to 1.0 m bgs) and was centered in the HYDRUS-2D domain.  Rectangular finite 

element cells (0.25 m x 0.25 m) were used and a constant flux of 0.4 mm/d was 

assigned to the top boundary.  An equivalent vertical seepage velocity of 1 mm/day was 

used in WiscLEACH (the subgrade was assigned a porosity of 0.4).  A retardation factor 

of 3.5 was assumed, the longitudinal dispersivity in the vadose zone was set at 0.5 m, 

and the transverse dispersivity in the vadose zone was set at 0.05 m.  

Relative concentrations predicted by HYDRUS-2D and WiscLEACH are shown in 

Fig. 8 for four locations (labeled A-D). Two locations are in the CCP layer (A and B) and 

two locations are outside the pavement area (A and C).  The relative concentrations 

predicted by WiscLEACH and HYDRUS-2D are nearly identical at all four points.  A 

series of additional simulations were conducted with different retardation factors and 

dispersivities.  In all cases, concentrations predicted by WiscLEACH and HYDRUS-2D 

were essentially identical.   Nearly identical agreement was expected given the close 

similarity of the conditions simulated by HYDRUS-2D and the underlying assumptions 

associated with Eq. 3 (see Sec. 3.2). 

 

4.2. Calibration of WiscLEACH with HYDRUS-2D 

WiscLEACH was calibrated by comparing predictions for transport in the vadose 

zone and groundwater made with WiscLEACH to predictions of the same problem made 

with HYDRUS-2D.  For these simulations, the pavement width was set at 10.4 m, the 

shoulder width was 1.5 m, and the CCP layer was 13.4 m wide and 0.3 m thick (0.38 m 

to 0.68 m bgs).  In HYDRUS-2D, a constant flux of 1 mm/d was assigned to the top 
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boundary.  An equivalent vertical seepage velocity in the vadose zone of 3 mm/d was 

used in WiscLEACH, assuming the porosity in the subgrade is 0.33.  The average 

seepage velocity in the groundwater was 0.023 m/d.  The retardation factor was set at 3 

in the vadose zone and 1 in groundwater.  In HYDRUS-2D, the longitudinal (vertical) 

dispersivity in vadose zone was initially set at 10 mm and the ratio of longitudinal to 

transverse (horizontal) dispersivities in the vadose zone was set at 10:1.  The 

dispersivities used in WiscLEACH were adjusted to obtain a reasonable match between 

concentrations predicted by WiscLEACH and HYDRUS-2D.   

A comparison of predictions made with HYDRUS-2D and WiscLEACH after 

calibration is shown in Fig. 5.  Good correspondence was obtained with WiscLEACH 

when the longitudinal (vertical) dispersivity in the vadose zone was 0.06 m, the 

longitudinal (horizontal) dispersivity in groundwater was 0.013 m, and the ratio of 

longitudinal to transverse dispersivity in groundwater was 6:1.  For these conditions, the 

distribution of concentration predicted by both models is similar in the vadose zone and 

in groundwater.  However, the peak concentrations predicted by WiscLEACH are slightly 

lower than those predicted HYDRUS-2D.   

Concentrations predicted by WiscLEACH and HYDRUS-2D at six observation 

points are shown in Fig. 6 for this same simulation.  Locations of the observation points 

are shown in Fig. 6.  Four of the points (1, 3, 4, and 5) are in groundwater, one point is in 

the vadose zone (point 6), and one point is at the groundwater table (point 2).  When the 

observation points are near the groundwater table (points 1, 2, and 6), the 

concentrations predicted from WiscLEACH and HYDRUS-2D are in general agreement, 

but less dispersion exists in the concentrations predicted by WiscLEACH.  In 

groundwater (points 3-5), peak concentrations predicted by WiscLEACH are lower than 

those predicted by HYDRUS-2D, with greater deviations occurring for the points having 

lower peak concentration.   
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Maximum concentrations at the POC predicted by WiscLEACH and HYDRUS-2D 

over a 100 yr period are shown in Fig. 7.  When the POC is 15 m from the centerline of 

the pavement, the predictions made with WiscLEACH and HYDRUS-2D are in general 

agreement.  For a POC located 20 m from the centerline, the concentrations predicted 

by WiscLEACH generally are slightly higher than the concentrations predicted by 

HYDRUS-2D.   

A series of similar simulations was conducted where the transport parameters 

were varied over a broad range, with the dispersivities used in WiscLEACH being 

adjusted in each case to obtain reasonable agreement with concentrations predicted by 

HYDRUS-2D (i.e., as in Fig. 5).  The dispersivities obtained by calibrating WiscLEACH 

to HYDRUS-2D are shown in Fig. 8 (vadose zone) and Fig. 9 (groundwater).  In general, 

the calibrated longitudinal dispersivities for WiscLEACH are less than the longitudinal 

dispersivities used in HYDRUS-2D (Figs. 8a and 9a).  For the vadose zone, the ratio of 

calibrated longitudinal dispersivity to transverse dispersivity in WiscLEACH is the same 

as the ratio used in HYDRUS-2D (Fig. 8b).  In groundwater, the calibrated ratio used in 

WiscLEACH is 60% of that used for groundwater in HYDRUS-2D (Fig. 9b).   

Different dispersivities are required in WiscLEACH and HYDRUS-2D because 

the flow and transport patterns near the interface of the vadose zone and groundwater 

table are simplified in WiscLEACH.  In HYDRUS-2D, a gradual transition exists between 

the vadose zone and groundwater, with flow and transport migrating horizontally and 

vertically near the groundwater table with spatially variable velocities.  In contrast, in 

WiscLEACH, flow only occurs vertically in the vadose zone and no spatial variation 

exists in the groundwater velocity near the GWT.  These differences are apparent when 

comparing the isochors in Fig. 5.   
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4.3. Computation Time 

Execution times required for WiscLEACH and HYDRUS-2D for the calibration 

simulations were compared to confirm that the analytical modeling approach was 

advantageous from a computational perspective.  On a desktop PC with a 2 GHz 

Pentium 4 processor and 512 MB of RAM, computation times for WiscLEACH were 

always less than 60 s, whereas those for HYDRUS-2D were hours or days.  Thus, the 

analytical approach used in WiscLEACH is more computationally efficient, albeit with 

some loss in accuracy as described in Sec. 4.2. 

 

5. MODEL VERIFICATION 

5.1. Field Site 

Test sections incorporating a fly ash-stabilized subgrade or a bottom ash 

subbase were constructed in 2000 along Wisconsin State Trunk Highway (STH) 60 

between Lodi and Prairie du Sac, Wisconsin.  Profiles of the test sections are shown in 

Fig. 10a.  The pavement is 10.4 m wide and each shoulder is 1.5 m wide.  The CCP 

layers in both test sections extend to the outer edges of the shoulders (the CCP layer is 

13.4 m wide).  The fly-ash-stabilized soil is 0.3 m thick (0.38-0.68 m bgs) and the bottom 

ash layer is 0.6 m thick (0.38-0.98 m bgs). A detailed description of the test sections can 

be found in Edil et al. (2002).  A discussion of the field data is in Sauer et al. (2005b). 

Two equal size (3.50 m x 4.75 m) lysimeters were installed beneath each test 

section (Fig. 10b).  One lysimeter was installed along the centerline of the pavement 

(“inner” lysimeter) and the other along the shoulder (“outer” lysimeter).   The lysimeters 

were constructed with 1.5-mm thick textured HDPE geomembrane overlain by a 

geocomposite drainage layer (geonet with a non-woven geotextile heat bonded to both 

sides).   Water collected in each lysimeter drained to a 120-L tank buried adjacent to the 

pavement and below the frost depth.  Six groundwater monitoring wells were also 
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installed in 2003-2004 along the right-of-way adjacent to the CCP test sections and the 

control section.  The wells were constructed with 50 mm PVC casing with the screens at 

2.4-2.8 m bgs.  Additional information on the lysimeters can be found in Bin Shafique et 

al. (2002). Additional details on the monitoring well installations are in the appendix. 

All of the lysimeters were monitored from 2000 to 2005, although a lapse in data 

collection occurred between July 2002 and June 2003 due to lack of funding.  The 

volume of leachate collected in the tanks was recorded monthly (or more frequently) with 

chemical analysis of the leachate being conducted during each sampling event.  

Leachate samples were analyzed for concentrations of Cd, Cr, Se, and Ag.  The data 

that were collected are compiled in the appendix along with a description of the methods 

used to conduct the analysis.  The monitoring wells were inspected when the collection 

tanks were sampled.  However, because the fine-grained subgrade soils at the field site 

have very low hydraulic conductivity, samples could not be collected from the monitoring 

wells during the monitoring period.   

 

5.2 Model Input 

WiscLEACH was used to predict concentrations of Cd, Cr, and Ag in the 

lysimeters beneath the fly ash and bottom ash test sections.  Simulations were not 

conducted for Se because a source of Se other than the CCP layers confounded the Se 

concentrations measured in the lysimeters (see appendix).  The seepage velocity in 

WiscLEACH was defined using volumetric leachate fluxes observed in the field (median 

and 90th percentile volumetric leachate fluxes) for in the inner and outer lysimeters rather 

than how the software is used conventionally (i.e., with precipitation rate and hydraulic 

properties of the layers, as described in Sec. 3.1).  Summary statistics for the volumetric 

fluxes are in Table 1.  A detailed record of the volumetric fluxes is in the appendix along 

with the other monitoring data.  The seepage velocity was computed from the volumetric 
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fluxes using the effective porosity of the subgrade (0.33), which was determined by 

tracer analysis (Bin-Shafique et al., 2002). 

First-flush leaching was assumed for both test sections.  The transport 

parameters used as input are summarized in Table 2.  Initial concentrations (Co) were 

estimated from the initial elution data from the lysimeters.  Retardation factors for the fly-

ash-stabilized soil were obtained from data from column tests conducted (see appendix).  

Retardation factors for the bottom ash were not available.  Thus, the retardation factors 

for the fly-ash-stabilized soil were also used for the bottom ash.  The molecular diffusion 

coefficients were computed using free solution diffusion coefficients reported in Lerman 

(1979) and an assumed tortuosity of 0.3. Dispersion coefficients in the vertical and 

horizontal directions were estimated from the seepage velocity and the dispersivity, the 

latter set at one-tenth the size of the transport domain. 

 

5.3 Comparison for Fly-Ash-Stabilized Soil Section 

 Measured and predicted concentrations of Cd, Cr, and Ag for the fly-ash-

stabilized soil are shown in Figs. 11-13.  The predicted concentrations correspond to the 

bottom of the layer of fly-ash-stabilized soil (zB) (Fig. 2), where the lysimeters were 

located.  Simulations were conducted with the 50th and 90th percentile volumetric fluxes 

measured in the inner and outer lysimeters.  The measured Cd, Cr, and Ag 

concentrations generally decrease over time, which is consistent with the “first flushing” 

pattern that was assumed.  The exception is the Ag concentration in the inner lysimeter, 

which increased suddenly later in the monitoring period.  The reason for this increase is 

unknown, and it did not occur in the outer lysimeter (see discussion in appendix). 

The predicted concentrations for all three elements are in reasonable agreement 

with the field data when the 90th percentile volumetric flux is used as input, although in 

many cases the predicted concentration is slightly higher than the measured 
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concentration.  When the median (50th percentile) volumetric flux is used as input, the 

predicted concentrations consistently are higher than the measured concentrations.  The 

closest agreement is for the Cd concentrations measured in the inner lysimeter and the 

predictions made with the 90th percentile volumetric flux.  The largest deviations are for 

Cr concentrations measured in the inner lysimeter and predictions made with the median 

volumetric flux. 

 The reason for the over-predicted concentrations is not clear, but the disparity 

may be due to experimental issues rather than bias in WiscLEACH.  The lysimeters 

installed the STH 60 site did not have sidewalls, and bypassing of some liquid may have 

occurred due to the contrast in texture formed by the geocomposite drainage layers 

used to collect leachate in the lysimeters.  Given the relatively small difference between 

the median and 90th percentile volumetric leachate fluxes (less than a factor of 3, Table 

1), bypassing is plausible.  Other possible causes may be overestimated retardation 

factors and/or over-estimated dispersivities.  Regardless of the cause, an over prediction 

is a conservative prediction, and therefore may not be problematic. 

 

5.4 Comparison for Bottom Ash Section 

 Measured and predicted concentrations of Cd, Cr, and Ag for the bottom ash test 

section are shown in Figs. 14-17.  The measured concentrations of Cd, Cr, and Ag 

follow the “first flush” elution pattern that was used as input.  As was observed for the fly 

ash section, the measured and predicted concentrations are in closer agreement when 

the 90th percentile volumetric flux was used as input rather than the median volumetric 

flux.  The closest agreement was obtained for Cr concentrations measured in the outer 

lysimeter, and the poorest agreement for Cd concentrations in the inner lysimeter.  As 

was noted in Sec. 5.3, the disparity between the measured and predicted concentrations 
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may be due to leachate bypassing the lysimeters or overestimated retardation factors 

and/or dispersivities. 

 

6. PARAMETERIC STUDIES 

A series of parametric simulations were conducted to evaluate the how 

predictions made with WiscLEACH are affected by the geometry of the pavement and 

breadth of the right-of-way, the depth to groundwater, hydraulic properties of the layers, 

and transport properties.  The analyses were conducted using the same inputs used to 

simulate the fly ash section at STH 60.  However, the model was used in the 

conventional mode, with the annual precipitation rate (865 mm/yr) used as input and the 

hydraulic properties of the layers used to determine the seepage velocity.  Se was used 

as the trace element of interest, although any other element exhibiting first-flush elution 

could have been used without loss of generality.  The POC was assumed to be 20 m 

from the centerline of the pavement. 

Hydraulic conductivity of the fly-ash-stabilized soil was set at 6.0x10-7 cm/s, the 

hydraulic conductivity of the subgrade was set at 3.2x10-6 cm/s, and the porosity of the 

subgrade was set at 0.33 based on measurements reported in Bin-Shafique et al. 

(2002).  The overlying base and asphalt layers were assigned a hydraulic conductivity of 

10-5 cm/s.  However, these layers are much more permeable than the fly-ash-stabilized 

soil or the subgrade, and thus are not hydraulically important (in this case, flow is 

controlled by the subgrade).  The depth to the top of the fly ash stabilized soil (zT) is 0.38 

m.  The initial concentration and retardation factor for Se were set at 32.1 μg/L and 3.5, 

based on measurements reported in Bin-Shafique et al. (2002). 

A sand and gravel aquifer was assumed to exist 6 m below ground surface.  The 

aquifer material was assumed to have a saturated hydraulic conductivity of 0.01 cm/s 

and an effective porosity of 0.3, which are typical parameters for sand and gravel 
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aquifers.  The regional hydraulic gradient was assumed to be 0.001.  These conditions 

are referred to herein as the ‘base case.’ 

Se concentrations predicted by WiscLEACH after 10, 30, and 45 yr are shown in 

Fig. 17, the latter time corresponding to the peak concentration being reached in 

groundwater (2.2 μg/L).  The Se plume eluted from the CCP layer moves downward over 

time, and reaches the GWT between 10 and 30 yr.  The highest groundwater 

concentrations occur at the GWT and near the centerline of the pavement, and are 

considerably lower than the initial concentration (32 μg/L) in the CCP layer as a result of 

flushing and dispersion.  The effects of dispersion are evident in Fig. 17, as 

concentrations near the middle are higher than those near the edges in the plumes in 

the vadose zone and groundwater.  The horizontal distribution of Se below the GWT is 

also indicative of flushing caused by advection in the flowing groundwater.   

Se concentrations in the vadose zone and in groundwater vary spatially and 

temporally (Fig. 18).  This effect is shown for 6 observations points in Fig. 18a.  The Se 

concentration at each observation point gradually increases to a maximum concentration 

and then diminishes to background levels.  When the observation point is closer to the 

CCP layer, the concentration increases earlier, more rapidly, and reaches a higher peak 

because the travel time to the observation point is shorter, which reduces the effects of 

dispersion and dilution.     

Maximum concentrations at the POC over a 100-yr period are shown in Fig. 18b 

as a function of depth.  The concentrations shown in Fig. 18b are the maximum 

concentrations at each depth over a 100-yr period.  These maximum concentrations at 

the POC may not happen at the same time, and generally occur at different times.  For 

this simulation, the maximum Se concentration at the POC (1.2 μg/L or 3.8% of Co) 

occurs 0.9 m below the GWT at 36 yr.   
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6.1 Site Geometric Variables 

Site geometric variables include the depth to the GWT, the CCP layer thickness 

and location, the pavement and shoulder width, and the location of the POC.  A 

sensitivity analysis was conducted to assess how the maximum Se concentration at the 

POC is affected by the each of these variables.  Each input variable was varied by 20% 

from the base case, while holding all others constant.  Sensitivity was evaluated with the 

sensitivity coefficient, S = Δζ/(Δβ/β), where ζ is the response variable of interest 

(maximum Se concentration at the POC over 100 yr) and β is the independent variable 

of interest (site geometry variables).  When the sensitivity coefficient has a large 

magnitude (|S|), the independent variable has a large effect on the response variable, 

indicating sensitivity.  When the sensitivity coefficient is zero, the independent variable 

has no effect on the response variable.  For this analysis, parameters were considered 

significant if the peak magnitude of the sensitivity coefficient exceeded 0.5. 

Sensitivity coefficients are shown in Fig. 19 as a function of depth below ground 

surface (bgs) at the POC for the site geometric variables that have a peak |S| > 0.5.  

Graphs of concentration vs. depth at the POC are shown for each variable in Figs. 20-

22.  Concentration at the POC is most sensitive to depth to the GWT (peak |S| = 6.0), 

thickness of the CCP layer (peak |S| = 3.0), and distance to the POC (peak |S| = 2.0).  

Concentration at the POC is less (and equally) sensitive to the pavement and shoulder 

widths. Depth to the GWT and distance to the POC are both important because they 

affect the amount of dispersion and dilution that occurs between the CCP layer and the 

POC.  Increasing the depth to GWT or the distance to the POC results in more 

dispersion and lower concentrations at the POC, as illustrated in Fig. 20.  Thickness of 

the CCP layer is important because it affects the total mass leached (higher 
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concentrations occur at the POC when more mass is leached from the CCP layer) (Fig. 

21a).  Pavement and shoulder width are less important (Fig. 22), even though a change 

in either variable affects the total mass leached, because the source is distributed over a 

broad area. 

 

6.2 Hydraulic Variables  

Hydraulic variables include the hydraulic conductivity and porosity of the 

pavement, base layer, CCP layer, subgrade, and aquifer material; the regional hydraulic 

gradient in groundwater; and the precipitation rate. Sensitivity coefficients for hydraulic 

variables having peak |S| > 0.5 are shown in Fig. 23 as a function of depth below ground 

surface (bgs) at the POC.  Sensitivity coefficients for porosity and hydraulic conductivity 

are only shown for the CCP layer in Fig. 23.  Because the least conductive layer in the 

profile controls the seepage velocity, similar sensitivity coefficients are obtained for any 

of the other layers when they are the least conductive layer in the profile.  The same is 

true for the precipitation rate; if the precipitation rate is less than the hydraulic 

conductivity of the least conductive layer in the profile, then the seepage velocity is 

controlled by the precipitation rate.  Consequently, in such cases, the concentration at 

the POC can be equally sensitive to the precipitation rate.  

Concentration at the POC is equally sensitive to the hydraulic conductivity and 

the porosity of CCP layer, the hydraulic conductivity and porosity of the aquifer, and the 

regional hydraulic gradient.  Each of these variables has a peak |S| ≈ 2.0.  All are 

important because they control advection in the vadose zone and in groundwater, which 

affect dispersion and dilution.  These effects are illustrated in Fig. 24, which shows 

concentration at the POC as a function of depth for various seepage velocities in the 

vadose zone or groundwater.  The peak concentration at the POC decreases as the 

seepage velocity in the vadose zone decreases or as the seepage velocity in 



 

 28

groundwater increases.  These seepage velocities have opposite effects because 

dilution of the leaching element is affected by the ratio of the seepage velocity in the 

vadose zone to the seepage velocity in groundwater.  As this ratio decreases, more 

dilution occurs and the concentration at the point of compliance decreases. 

 

6.3 Contaminant Properties  

Contaminant properties include the initial elution concentration (Co), the 

molecular diffusion coefficient, the dispersivities, and the retardation factors.  Sensitivity 

coefficients for contaminant properties having peak |S| > 0.5 are shown in Fig. 25 as a 

function of depth below ground surface (bgs) at the POC.  Concentration at the POC is 

only sensitive to the initial elution concentration (peak |S| = 1.2) and the dispersivity in 

the vadose zone.   The molecular diffusion coefficient is not significant because transport 

in the vadose zone and groundwater is dominated by advection. The dispersivity is not 

important because dilution by groundwater is controlled more by advection than 

dispersion.  Retardation factors do not affect the maximum concentration at the POC 

because they only affect the transit time, and not the maximum concentration.   

Concentrations at the POC are shown in Fig. 26 as a function of Co and the 

molecular diffusion coefficient and in Fig. 27 as a function of the dispersivities in the 

vadose zone and groundwater.  As illustrated in Fig. 26, concentration at the POC is 

very sensitive to Co, and is much less sensitive to the molecular diffusion coefficient.  

Similarly, as shown in Fig. 27, concentration at the POC is very sensitivity to the 

dispersivity in the vadose zone, and much less sensitive to the dispersivity in 

groundwater.   
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7. PRACTICAL APPLICATION 

The following application is based on the STH 60 field site and illustrates how 

WiscLEACH can be used to assess the risks to groundwater.  At the STH 60 site, 

groundwater quality must be maintained in accordance with standards stipulated in 

Section NR 140 of the Wisconsin Administrative Code (Wisconsin, 2004).  These 

standards are comparable or more stringent than maximum contaminant levels (MCLs) 

stipulated by USEPA.  The Wisconsin standards for Cd, Cr, Ag, and Se are summarized 

in Table 3 along with maximum concentrations recorded in the lysimeters at the STH 60 

site.   

 Comparison of the maximum concentrations measured in the lysimeters and the 

maximum concentrations stipulated in the Wisconsin Administrative Code (Table 3) 

indicates that the Wisconsin groundwater standards are exceeded for of Cd, Ag, and Se.  

However, the lysimeters measure the concentration at the base of the pavement section 

and do not represent concentrations in groundwater or at a POC.   Concentrations in 

groundwater should be lower than those in the lysimeters due to factors such as dilution 

and dispersion (Sec. 6).  To illustrate this effect, simulations were conducted with 

WiscLEACH using the inputs described in Sec 5.2.  Seepage velocity in the vadose zone 

was described using the 50th and 90th percentile volumetric leachate fluxes and the POC 

was set 20 m from the centerline of the highway, which is the limit of the right-of-way at 

the STH 60 site.  Variables describing the groundwater characteristics were defined with 

the values used in Sec. 6, except the depth to the GWT, which was set at 2 m bgs.  

Comparisons between the model predictions and lysimeter concentrations for this case 

showed that WiscLEACH over-predicted the lysimeter concentrations using the 50th and 

90th percentile volumetric fluxes, with the over-prediction being larger using the 50th 

percentile volumetric flux.  Thus, for both volumetric fluxes, groundwater concentrations 

will also be over-predicted. 
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Simulations using the 50th and 90th percentile of volumetric leaching flux were 

conducted for a 100 yr period.  The maximum concentrations of Cd, Cr, Se, and Ag at 

the POC for these simulations are shown as a function of depth in Fig. 28 for the fly ash 

test section and Fig. 29 for the bottom ash section.  The peak maximum concentrations 

are summarized in Table 3.  For both test sections, the predicted maximum 

concentrations at the POC over 100-yr period are lower than the Wisconsin groundwater 

standards for all four trace elements.   

 

8. SUMMARY AND CONCLUSIONS 

This report has described WiscLEACH, a computer application for assessing 

impacts to groundwater caused by leaching of trace elements from CCPs used in 

highway construction.  The application is based on three analytical solutions to the 

advection-dispersion-reaction equation that describe transport in the vadose zone and 

groundwater.  WiscLEACH is computationally efficient and can be used without 

experience in numerical modeling. 

WiscLEACH was calibrated by comparing identical simulations with HYDRUS-2D 

and adjusting the dispersivities used in WiscLEACH until both programs produced 

similar distributions of concentration over time.  Predictions made with WiscLEACH were 

also compared with to concentrations of Cd, Cr, and Ag measured in lysimeters beneath 

two highway test sections constructed with industrial byproducts.  WiscLEACH over-

predicted the field concentrations slightly, which is a conservative error.   

Predictions made with WiscLEACH indicate that maximum groundwater 

concentrations typically occur close to the groundwater table and near the centerline of 

the pavement structure.  Peak groundwater concentrations decrease as the depth of 

groundwater increases, the thickness of the CCP layer decreases, the seepage velocity 

in the vadose zone decreases, or the seepage velocity in groundwater increases.  
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Parametric studies have also shown that the variables having the greatest influence on 

maximum concentrations in groundwater are depth to the groundwater table, thickness 

of the CCP layer, hydraulic conductivity of the least conductive layer in the vadose zone, 

hydraulic conductivity of the aquifer material, and the initial concentration in the CCP 

layer. 
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Table 1. Median (50th) and 90th percentile volumetric leachate fluxes for lysimeters in 
test sections at the STH 60 field site constructed with fly-ash-stabilized soil 
and bottom ash  (Sept. 2000 – June 2005). 

Fly-Ash-Stabilized Soil  Bottom Ash  
Flux Condition Inside 

lysimeter 
Outside 
lysimeter 

Inside 
lysimeter 

Outside 
lysimeter 

50th percentile (q50), mm/d 0.11 0.12 0.13 0.16 

90th percentile (q90), mm/d 0.31 0.33 0.43 0.53 

 

 

 

 
Table 2. Initial effluent concentrations, retardation factors, and molecular diffusion 

coefficients for Cd, Cr, and Ag. 
 Cd  Cr Ag 

Initial effluent concentration Co 
in fly ash stabilized soil 
section1, μg/L 

4.0 20.2 6.2 

Initial effluent concentration, Co 
bottom ash section2, μg/L 21.2 32.1 15.2 

Retardation factor R3 5.2 5.7 5.0 

Molecular diffusion coefficient 
(free solution)4, cm2/s 6.0x10-6 4.4x10-6 1.4x10-5 

1Initial effluent concentration (Co) from column data (see appendix).   
2Initial effluent concentration (Co) from lysimeters (see appendix).   
3from Bin-Shafique et al. (2002, 2006). 
4from Lerman (1979) 
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Table 3. Peak concentrations in lysimeters and predicted maximum concentration at 

POC for fly-ash-stabilized-soil and bottom ash test sections at STH 60 site. 

Quantity Cadmium 
(μg/L) 

Chromium 
(μg/L) 

Selenium 
(μg/L) 

Silver 
(μg/L) 

Measured peak concentration in 
lysimeters beneath section with fly ash 
stabilized soil1 

32.1 20.2 89.0 113.0 

Measured peak concentration in 
lysimeters beneath section with bottom 
ash 1 

21.2 32.1 141.0 15.2 

Wisconsin groundwater standards 5 100 50 50 

Simulated maximum concentration at 
POC over 100-yr period for fly-ash-
stabilized-soil section3 

0.2 1.2 1.5 0.3 

Simulated maximum concentration at 
POC over 100-yr period for bottom ash 
section 2 

3.1 3.4 6.7 1.9 

1Based on data combined data from inside and outside lysimeters. 
2Point of compliance (POC) is 20 m down gradient from pavement centerline.  Simulation 
conducted with 90th percentile volumetric leachate flux over 100 yr period. Groundwater table 
assumed to be 2 m below ground surface. 
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Fig. 1. Examples of first-flush (a) and lagged response (b) elution patterns.  The 
smooth lines in (a) correspond to predictions made with the advection-
dispersion reaction equation with linear, instantaneous, and reversible sorption.  
Graphs adapted from Bin-Shafique et al. (2002) and Sauer et al. (2005a). 
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Fig. 2. Conceptual model in WiscLEACH for predicting impacts to the vadose zone and 
groundwater caused by leaching from a pavement structure with a CCP layer. 
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Fig. 3.  Conceptual model and boundary conditions used in HYDRUS-2D for calibrating 
WiscLEACH. 
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Fig. 4. Comparison of relative concentrations in vadose zone predicted by HYDRUS-2D 
and WiscLEACH.   
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Fig. 5. Relative concentrations after 40 yr predicted by (a) HYDRUS-2D and (b) 
WiscLEACH.  The centerline of the pavement is located at a horizontal 
distance of zero and the surface of the pavement is at a depth of zero. 
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Fig. 6. Relative concentrations predicted by HYDRUS-2D and WiscLEACH at (a) 

observation points 2, 5, 6 and (b) at observation points 1, 3, 4. 
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Fig. 7. Relative concentrations at POC over 100-yr period as a function of depth below 

ground surface predicted by HYDRUS-2D and WiscLEACH: (a) POC at 15 m 
and (b) POC at 20 m down gradient from pavement centerline. 



 

 47

 

4.0

5.0

6.0

7.0

8.0

9.0

0 10 20 30 40 50 60

α
Lin

 W
is

cL
ea

ch
, c

m

α
L
 in Hydrus 2D, cm

α
L
 = longitudinal dispersivity

(α
L
)
WiscLeach

 = 3 + 3log((α
L
)
Hydrus 2D

)

(a) Vadose Zone - α
L

 
 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

0.0 2.0 4.0 6.0 8.0 10.0 12.0

α
L/α

T in
 W

is
cL

ea
ch

, c
m

α
L
/α

T
 in Hydrus 2D, cm

α
L
 = longitudinal dispersivity

α
T
 = transverse dispersivity

(α
L
/α

T
)
WiscLeach

 = (α
L
/α

T
)
Hydrus 2D

(b) Vadose Zone - α
L
/α

T

 
 
 
Fig. 8. Calibrated dispersivities in WiscLEACH in vadose zone required to match 

predictions made with HYDRUS-2D: (a) longitudinal dispersivity and (b) ratio of 
longitudinal dispersivity to transverse dispersivity. 
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Fig. 9. Calibrated dispersivities in WiscLEACH in vadose zone required to match 
predictions made with HYDRUS-2D: (a) longitudinal dispersivity and (b) ratio of 
longitudinal dispersivity to transverse dispersivity. 
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Fig. 10. CCP test sections and control section at STH 60 site: (a) profiles of pavement 

structures and (b) layout of lysimeters in CCP sections. 
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Fig. 11. Measured and predicted Cd concentrations in leachate from fly-ash-stabilized-
soil section at STH 60.  Simulation was conducted using volumetric leachate 
flux from (a) inner lysimeter and (b) outer lysimeter.  q50% is the 50th percentile 
volumetric leachate flux and q90% is the 90th percentile volumetric leachate flux. 
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Fig. 12. Measured and predicted Cr concentrations in leachate from fly-ash-stabilized-
soil section at STH 60.  Simulation was conducted using volumetric leachate 
flux from (a) inner lysimeter and (b) outer lysimeter.  q50% is the 50th percentile 
volumetric leachate flux and q90% is the 90th percentile volumetric leachate flux. 
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Fig. 13. Measured and predicted Ag concentrations in leachate from fly-ash-stabilized-
soil section at STH 60.  Simulation was conducted using volumetric leachate 
flux from (a) inner lysimeter and (b) outer lysimeter.  q50% is the 50th percentile 
volumetric leachate flux and q90% is the 90th percentile volumetric leachate flux. 
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Fig. 14. Measured and predicted Cd concentrations in leachate from the bottom-ash 
section at STH 60.  Simulation was conducted using volumetric leachate flux 
from (a) inner lysimeter and (b) outer lysimeter.  q50% is the 50th percentile 
volumetric leachate flux and q90% is the 90th percentile volumetric leachate flux. 
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Fig. 15. Measured and predicted Cr concentrations in leachate from the bottom-ash 
section at STH 60.  Simulation was conducted using volumetric leachate flux 
from (a) inner lysimeter and (b) outer lysimeter.  q50% is the 50th percentile 
volumetric leachate flux and q90% is the 90th percentile volumetric leachate flux. 
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Fig. 16. Measured and predicted Ag concentrations in leachate from the bottom-ash 
section at STH 60.  Simulation was conducted using volumetric leachate flux 
from (a) inner lysimeter and (b) outer lysimeter.  q50% is the 50th percentile 
volumetric leachate flux and q90% is the 90th percentile volumetric leachate flux. 
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Fig. 17. Predicted Se concentrations in vadose zone and groundwater after (a) 10 yr, 
(b) 30 yr, and (c) 45 yr. 
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Fig. 18. Predicted Se concentrations at specified monitoring locations (a) and maximum 
concentration at POC over 100-yr period (b).  POC located 20 m down gradient 
from pavement centerline. 
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Fig. 19. Sensitivity of maximum Se concentration at POC over 100 yr to geometric 
variables.  POC is 20 m down gradient from pavement centerline.  GWT is 6 m 
below ground surface, except for sensitivity analyses for depth to GWT. 
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Fig. 20. Maximum Se concentration at POC over 100-yr period as a function of (a) 
depth to groundwater table and (b) location of POC.  In (a), POC is 20 m down 
gradient from pavement centerline. 
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Fig. 21. Maximum Se concentration at POC over 100-yr period as a function of (a) 
thickness of CCP layer and (b) location of CCB layer.  For (b), POC is 20 m 
down gradient from pavement centerline. 
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Fig. 22. Maximum Se concentration at POC over 100-yr period as a function of (a) 
pavement width and (b) shoulder width.  POC is 20 m down gradient from 
pavement centerline. 
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Fig. 23. Sensitivity of maximum Se concentration at POC over 100 yr to hydraulic 
variables.  POC is 20 m down gradient from pavement centerline. 
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Fig. 24. Maximum Se concentration at POC over 100-yr period as a function of 

seepage velocity in (a) the vadose zone and (b) groundwater.  POC is 20 m 
down gradient from pavement centerline. 
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Fig. 25. Sensitivity of maximum Se concentration at POC over 100 yr to transport 
parameters.  POC is 20 m down gradient from pavement centerline. 
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Fig. 26. Maximum Se concentration at POC over 100-yr period as a function of (a) 

initial elution concentration Co and (b) molecular diffusion coefficient.  POC is 
20 m down gradient from pavement centerline. 
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Fig. 27. Maximum Se concentration at POC over 100-yr period as a function of vertical 
dispersivity in vadose zone (a) and horizontal dispersivity in groundwater (b).  
POC is 20 m down gradient from pavement centerline. 
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Fig. 28. Predicted maximum concentrations at POC in fly-ash-stabilized-soil section at 
STH 60.  Simulation was conducted using volumetric leachate flux from (a) 
inner lysimeter and (b) outer lysimeter.  q50% is 50th percentile of measured 
volumetric leachate flux and q90% is 90th percentile of measured volumetric 
leachate flux. 
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Fig. 29. Predicted maximum concentrations at POC in bottom ash section at STH 60.  
Simulation was conducted using volumetric leachate flux from (a) inner 
lysimeter and (b) outer lysimeter.  q50% is 50th percentile of measured volumetric 
leachate flux and q90% is 90th percentile of measured volumetric leachate flux. 

 
 


