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ABSTRACT 
 
 

Two Large columns were used to perform unsaturated flow tests on crushed and run-of-

mine rock from two heap leach facilities in Nevada. The columns were instrumented to 

monitor moisture content and matric suction, and measure discharge at targeted flow 

rates. Unsaturated hydraulic parameters for the heap leach materials were obtained from 

laboratory testing and estimates using Soilvision. The measurements recorded from the 

columns were compared with the numerical modeling results using SVFlux and Hydrus-

2D. Modeled results were found sensitive to the selected hydraulic parameters and initial 

conditions. Comparisons of selected measured and modeled results were achieved by 

appropriate and representative selection of hydraulic parameters of the material, initial 

conditions, and unsaturated modeling estimation parameters.  
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CHAPTER – 1 

INTRODUCTION 

 

1.1. Overview of the topic 

Three different steps were taken to develop a better understanding of unsaturated flow in 

coarse materials: measuring, modeling and monitoring of unsaturated flow in heap leach 

rock/material using large diameter columns. Low flow rates applied during heap leach 

operations result in unsaturated flow through heap leach ore. The flow paths in heap 

leach facilities are gravity and matric suction driven. 

 

Unlike the two-phase system in saturated soils (soil and water), unsaturated soils 

comprise of multiple phases: solids, water, air and contractile skin (air-water interface) 

(Fredlund, 1979). Figure1 shows an element of a typical unsaturated soil. In this element, 

flow in the air phase is continuous and the pore air pressure is equal to atmospheric 

pressure.  

 

Figure 1 Element of unsaturated soil (continuous air phase) (After Fredlund, 1979) 
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1.2. Hypothesis 

The hypothesis for the present study is:  

There are no differences in the results (flow, pore pressure, and water content) obtained 

from measurements in heap leach materials placed in large columns and those from 

unsaturated flow modeling in these columns. 

 

1.3. Approach to the research 

The research involves measuring water content and matric suction under different 

unsaturated flow conditions (low to high) in two heap leach materials (fine and coarse). 

Two large cylindrical columns, six feet tall and four feet in diameter, are used in this 

research, the bottom parts of the columns are cone shaped in design to enhance collection 

of the outflow. The cone shaped bottoms are filled with drain rock and heap leach rock 

fills the cylindrical part. Four instruments clusters are about equally spaced in the 

columns. 

 

The main interests of the present research are to measure and model the variations in the 

water content and matric suction at targeted flow rates, monitor the time taken to reach 

steady state outflow conditions at the applied flow rates, and model the unsaturated flow 

conditions as a comparison. 

 

The column testing took about one year to complete. Data acquisition consisted of 

instruments in the columns connected to a data logger from where the collected data were 
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transferred to a computer. Frequent changes were necessary in the data acquisition 

program to accommodate the changing conditions of the experiment.  

 

The Rawhide mine of Kennecott Minerals located near Fallon, NV provided the crushed 

heap leach material, this material was also agglomerated. The particle size of the 

Rawhide material was minus ¾ inch. Cortez Gold provided the other heap leach material, 

which was run- of-mine material. The particle size of the run of mine ore was coarser 

than the crushed ore as shown in the particle size distribution curves in Chapter 4. 

 

Two commercial laboratories tested the materials to obtain their unsaturated flow 

characteristics. The information included hydraulic parameters of the materials, i.e. 

saturated hydraulic conductivity (Ksat), and soil-water characteristic curves (SWCC). 

Other geotechnical parameters included particle size distributions, Atterberg limits, and 

specific gravity.  

 

Instrument calibration took place after completion of the material characterization testing. 

Instruments were placed at four different levels in the column. A peristaltic pump applied 

a calibrated flux to both columns. Tipping bucket rain gauges at the bottom of the column 

measured outflow; and recorded it on the data logger. 

 

Modeling of unsaturated flow used commercially available finite element based software, 

namely SVFlux 5.80 (SVOffice 2006) and Hydrus – 2D. Appropriate boundary 

conditions were applied for both software programs. 
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1.4. Organization of thesis 

The thesis is divided into eight chapters. The first three chapters present the literature 

review, approach to the study, and unsaturated flow modeling concepts. The fourth 

chapter presents the laboratory test results, and selection of modeling parameters. 

Chapters five through seven details the experiment setup, measured, and modeled results. 

The results are discussed in chapter eight and finally conclusions and recommendations 

are given in chapter nine. 
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CHAPTER - 2 
LITERATURE REVIEW 

 

2.1 Introduction 

 

This chapter provides a literature review of hydrological aspects of heap leach material 

and waste rock materials. The relevance of finite element seepage modeling of 

unsaturated flow through heap leach materials is discussed. A survey of literature of the 

instruments used in the columns is also included.  

 

2.2 Heap leach material characteristics 

 

Heap leaching practice is a maturing technology in the mining industry, its importance 

and advantages has led to widespread application in the gold and copper industries 

because of low capital and operating cost, as compared to milling and other extraction 

processes (Dorey et.al.1988). It is important to develop optimum solution management 

strategies in heap leach facilities (HLF) and use standard criteria for HLF construction 

that will increase the recovery rates and enhance environmental protection (Burkhalter 

et.al. 1999). The design criteria include all the stages from blasting, ore delivery, 

placement, stacking or dumping, methods of solution application, and solution 

application rates. Recovery rates depend on different parameters in HLF operations such 

as the variability (heterogeneity) in particle size. Due to this variability, the solution 

contact with the material will not be uniform resulting in uneven wetting (McClelland 

et.al 1988).  
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Figure 2.1 Heap leach Facility diagram (After Roman et.al, 1974) 

 

Figure 2.1 shows the typical flow paths in a HLF. The material in the HLF is comprised 

of coarser and finer particles. Orr (2002), referring to Chen et al., (1995) lists the reasons 

for the preferential flow as uneven wetting and fingering in dry porous media. Orr (2002) 

concludes that leaching can be enhanced if sufficient care is taken during all stages in 

heap construction and recommends installing geophysical monitoring systems to measure 

heap leach solute transport. The typical application rate of the cyanide solution over the 

HLF ranges from 0.003 to 0.005 gpm/ft2 (Van Zyl et.al 1988). Material placement during 

the construction of the HLF can create void spaces resulting in variation of the hydraulic 

conductivity (Tyler et.al 2002).  
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2.3 Unsaturated flow conditions 

 

The behavior of unsaturated flow conditions is determined by the relationship between 

degree of saturation/water content and matric suction (Fredlund, 1995). This constitutive 

relationship is called the soil-water characteristic curve (SWCC) (Childs, 1940). Unlike 

saturated flow where the hydraulic conductivity is a function of the void ratio (Lambe 

and Whitman, 1979), the unsaturated hydraulic conductivity depends on the degree of 

saturation and matric suction where matric suction is the difference between the pore air 

pressure and pore water pressure (ua-uw) (Fredlund, 1985). When the pore air pressure is 

equal to atmospheric pressure, which is usually the case, the matric suction is equal to the 

absolute value of the negative pore water pressure. 

 

Several researchers introduced methods to relate pore size distribution to unsaturated (as 

well as saturated) hydraulic conductivity. Two of these general relationships are by 

Mualem (1976a) and Burdine (1953). Both of these general relationships are based 

largely on interconnected capillary bundles. 

  

Darcy's equation is used to describe flow of water in saturated soil, it can also be used for 

unsaturated soils, as the hydraulic conductivity varies with the negative pore water 

pressure head. Gardner (1958) proposed a form for varying hydraulic conductivity with 

negative pressure head (Fredlund, 1985). Buckingham (1907) initiated concepts of 

“capillary potential” and “capillary conductivity” based on fundamental measurements of 

the ability of unsaturated soil to store and transmits moisture (Barbour, 1998). The 
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equation for flow in unsaturated soils was developed by Richards (1928) and is a non- 

linear partial differential equation describing water movement in unsaturated non-

swelling soils. This equation is based on the concepts of capillary conductivity and 

storage as a function of capillary potential (matric suction) (Barbour, 1998). The transient 

state form of this flow equation is: 

 

Where K is the hydraulic conductivity, h is the hydraulic head, z is the elevation above a 

vertical datum, θ is the water content, and t is time. To solve this equation, the effective 

soil hydraulic parameters, namely, the SWCC, hydraulic conductivity function θ (Ψ), and 

the K (θ) or K (Ψ) relationship over the whole range of moisture conditions, are required.  

The SWCC has a particular importance and relevance in the transient unsaturated flow as 

it describes the storage capacity of the soil (Fredlund et.al, 1987). The curve also 

provides the quantitative means of calculating the hydraulic conductivity function 

developed by Green and Corey (1971) and other researchers. As the suction increases in a 

soil, water is progressively removed from the soil. The SWCC provides information on 

the basic distribution and geometry for the soil pores and the soil structure. The SWCC 

can serve as predictive function and an estimation tool that describes how a soil behaves. 

This predictive capability can have a significant impact in the area of numerical 

modeling.  
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Figure 2.2 shows typical SWCC for desorption and adsorption. Laboratory tests typically 

follows desorption, at the air entry value of the soil a break in the SWCC is observed. 

The point where the curve begins to flatten out is the residual water content, further 

increase in suction value will not result in significant change in the moisture content. The 

magnitude of the air entry value is a function of the size of the largest pore, which are 

large in coarse grain soils and small in fine grain soils. Due to this, coarse grain soils will 

start draining at a smaller magnitude of matric suction (Wilson et.al, 2005). 

 

Figure 2.2 Soil water characteristic curves (SWCC) (After Fredlund, et.al 1993) 

The shape of the SWCC is controlled by the grain size distribution and by the density of 

the soil. More literature on the estimation methods of the SWCC can be found in 

Fredlund et.al (2002), and Fredlund and Rahardjo (1993). Fredlund et al. (2002) states 
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that the use of the grain size distribution to estimate SWCC is difficult in coarse size 

particles mixed with few fines, soils with high clay sized particles, soils that exhibit 

bimodal behavior and mine tailings and waste rock that have angular particle shapes.  

The soil water characteristic curve (SWCC) is measured in the laboratory, and can also 

be estimated from different approaches shown in Figure 2.3 (Fredlund, 2000). Unimodal 

and bimodal fits of the grain size distribution curve can be used as the basis of estimation 

of SWCC for both coarse and fine soils (Fredlund et al., 1997, 2000).  Childs and Collis-

George (1948) conceived the estimation of unsaturated hydraulic conductivity using the 

information contained in SWCC (Barbour, 1998). Fredlund and Morgenstern (1977) and 

Fredlund (1979) established common theoretical base for unsaturated soils. Brooks and 

Corey (1964) developed an expression for relative permeability which combined the 

capillary model and soil-water characteristic curve to provide the hydraulic radius and 

tortuosity for a mechanistic model. Mualem (1986) divided the methods of characterizing 

the coefficient of permeability of unsaturated soils into three groups:  empirical 

relationships, mechanistic relationships and statistical relationships (Barbour, 1998). 

Figure 2.3 shows the chart for estimating unsaturated properties. 
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Figure 2.3 Estimation of unsaturated properties chart (After Fredlund, 1997) 

2.3.1 Previous research on unsaturated flow in heap leach ore/waste rock 

Researchers have a large interest in studying and understanding the reasons for flow 

variability in the unsaturated zone. Some of the applicable research on unsaturated flow 

in heap leach ore/waste rock is reviewed next. 

Dixon and Hendrix (1993) developed a non-steady state model for the leaching of several 

mineral species within the ore with different variable order rate expressions. 

Dimensionless model equations were developed and used to identify important design 

and scale up factors. Dixon (1992) proposed a new flow and transport model similar to 

dual-porosity model by Parker and van Genuchten (1984); the new proposed model did 

not show any improvements over the advection dispersion equation (ADE) model.  

 

Decker (1996) evaluated rinsing cycles on heap leach material using tracers on small 

diameter samples and large diameter samples at flux rates of 0.003 and 0.005/0.006 

gpm/ft2 respectively. It was concluded that heterogeneous velocity fields rather than a 
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uniform velocity field govern the hydraulic and solute transport process in a heap leach 

pile.  

 

Decker, et.al. (1999) developed an understanding of hydraulic and solute transport 

characteristics in precious metal heap leach operations by analyzing breakthrough (the 

amount of time required for the solute to appear in the outflow) data from the U.S. 

Bureau of Mines (USBM) laboratory column tracer tests, tracer experiments with sodium 

bromide on a large scale heap in the Carlin trend, and 6-m scale column incorporating 

time domain reflectometry (TDR) to investigate rinsing characteristics of spent heap-

leach material. The dual porosity model (DPM) and ADE modeling were compared with 

the data from experiments. The ADE, suitable for a homogenous medium, is used to 

simulate reactive transport involving more than one solute and DPM models are used to 

model solute flow in fractured systems, and may be of value in modeling solute transport 

in heterogeneous heap. DPM provided improved estimates of the hydraulic and solute 

transport behavior of a heap (Decker, et.al. 1999).  

 

Newman, et.al. (1998) performed a column study followed by numerical modeling on an 

unsaturated waste rock pile consisting of steeply dipping layers of fine and coarse 

material located adjacent to one another. The results of the column study and numerical 

modeling program indicate that in unsaturated environments water flows preferentially 

through fine grained rather than coarse-grained material, and this preferential flow is a 

result of changes in hydraulic conductivity of two materials with increasing suctions 
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(Newman, et.al. 1998). The study illustrated the complexity of unsaturated flow 

hydrogeology in waste rock dumps.  

 

Decker, et.al. (1999), suggests the existence of preferential pathways that allow the 

applied fluid to rapidly migrate without contacting the heap material. The characteristics 

of drainage rates/draindown with and without macropores are also discussed. Modeling 

methods were applied to closure/post closure processes for estimating long-term drainage 

of solute fluxes, and it was suggested to use modeling to improve the heap leach 

production cycles by reducing the water and cyanide applications. 

 

Nichol et al., (2000), reported lysimeter studies. These studies investigated unsaturated 

flow through waste rock pile, 8m × 8m × 5m high  and 1m diameter × 2m tall laboratory 

column experiments. The results suggested that water flows slowly through a finer 

grained matrix, but may also be channeled to spatially distinct pathways (Nichol et al. 

2000). Nichol et al., (2003) measured water content and matric suction, and found that 

taking measurements in large waste rock pile using instruments poorly represented the 

advance of the wetting front through the pile. It is also recommended that performing 

numerical simulation using measured parameters of waste rock would further help to 

understand and determine the magnitude of the discrepancy. 

 

Heap leach piles are similar in geometry to waste rock facilities; but may not be similar in 

particle size distribution and structure (Kampf, et.al. 2002). Kampf, et.al. (2002) referred 

to Swanson, et.al. (1998) and Swanson (2000) and showed long term infiltration in 
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mining waste rock facilities in arid zones as a function of the presence of engineered 

covers and the rate of annual precipitation. Fluid flow is dominated by preferential flow 

in heap leach ore (caused by ore conveyance, stacking, sorting and dumping) (Orr, 2002), 

and may not follow common fluid flow laws (Darcy’s law and Richards equation) 

because of voids and construction methods (Kampf, et.al. 2002). It was concluded that 

drainage rates increase in heaps with coarser material (run-of-mine) and those with 

limited or nonexistent vegetation covers.  

 

Webb (2003) investigated the percolation collection efficiency (PCE) of lysimeters, 

degree of spatial variation of flow and its principal causes and also the applicability of 

Hydrus-2D in modeling fluid flow in highly heterogeneous materials. This work was 

focused on the Gold Acres leach pad at the Cortez mine; materials for the present 

research were obtained from the same location. Webb found that the principal cause for 

low PCE was the low hydraulic conductivity of lysimeter fill material, which caused the 

collected solution to spill over the sides before reaching the drain, and flow diversion 

around lysimeter was due to the heterogeneity in the material. The spatial variability of 

flow in the heap material was due to heterogeneity of hydraulic parameters instead of 

variability of the application rate (Webb 2003). 

 

Milczarek, et.al. (2006) evaluated the consequences of removal of gravel fraction in 

predicting the saturated and unsaturated hydraulic characteristics of mine waste and cover 

material. Some of the potential consequences to unsaturated flow modeling predictions 

when gravel content is removed during the hydraulic parameter testing are: flux passing 
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through the cover system can be underestimated, long term drainage rates in HLF can be 

overestimated and moisture storage in the waste rock facility can be underestimated 

(Milczarek, et.al. 2006).  

 

2.4 Finite element modeling of unsaturated flow 
 

Unsaturated flow modeling is important in a large number of engineering problems, and 

the problems in unsaturated porous media lead to quasilinear partial differential 

equations, which are difficult to solve by analytical methods (Neuman, 1973). Numerical 

methods are adopted to solve seepage problems faced in actual field practice (Zhang, 

et.al. 2001). Two numerical methods have been widely used to solve seepage problems in 

porous media; these are the finite element method (FEM) and the finite difference 

method (FDM) (Janssen, et.al. 2004; Hosseini, 1997). The FEM is widely accepted for 

extensive adaptation to complicated boundary conditions, anisotropy, and three-

dimensional problems (Zhang, et.al. 2001). The FEM is well suited to deal with variable 

material properties, irregular geometries in 2D/3D (Hosseini, 1997). Modeling during the 

present research used two FEM modeling software packages, namely SVFlux and 

Hydrus-2D. 

 

The SVFlux finite element groundwater modeling software uses the powerful 

FlexPDE(tm) 1D / 2D / 3D solver. These partial differential equation solvers (PDE 

solvers) have become the preferred approach in unsaturated soil mechanics (Fredlund, 

2006). The software offers features designed to allow the user to focus on seepage 
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Table 8.1 Comparison of SVFlux and Hydrus-2D modeling results 

Rawhide & 
Cortez 

ASWT GSA 

Parameters SVFlux & Hydrus-2D SVFlux & Hydrus-2D 

Moisture content Similar moisture range 

Fig 7.1a,7.7a and Fig 

7.13a,7.22a 

Little difference in 

moisture range Fig 

7.2,7.14 and Fig 7.8,7.23 

Matric suction Little difference in the 

matric suction range 

during draindown Fig 

7.3b,7.9b and 7.16b,7.25b

Little difference in the 

matric suction range 

during draindown Fig 

7.4b,7.10b and 

7.17b,7.26b 

Discharge Similar discharge profile 

but for different flux 

sections Fig 7.5,7.6 and 

7.19,7.28 

Similar discharge profile 

but for different flux 

sections Fig 7.11,7.12 and 

7.20,7.29 
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8.1.4 Measured vs. Modeled results 

The measured and modeled (SVFlux & Hydrus-2D) results for the Rawhide and Cortez 

material indicate that the comparisons were sensitive to the selection of hydraulic 

parameters (SWCC and Ksat) for ASWT and GSA data and the hydraulic functions 

(Fredlund & Xing, Van Genuchten & Mualem). The comparison of the modeled results 

with the measured results has major dependence on the reliability and accuracy of 

following steps: laboratory tests (Ksat and SWCC), instruments efficiency, calibration 

procedure, and representative initial head conditions for dry material. Each step requires 

careful evaluation when using the modeling software. 

 

The modeled results achieved good comparison with the measured results for moisture 

content and breakthrough time by performing sensitivity analysis varying Ksat in the 

model input parameters and the different laboratory test results, the latter includes the 

SWCC tests done on small (scalped) samples and large samples. Prediction of modeled 

results for dry materials was successful with the present modeling packages (SVFlux and 

Hydrus-2D) giving reasonable results for moisture content and discharge flow. The 

matric suction measurements were not as satisfactory as expected due to inappropriate 

time interval setup for one of the suction measuring instrument. 

   

The modeled discharge profiles obtained using Hydrus-2D and SVFlux compared 

satisfactorily. The measured discharge profile showed low discharge at higher flow 

applications due to limitation of the tipping bucket rain gauge for the higher flow rates.  
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8.2 Summary 

Measured and modeled results obtained from the pilot scale columns show variations at 

periodic flow and draindown conditions. Initial head conditions, unsaturated conductivity 

estimation parameters, and hydraulic parameters were varied in the modeling inputs to 

obtain a better match with the measured results. Convergence problems were encountered 

for high initial head conditions (dry rock conditions). The variability in the moisture 

content profile in SVFlux and Hydrus-2D modeling is most likely due to the difference in 

hydraulic parameters obtained from ASWT and GSA. The SWCC for ASWT and GSA 

had different air entry value (AEV) due to different particle size distributions used in the 

testing.  

 

The matric suction profiles did not display any large variability in SVFlux and Hydrus-

2D under different hydraulic parameters (ASWT and GSA), suggesting the insensitivity 

of hydraulic parameters in predicting suction values. The breakthrough time (BT) 

predicted using SVFlux compared well with measured BT for the Rawhide material for 

ASWT – SWCC and Cortez material for GSA-SWCC. This is indicative of the 

importance of using the representative SWCC for the finer (Rawhide) and coarser 

(Cortez) materials. Hydrus-2D gave good prediction of modeled BT to measured BT for 

GSA – SWCC in both Rawhide and Cortez materials.  
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CHAPTER -9 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

 

9.1 Summary 

A study was undertaken for measuring and modeling of unsaturated flow in heap leach 

material using large columns. Commercially available instruments placed at different 

depths in the columns were used to measure moisture content, matric suction, and 

discharge resulting from an applied flux. The measurements from the columns were 

compared to modeled results using unsaturated flow modeling software. Some 

comparisons of the measured moisture content and discharge results with the modeled 

results were achieved by varying initial head conditions, hydraulic parameters of the 

materials, and unsaturated conductivity estimation parameters. 

 

9.2 Conclusions 

1. Instrumentation used in the present research gave variable results. Two types of 

instruments (TDR & HDS) gave incorrect results due to user inexperience in 

calibration and errors in the data acquisition system.  

2. Comparing measured and modeled results require accurate and representative 

hydraulic parameters (Ksat and SWCC). High initial head conditions were 

considered for the dry material.  

3. The lag observed in the moisture content profile for the Rawhide material 

indicated slower movement of moisture and thereby confirming the presence of 

finer particles. The lag times were achieved in the modeling of moisture content 
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results assuming initial head conditions, and by varying the unsaturated hydraulic 

conductivity estimation parameter P (Modified Campbell). 

4. The measured moisture content profile in the Rawhide material showed a 

decrease in moisture content as the flux application increased, suggesting the 

possibility of preferential flow/channeling at high flux application. 

5. Modeled moisture content profiles, and breakthrough times compared well with 

the measured moisture content and breakthrough time under user specified 

conditions. Modeled matric suction values did not compare with measured matric 

suction values for both programs (SVFlux/Hydrus-2D). 

6. Breakthrough time predictions from the modeling results compared well with 

measured breakthrough time results, however these results are sensitive to 

hydraulic parameters and initial conditions. 

7. Although there were some similarities in measured and modeled values these 

could not be compared in general. The hypothesis for this research is therefore 

rejected.  

 

9.3 Recommendations 

1. Future testing of unsaturated flow should be done using the large diameter 

columns. 

2. The data acquisition procedure must be matched to the number of instruments 

monitoring. For clarity in data recording more than one data logger is required if 

the instruments used are from different manufacturers. 
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3. The number of nodes may have to be increased in the SVFlux software when 

modeling dry material conditions. 

4. Knowledge of the data collection program is important as the instruments used in 

columns required different time intervals for collecting representative data. The 

HDS is sensitive to the time interval setup in the data collection program. 
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CHAPTER – 11 
 

APPENDICES 
 
 
Appendices can be found in attached CD’s in Microsoft Excel 2003, Microsoft Word 

2003, notepad, and Jpeg format. The following is a brief summary of what appendices are 

and the contents found in them. 

 

Appendix A, contains the all the measured column test results which includes moisture 

content, matric suction and discharge profiles at different flow rates. 

 

Appendix B contains all the laboratory data Ksat, SWCC, grain size distributions for the 

Rawhide, Cortez heap leach materials and the drain (filter) layers. 

 

Appendix C contains the discarded data recorded by TDR and HDS probes. The appendix 

also contains the dry data recorded from columns before the flow application. 

 

Appendix D contains the data collection program used in the data logger to record the 

data from the columns under regulated time intervals. 

 

Appendix E contains the calibration results for the instruments used in the columns. 

 

Appendix F contains all the modeled (SVFlux and Hydrus-2D) results. Estimation results 

of hydraulic parameters using SoilVision is also included in this appendix. 


