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ABSTRACT 

This study presents the results of the analysis of partially 

saturated flow through an agglomerated leach heap'obtained by 

simulation using a numerical model (UNSAT2). 

The computer program UNSAT2 was verified by comparing its 

predicted results with the results of experiments. Then a series of 

tests were performed to determine some of the required input data for 

agglomerated tailings. Among those data are: the soi1-moisture 

characteristic curve, the relative and saturated hydraulic 

conduct!ves and the porosity. 

Finally, the results obtained by UNSAT2 for agglomerated 

leach heaps were compared with the ones obtained by the sand drain 

analysis method after evaluating the latter method by comparing it 

with experimental data. UNSAT2 predicted, at steady state flow 

conditions, similar values for the maximum height of the phreatic 

surface to those obtained experimentally while the sand drain 

analysis method always predicted higher values. 

xiii 



CHAPTER 1 

INTRODUCTION 

1.1. Background 

Heap leaching is the process by which minerals are recovered 

from mine tailings after the primary process of mineral extraction is 

performed. In the past the solute was applied directly to tailing 

heaps and the lixiviant was collected. Recently, attention has been 

brought to agglomeration of the tailings before leaching in order to 

improve recovery quantities and reduce process time. In this 

operation the tailings are mixed with a binder, such as cement, and 

water to form porous agglomerates. These agglomerates are piled in a 

heap. A lixiviant is sprinkeled on the top of the heap and it flows 

through it to dissolve selected minerals. Drains are placed at the 

bottom of the heap to gather the lixiviant. Finally the minerals are 

separated from the lixiviant. The flow in the heap leaching process 

is a partially saturated flow. 

1.2. Purpose of This Research 

The purpose of this research was to develop a methodology for 

evaluating the flow characteristics of agglomerated tailings heaps. 

The experimentally determined values of the relevant parameters were 

used in a computer program to analyze the flow in the heap leach 

process. Prior to development of the analysis the computer program 

was validated by running it with data obtained from laboratory 

1 
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testing and then comparing the results obtained by computer with 

those obtained experimentally for the same test. 

1.3. Method of Approach and Scope of Work 

The first stage in this research was to determine the 

agglomeration characteristics of the two tailing materials under 

study, namely, the Darwin and the Carr Fork mine tailings. The 

cement and water percentages recommended by Johnson (1984) for the 

same two tailing materials he investigated were used here also for 

agglomeration. Agitated agglomeration was the method used in 

preparing the agglomerates. 

The second stage of the research involved the determination 

of the following flow parameters of the agglomerated tailings: the 

saturated hydraulic conductivity, total porosity, pressure head 

versus water content curve, and the relative conductivity versus 

water content curve. 

A falling head permeability test was used to determine the 

saturated hydraulic conductivity of the agglomerates. The size of 

the apparatus was different from that described in the American 

Society for Testing and Materials (ASTM) specifications because of 

the size of the agglomerates. 

The bulk porosity was determined by finding the specific 

gravity first by using standard procedures, and then by running a 

simple test that will be explained in detail in Chapter 4. A 

pressure plate extractor apparatus was used to determine the pressure 
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head versus water content curve. Finally the relative hydraulic 

conductivity versus water content curve was determined by the method 

of Van Genuchten, (1980). All previous flow parameters were input to 

"UNSAT2" and the output was analyzed. 



CHAPTER 2 

LITERATURE REVIEW 

2.1. General Review of Unsaturated Flow 

Since heap leaching constitutes an unsaturated flow problem, 

the following section, which contains a general review of the 

important concepts relating to flow through partially saturated 

porous media, and forms the basis on which UNSAT2 was written 

(Neuman, 1973), is being introduced. 

The continuity equation for flow through an infinitesimal 

element of a porous medium, which is based on the general principle 

of mass conservation, is written in terms of macroscopic quantities 

as follows (Neuman, 1973) 

"aTT^i) =!t(p<(,s
w) {1) 

where 

p = density of water 

v^ = Darcy velocity = flow rate per unit area 

$ = porosity = volume of voids per unit volume of porous material 

Sw = degree of volumetric water saturation = volume of void water 

per unit volume of voids (0 < S < 1). 

4 
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Darcy's law for unsaturated flow is now introduced. If 

permeability is assumed to be a function of the water content of the 

porous medium or a function of the suction rather than being constant 

the Darcy velocity can be expressed as 

v. - -K K (2) 
i s r 3x . v 

where 

Kp - the relative hydraulic conductivity (0 < Kr < 1) 

h = the hydraulic head or the total head 

Ks = the saturated hydraulic conductivity 

x.j = cartesian coordinates (i = 1, 2, 3), Xg = vertical 

Substitution of Equation 2 into Equation 1 yields 

( 3> 

Assuming p and <|> to be constant, Equation 3 reduces to 

* nr <4> 

In order to rewrite Equation 4, for practical purposes, in terms of 

the pressure head, i|i, and the volumetric water content, e, rather 



than in terms of h and Sw, the following definition for the 

specific moisture capacity, C, is being introduced 

6 

c -H  ( 5 )  

Remembering that 

h = i|> + x3 (6) 

where X3 is the elevation head, and that 

e = *Sw (7) 

then Equation 4 can be rewritten as: 

dx 
^KsKr(|t-^)] =cf (8) 

The required initial conditions for the problem are 

.03 - •qC*,) <9) 

where ^ (x^) are the specified pressure heads, at all points 

given by their x^ cartesian coordiantes, at time t = 0. There are 

two boundary conditions, prescribed pressure head (at the boundary) 
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and prescribed flux (normal to the boundary). If the flow region 

boundary is assumed to consist of two types of segments Tj, where 

the pressure heads are prescribed, and where the normal fluxes 

are prescribed, then the boundary conditions can be written as 

*(xi»t) = ¥(x.|,t) on Tj (10) 

where ^(x^,t) are the specified pressure heads, at the points that 

fall on Tj of the boundary and which are given by their x^ 

cartesian coordinates at all times t, and 

dX 

on r2 (11)  

where V(x..,t) are the specified normal fluxes at the points that 

fall on Tg of the boundary and which are given by their x^ 

cartesian coordinates at all times t. It is worth noting that the 

units of V(x^,t) in Equation 11 are in (L/T) while they are 

prescribed into UNSAT2 with the units in (L /T), where L is 

length unit and T is time unit. This is due to the fact that the 

flow rates are lumped at the nodes rather than being distributed over 

areas. 

Equations 8, 9, 10 and 11 are solved by Galerkin-type finite 

element method in UNSAT2 (Neuman, 1973). The solution yields the 



pressure heads and the water contents at all nodes in the finite 

element mesh. 

2.2. Factors Influencing Unsaturated 
Hydraulic Conductivity 

The hydraulic conductivity in a flow problem is influenced by 

both porous medium (soil) and permeant. Lamb and Whitman (1969) 

listed five characteristics of the soil that influence the hydraulic 

conductivity: 

1. particle size 

2. void ratio 

3. composition 

4. fabri c 

5. degree of saturation. 

The degree of saturation which is representative of the soil's 

moisture content is a very important factor. The hydraulic 

conductivity can change by several orders of magnitude within few 

percents in moisture content changes (Braester et al., 1971). 

The characteristics of the permeant that influence the 

hydraulic conductivity can be readily seen from the following 

equation for the hydraulic conductivity, K, (Lamb and Whitman, 

1969): 
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where: 

K = the hydraulic conductivity 

Dg = some effective particle diameter 

Y = unit weight of permeant 

u = viscosity of permeant 

e = void ratio 

C = shape factor. 

There are only two characteristics pertaining to the 

permeant, namely, y and y. 

Finally, to avoid confusion it should be noted that the term 

"hydraulic conductivity", which is used in soil .science and 

agriculture, is equivalent to the term "permeability", which is used 

in soil mechanics, thus they will be used in this thesis 

interchangeably (Singh, 1981). 

2.3. Methods for Analyzing Unsaturated Flow 

Flow in unsaturated media is described by quasilinear partial 

differential equations which are very difficult to solve by 

analytical methods (Neuman, 1973). 

A good review of non-analytical methods to solve the 

unsaturated flow problem was presented by Prickett (1975) in the 

study of modeling techinques for groundwater evaluation. These 

different methods can be summarized as follows: 



2.3.1. Analog Model Methods 

These methods use systems that are based on the same laws of 

continuity and conservation of energy that the fluid flow problems 

are based on but are of different physical categories (such as heat 

flow or electrical current flow). 

A. Viscous fluid model. This model uses a viscous fluid 

flowing between two parallel plates as an analog model for different 

flow problems. The viscous flow analog may be used to study the 

influence of some topographic features upon steady infiltration from 

furrows (Raats, 1971). 

B. Electrical models. The principle of these models is that 

the flow of the electrical current in the conductive medium is 

analogous to the fluid flow in the porous medium. The analogy is 

apparent when Darcy's law is compared with Ohm's law (Singh, 1981): 

0 = K^A (Darcy's law) (13) 

I = c^A (Ohm's law) (14) 

The permeability K is analogous to the coefficient of 

conductivity o, the total head drop Ah is analogous to the total 

voltage drop AE, and finally the flow rate Q is analogous to the 

current intensity I. There are basically two types of electrical 

models, continuous systems and discrete systems. 
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a. Continuous systems. These systems use either a 

conductive fluid or a conductive solid as an electrical flow medium. 

Debrine (1970) used an electrical model to study the flow to 

a collector well with a single lateral under a river bed. 

b. Discrete systems. In discrete systems different 

electrical components are assembled together to form a network rather 

than just using a conductive fluid or solid. 

There are networks that consist of resitors and capacitors, 

called resistance-capacitance networks, which are suitable for 

studying flow in aquifers governed by the diffusion equation. An 

analog model of this type was discussed by Stallman (1961) for liquid 

flow in an unsaturated zone. 

Another type of network uses resistors only, called a 

resistance network. This type allows more conductivity control than 

other electrical or physical models (Bouwer, 1964). 

In general, electrical analogs are relatively simple to build 

and use. They provide good physical analogs for the solution of flow 

problems that are not amenable to a mathematical solution (Bouwer, 

1967). 

C. Miscellaneous techniques. 1. Stretched membrane model. 

It consists of a thin rubber membrane stretched over a frame. The 

membrane tension is analogous to the transmissivity and the frame 

shape represnts the geometry of the boundary. Hansen (1952) 
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presented an example of "a well discharging from a storage in an 

aquifer bounded by a circular line source". 

2. Thermal model. The idea is to make some geometrical 

shape of a heat conductive material and then to impose some heat 

conditions analogous to given boundary conditions. Javandel and 

Witherspoon (1967) presented an example of a thermal model to study 

"transient flow to a partially penetrating well in a confined aquifer 

of infinite radial extent where there is no leakage". An advantage 

of this type of model is that it can handle three-dimensional 

continuously disturbed transmissivity and storage properties for the 

nonsteady confined flow problem. 

3. Blotting paper model. This model uses a heavy quality 

blotting paper which is cut to any shape and hung vertically. Then 

water is introduced by some saturated sheets. Sevenhuysen (1970) 

studied infiltration, saturated flow and leaching by using this 

model. The blotting paper model is good for qualitative purposes 

only. 

4. Hybrid computer models. These models use either a 

resistance network or an electronic analog along with digital 

computer. Vemuri and Dracup (1967) demonstrated the use of the 

resistance network - digital computer combination to solve the 

problem of the flow of fluids in underground formations. The 

resistance network has the advantage of offering the solution to a 

set of simultaneous equations almost instantaneously. 



2.3.2. Numerical Methods 

A. By finite difference methods. The flow equations are 

rewritten in a finite difference form in these methods. Space and 

time are discretized and the resulting finite difference equations 

are solved usually by a digital computer. Freeze (1971) presented a 

three-dimensional finite difference model for treating saturated-

unsaturated transient flow in a small nonhomogeneous, anisotropic 

groundwater basin. 

With the use of the digital computer this method has the 

following advantages: 

1. availability of equipment and program listings 

2. convenience in problem setup and making of changes 

3. the ability to solve a wide range of problems 

4. the accuracy with which a problem can be solved. 

A major disadvantage is that large problems consume excessive 

processor time. Another disadvantage is that the computer model 

consists of a series of mathematical expressions and logic 

instructions which do not carry a physical resemblance to the studied 

problem. 

B. By finite element methods. These methods consist of 

establishing a finite element mesh for the given problem then using 

variational calculus to set up the finite element equations. Pinder 

and Frind (1971) presented an application of Galerkin's procedure (a 

finite element procedure) in aquifer analysis. 
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The finite element methods are very useful in that they can 

handle any geometry with any time-dependent boundary conditions. 

2.3.3. Sand Tank Models 

Sand tank models are used to represent aquifers in the 

saturated or unsaturated conditions. They are usually constructed in 

radial sector, columnar, or rectangular shaped containers, filled 

with a porous material. The containers are usually made of a 

transparent material so that flow can be observed. This constitutes 

an advantage for the sand tank model. Flow rate devices are used to 

measure and control the flow rate in the tank and piezometers are 

installed at different points of the tank walls. Karaijenhoff van de 

Leur (1962) used a sand tank model to study free-surface flow of 

groundwater to outflow channels. 

2.4. UNSAT2 

The finite element program UNSAT2 is described by Davis and 

Neuman (1983) and Neuman, Feddes, and Bresler (1974). The program 

was written for the analysis of flow in unsaturated or saturated 

porous media. UNSAT2 can handle nonuniform flow regions having 

irregular boundaries and arbitrary degrees of local anisotrpy. Flow 

can take place in a vertical plane, or a horizontal plane. A three-

dimensional system with radial symmetry about a vertical axis can 

also be analyzed. The program can also handle boundaries controlled 

by atmospheric conditions and water uptake by plant roots. This 



feature was used by Bartlett (1983) to study the distribution of 

moisture in a tailings profile considering unsaturated seepage and 

evaporation from the time of the deposition of the tailings. 

UNSAT2 is based on a Galerkin-type finite element solution of 

the general equation for flow of water in an unsaturated soil. The 

derivation of that equation was presented in the previous section 

(Equation 8). Neuman (1973) described in detail the numerical method 

of solving this equation. 

UNSAT2 can handle a wide range of time-dependent boundary 

conditions (Neuman et al. 1974). Among those are "prescribed 

pressure head; prescribed flux normal to the boundary; seepage faces; 

and evaporation and infiltration boundaries where the maximum rate of 

flux is prescribed by atmospheric or other external conditions, 

whereas the actual rate is initially unknown." The actual rate of 

flux is calculated and is adjusted at every step in time; therefore 

results may show "ponding" to occur for some combinations of material 

parameters and boundary conditions. 

A finite-element mesh of the flow domain under study must be 

developed. This mesh consists of elements meeting specific 

requirements as to the selection of element size, shape and 

orientation. These requirements are described by Neuman et al. 

(1974). 

Finally UNSAT2 requires pairs of data points for two 

relationships: pressure head (^i) versus volumetric water content 



(e), and relative hydraulic conductivity (Kp) versus volumetric 

water content (e). It is worth noting that the ^ versus e 

relationship can be determined in two different ways: one by drying 

an initially saturated sample and increasing suction, the other by 

wetting an initially dry sample and decreasing suction. The former 

yields desorption (drying) curve; while the latter yields sorption 

(wetting) curve. In general, these two curves are not identical. 

This constitutes a hysteresis (Hillel, 1982). UNSAT2 considers i|> 

as a single-valued function of 0 (Neuman et al., 1974) which means 

that UNSAT2 does not account for that hysteresis. 



CHAPTER 3 

EQUIPMENT 

3.1. Introduction 

Two pieces of equipment were used in this research. One was 

the five-bar pressure plate extractor (Soilmoisture Equipment Corp., 

Cat. No. 1600) located in the Department of Soil and Water Science at 

the University of Arizona. It was used to determine the pressure 

head versus water content relationship. A photo of the apparatus is 

shown in Figure 3.1. The other apparatus was a falling-head 

permeameter made and located in the Department of Civil Engineering 

and Engineering Mechanics at the University of Arizona. It was used 

to determine the saturated hydraulic conductivity. A sketch of the 

apparatus is shown in Figure 3.2. 

3.2. The Pressure Plate Extractor 

The pressure plate extractor consists of the following parts: 

1. Bowl-like pressure chamber. This is the main body of the 

apparatus. The gas-inflow and the water-outflow tubes are 

screwed on it. Support clips are placed on its inside. 

2. Ceramic porous plate. The plate is mounted on the support clips 

before starting experiment. 

3. Lid. This is used to close the chamber. It is screwed to the 

main body of the apparatus by using six bolts. 
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4. Gauged valve. This is used to control the gas pressure in the 

chamber. 

Figure 3.1. A photo of the Five-Bar Pressure Plate Extractor. 

3.3. The Falling-Head Parameter 

The initial idea was to run constant head permeability tests 

on both agglomerated tailings since they are expected to have large 

permeabilities. Due to the large size of the agglomerates a special 

apparatus which is much larger than the conventional one had to be 

made. The apparatus (Figure 3.2) consists of a cylindrical 
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stopper steel screen 

Figure 3.2. The falling head permeameter. 



plexiglass tube 15.3 cm (6.02 in) in inner diameter and 91.2 cm 

(35.91 in) high with a screen placed at 5.4 cm (2.13 in) from the 

bottom and a stopper at the same elevation to prevent flow through 

the screen from taking place, when desired. 

When it was attempted to run a constant head permeability 

test, on the agglomerated Darwin tailings, it was not possible to 

maintain a constant head by using the available water supply through 

a hose because of the very high permeability of the agglomerates. 

For that reason, the idea of using the apparatus as a falling-head 

permeater was adopted. 



CHAPTER 4 

LABORATORY PROCEDURES 

4.1. Sample Preparation and Curing 

The agglomerates were prepared by agitated agglomeration 

using a 36 inch disc pelletizer at the Anaconda Minerals Company 

Research Center in Tucson, Arizona. The procedure went as follows: 

the tailings and cement (2% by weight) were placed into the rotating 

pan and mixed for about one minute. Then water (18.2% by weight for 

the Darwin tailings and 26% by weight for the Carr Fork tailings) was 

added slowly in the pan at the proper location (Johnson, 1984). The 

mixture was allowed to agglomerate for about 15 minutes. The 

agglomerates were collected in a pan after that. 

The agglomerates were put in a curing room for about two 

weeks to allow them to strengthen before any experiments were 

performed on them. 

4.2. Procedure for Determining Pressure Head Versus 
Water Content Curve by the Pressure Plate ExtractoF 

The following procedure was used: 

The agglomerates were soaked for four hours to assure 

saturation. Then they were put in a cylinder 12.7 cm (5.0 in.) in 

height and 16.75 cm (6.59 in.) in inner diameter. The cylinder was 

put on a plate and the entire assembly was placed inside the pressure 

cell. The air pressure in the cell (chamber) was raised gradually to 

21 



22 

a certain value higher than atmospheric (except for one test in which 

the cell pressure was atmospheric.)* The near-saturated agglomerates 

exuded water under this applied cell pressure until a condition of 

flow equilibirum was reached after a day or two. This condition was 

reached when outflow stopped. This was determined by emptying a pan 

that collected the outflow water periodically until no more water 

was collected in the pan. At equilibrium the soil air pressure is 

exactly equal to the cell air pressure, while the soil water pressure 

is atmospheric. The difference between the two (i.e., soil water 

pressure - soil air pressure) is the pressure head or the suction 

head (i|>). At equilibrium, the outflow tube was closed by a metal 

stopper to prevent water from flowing back into the sample when the 

pressure is being released. Then the cell pressure was dropped to 

zero (atmospheric) and the lid was taken off. The gravimetric water 

content (w) of the agglomerates was determined at the end of each 

test and the results were plotted on a pressure head 

(ij;) versus gravimetric water content (w) curve. Note that the value 

(i|») is always negative and is equal to the applied cell gauge 

pressure (P) in magnitude. 

4.3. Procedure for Determining the Saturated 
Hydraulic Conductivity of the Agglomerates 

by the Falling Head Permeater 

The procedure for performing the falling head test follows: 

First, the apparatus was set on the floor with agglomerates stacked 

to a height (L). The apparatus was filled with water while the 
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stopper was still in place at the bottom of the column. Lifting of 

the apparatus caused the stopper to fall and the water to drop from 

level 1 (hj) to level 2 (hg) as shown in Figure 3.2. The time 

for the drop (t) was recorded. The conventional equation for 

calculating the permeability, K, was then used. The equation was 

given by Klute (1965) as follows: 

a = the cross-sectional area of the standpipe 

L = the length of the soil sample 

A = the cross-sectional area of the soil sample 

t = the time for the standpipe head to decrease from hj to 

It is evident that for the falling-head permeater used in this 

research the values of a and A are identical. This reduces 

Equation 15 to the following equation: 

(15) 

where: 

(16) 
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4.4. Procedure Used for Determining 
Total Porosity of Agglomerates 

The specific gravity of solids (Gs) was determined first. 

A value of 3.3 was obtained by using standard procedures described in 

ASTM 0854-58. The total porosity (void volume/total volume) was then 

determined as follows. An oven-dried sample of the agglomerates was 

weighed and put into a container. With the weight of solids and 

specific gravity of solids known, the volume of solids could easily 

be determined as: 

where 

Wg = weight of solids 

Vs = volume of solids 

Y = unit weight of water. 
w 

Water was then added until all voids within and between the 

agglomerates were filled. The weight of the added water was recorded 

and the volume determined as: 

where 
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Vw = volume of water 

Ww = weight of water 

Gw = specific gravity of water. 

This volume was exactly equal to the total void volume since the 

sample had been initially dry. The porosity (n) was then 

calculated as: 

where 

\ iVhA)] 
"  =  ^ ' T T O W ? T  ( 1 9 )  

Vy = volume of voids 

Vj = total volume. 

The total porosity determined in this way was found to be about 0.60 

for the Darwin agglomerated tailings. 

4.5. Procedure for Determining the 
Relative Hydraulic Conductivity 

Versus Water Content Relationship 

The derivation given by Van Genuchten (1980) was adopted to 

determine the relationship between water content and relative 

hydraulic conductivity (Kr). The relative hydraulic conductivity 

can be defined as the scalar function by which the saturated 

hydraulic conductivity in Darcy's equation must be multiplied in 
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order for the equation to hold for unsaturated flow problems. Van 

Genuchten derived an equation to find the relative hydraulic 

conductivity (Kp), provided that the pressure head versus water 

content curve is known, as follows: 

,  1 ^ , 2  
K r  * 0  i / o  • f x r 1 * ]  ( 2 0 )  

where is the pressure head, and 0 is the dimensionless water 

content given as 

e-er 

0 • -s—r- (2D 
s r 

where 0 is the actual volumetric water content, and er and eg 

are its residual and saturated values, respectively. 

To solve Equation 20, the following expression that relates 

G to was adopted: 

6 = [—r-TFrr (22> 
l + M )  

where a, n, and m are yet to be determined. Note that i|> is 

assumed to be positive in Equation 22. When it is assumed that 

m = 1 - 1/n, then equation 22 becomes: 

. r 1 im (23) 
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After some mathematical operations the following equation is 

obtained: 

Kp = q1'2[\ - (1 - e1/mf]2 (24) 

A computer program (CHAR) witten by Dr. A. W. Warrick of the Soil and 

Water Science Department at The University of Arizona was used to 

perform the computations for m. The program requires the following 

input data: 

1) es 

2) ep 

3) Any two points on the pressure head (f) versus volumetric water 

content (e) curve. These are input by giving the e-

coordinate and the ^-coordinate for the first point (i.e., 0j 

and ipj) and then for the second point (i.e., 0g and ii^). 

4) Any number of selected points (up to 10) on the pressure head 

(\|>) versus volumetric water content (0) that are desired to be 

shown on the output plot. This is optional. 

The output of the program contains the Log(-t) versus 0 curve 

that best fits Equation 23 passing through the two points given by 

and which are specified in the third requirement 

of the input data. The output also contains the corresponding values 

for m and o in Equation 23. Note that only m is needed for 

calculating Kp (refer to Equation 24). If the fourth requirement 
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(the optional one) was chosen then the selected points will appear on 

the plot designated with the letter "E". This plot can be used to 

indicate how close the mathematical model used for representing the 

relationship between ip and e is to the experimentally 

determined ip versus 0 relationship. A listing of the computer 

program CHAR is contained in Appendix C.* The value of m obtained 

by using CHAR was substituted in Equation 24. Then Kp was 

calculated at different 6 values, and the Kp versus 6 curve was 

plotted. It should be noted that before the Kp versus 0 curve 

could be plotted, the gravimetric water content (w) had to be 

converted into the volumetric water content (0). The following 

equation was used: 

ph 0 = w-2. (25) 
pw 

where 

Pb = dry bulk density of agglomerates 

p = density of water. 
W 

was measured to be 1.26 g/cnr* for the Darwin agglomerated 

tailings. The value was not determined for the Carr Fork 

material for reasons to be discussed in the following chapter. 

*CHAR is not published anywhere; that is why a listing of it is 
provided in Appendix C. 



CHAPTER 5 

PRESENTATION AND DISCUSSION OF THE RESULTS 
OF THE LABORATORY PROGRAM 

5.1. Material Background 

The two tailing materials under study were the Darwin 

tailings, originated from California, and the Carr Fork tailings 

originated from Utah. Johnson (1984) developed the gradation curves 

for both of the tailings. The gradation curves for the Darwin 

tailings and the Carr Fork tailings are given in Figures 5.1 and 5.2, 

respectively. The Darwin tailings material is silty sand with clay 

particles (Figure 5.1) and the Carr Fork material is sandy silt 

(Figure 5.2). 

5.2. Soil-Moisture Characteristic Curve 

The use of the pressure plate extractor yielded the pressure 

head (\|>) versus gravimetric water content (w) also known as the 

soil-moisture characteristic curve. The results for the Darwin 

agglomerated tailings are shown in Table 5.1. These results were 

plotted as shown in Figure 5.3. 

Similarly, the results obtained for the Carr Fork 

agglomerated tailings are shown in Table 5.2. The results are also 

plotted in Figure 5.3. Both curves obtained are smooth curves 
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Figure 5.1 Gradation curve for the Darwin tailings. — (From Johnson, 
1984.) 
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Figure 5.2. Gradation curve for the Carr Fork Mine tailings. — (From 
Johnson, 1984.) 
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Table 5.1. Results of pressure plate extractor test on the Darwin 
material. 

Applied Average 
Cell Gauge Gravimetric Time Sample Left 
Pressure, P Moisture in Pressure Plate 
(psi) Content (%) Extractor (hrs.) 

12.0 17.0 24 

4.0 18.0 36 

3.25 18.4 48 

2.25 18.3 48 

0.725 19.3 48 

0 19.4 48 

Table 5.2. Results of pressure plate extractor tests for the 
Carr Fork material. 

Applied 
Cell Gauge Average Gravimetric Time Sample Left 
Pressure, P Moisture in Pressure Plate 
(psi) Content (%) Extractor (hrs.) 

12 24.2 24 

4 25.4 36 

2.23 25.6 48 

1.52 26.8 48 

0.81 25.3 48 

0 27.1 48 
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Figure 5.3. Soil-moisture characteristic curves for the Darwin and the 
Carr Fork materials. 
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and they represent the desorption curves (drying curves). These two 

curves agree with the fact described by Hi 11 el (1982) which states 

that, for a given soil, the greater the suction head is the smaller 

the soil water content is at equilibrium. The two obtained curves 

are almost parallel. This means that the incremental changes in 

water contents corresponding to some incremental changes in the 

applied pressure heads are similar for both agglomerated tailings. 

This could be attributed to the similarity between the two original 

tailings in that they were both sandy-silty materials, basically. 

Finally, at any given pressure head the water content for Carr Fork 

material is greater than for the Darwin material. This can be 

attributed to the fact that the former one contains gypsum (Johnson, 

1984). The gypsum can increase the retained water by two different 

ways: 

i) by the presence of the bound water in the gypsum itself which 

can be readily seen from the chemical formula for the gypsum 

which is CaS04.2H20 (Dana, 1941). 

ii) By the prsence of the bound water in the calcium sulphoaluminate 

(3CaO A12O3 3CaS0^ 31^0) which results from the combining of 

the gypsum (CaSO^^O) with the tricalcium aluminate hydrate 

(C3A) which is contained in the cement (Johnson, 1984). 

The soil-moisture characteristic curve is strongly affected 

by soil texture, and soil structure (Hi 11 el, 1982). 
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5.3. Saturated Hydraulic Conductivity 

The saturated hydraulic conductivity for the Darwin 

agglomerated tailings was measured three times following the 

procedure described in Chapter 4. The following data were taken for 

each trial: 

L = 21.5 cm (8.46 in) 

hj = 59.0 cm (23.23 in) 

h2 = 34.0 cm (13.39 in), and 

t = 2 sec. 

Substituting the data in Equation 16 yields a value of 6 cm/sec 

for K. 

Holtz and Kovacs (1981) suggested that the preferred method 

for determining the permeability (K) for coarse grained soils, such 

as the agglomerates, is by using a constant head permeater. A 

falling head permeater was used instead as explained earlier in 

Chapter 3. The permeability measured as part of this research falls 

in the range of permeabilities given by Holtz and Kovacs (1981) for 

clean gravel. This is reasonable because the Darwin tailings 

agglomerates were about 2 cm (0.79 in) in diameter which falls in the 

range of coarse gravel-type soil according to the ASTM classification 

system (Sowers, 1979). 

As for the agglomerated Carr Fork tailings, when the same 

falling head test was performed on these agglomerated tailings the 

agglomerates disintegrated and were flushed through the apparatus' 
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screen. This suggests that these agglomerates were not strong enough 

to stand the applied flow. For this reason, no further work was done 

on the Carr Fork tailings. All reference to agglomerates for the 

remainder of this thesis applies to the agglomerated Darwin tailings. 

5.4. Total Porosity of the Agglomerates 

The total porosity was found to be 0.60 following the 

procedure described previously in Chapter 4. Jumikis (1966) gave a 

range for the porosity of materials consisting of equal spheres of 

from 0.26 to 0.48 depending upon the packing arrangement of the 

spheres (i.e., going from densest to loosest). The average value is 

0.37. This accounts for the macropores. From the gradation curve of 

this material offered by Johnson (1984), which is shown in Figure 

5.1, the best fit category for the material is silty sandy well-

graded material. The porosity range for that material, as given by 

Holtz and Kovacs (1981), is from 0.23 to 0.47 with an average value 

of 0.35. The macropores should be considered as a part of the total 

volume of the material; therefore the value of 0.35 should be 

multiplied by a reduction factor equal to (1 - 0.37 = 0.63). Thus 

the effective value to be used for the porosity to account for the 

micropores is 0.22. Adding the value of porosity that corresponds to 

the macropores (0.37) to that which corresponds to the micropores 

(0.22) gives an average total porosity of 0.59 which is very close to 

the experimentally obtained value of 0.60. This indicates that the 

procedure used for determining the total porosity of the agglomerated 



tailings is reasonably reliable. For more details refer to 

Appendix 6. 

5.5. Relative Hydraulic Conductivity 

The relative hydraulic conductivity, Kp, was determined as 

a function of the volumetric water content, 6, for the Darwin 

material, using the procedure explained in Chapter 4. The input data 

for the CHAR program were as follows (refer to Chapter 4): 

1) 6 = 0.248 
s 

2) e„ = 0.214 
r 

3) First point: 0j = 0.227, i|>j = -285.4 cm water 

Second point: 0£ = 0.243, ^ = -51.7 cm water 

4) The following five points were selected 

6 = 0.243, i|> = -51.7 cm water 

0 = 0.233, ^ = -185.5 cm water 

0 = 0.227, i|i = -285.4 cm water 

e = 0.219, \|> = -535.1 cm water 

6 = 0.214, i|> = -856.1 cm water. 

CHAR computed a value of 0.43 for m. This is given, along with the 

Log(-^) versus © curve, in the CHAR output shown in Figure 5.4. 

The experimentally-determined points that are designated as "E's" 

fell close to the Log(-t) versus 0 curve (refer to Figure 5.4) 

which indicates that the adopted mathematical model is a good 

representation of the experimental results. 



The computed value for m was substituted in Equation 24 and 

then different Kp values were calculated at different 8 values 

and the Kp versus 0 curve was plotted. This is shown along with 

the pressure head (i|>) versus volumetric water content (e) curve 

in Figure 5.5. 
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m = 0.43 

a = 0.0119913672 

0. 0.2 0.4 0.6 

dlmensionless water content, 6 

Figure 5.4. CHAR output for the Darwin material. 
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CHAPTER 6 

EXAMPLE PROBLEM USING UNSAT2 AND COMPARISON 
OF RESULTS WITH APPROXIMATE METHOD 

6.1. Verification of UNSAT2 

6.1.1. Drainage Test by Hunt (Column Test) 

The material involved in this test is Duval Mine tailings. 

Hunt (1984) conducted a series of tests on this material and 

determined the following properties: 

i) The gradation curve (Figure 6.1). As the figure shows, the 

material is a silty sand with some clay particles. 

ii) The soil-moisture characteristic curve using the pressure plate 

extractor. This curve is shown in Figure 6.2. 

Hunt then performed an unsaturated flow test using a 

plexiglass column (20 cm x 20 cm) in cross section and 123 cm high 

with a drain or outflow tube at the bottom. The column is shown in 

Figure 6.3. The test was performed as follows: 

i) A layer of pea gravel, about 3 cm thick above the drain, was 

poured into the column and then a layer of Ottawa sand also 

about 3 cm thick was poured over it to form a filter. This was 

to prevent the tailings from migrating to the drain, 

ii) Tensiometers were taped at various depths to a metal rod which 

was supported vertically inside the column (Figure 6.4). 
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Figure 6.3. Dimensions of the experimental flow column. -- (From 
Hunt , 1 984 • ) 
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Figure 6.4. A schematic of the column test setup. -- (From Hunt, 
1984.) 
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iii) A slurry consisting of saturated Duval Mine tailings was poured 

over the filter up to the top of the column. 

iv) After the system stabilized (i.e., when the pressure heads at 

the selected various depths reached some constant values) the 

outflow tube was undamped and drainage started. 

v) Pressure heads were measured at the selected depths at various 

times throughout the experiment. A negative pressure head 

indicates suction. 

vi) At the end of the experiment (i.e., after five days from the 

time the outflow tube was undamped) the gravimetric moisture 

contents were measured at those selected depths in the column. 

The results of the test for the measurements after the thrid 

and the fifth day from the time the outflow tube was undamped, are 

given in Table 6.1 along with the corresponding results obtained by 

UNSAT2 simulation of Hunt's test. These results are discussed in the 

following section. 

6.1.2. Computer Simulation of Hunt's Test 
Using UNSAT2 

UNSAT2 was used to predict the moisture contents and the 

pressure heads at the depth selected in Hunt's test at the various 

selected times. 

The following data was input in order to model Hunt's 

experiment: 



Table 6.1. Results of Tensiometer test and UNSAT2 run. 

Tensiometer Data vs_UNSAT2 Predicted Values Measured Gravi-

Depth Cor- After 3 Days After 5 Days metric Moisture 

Below respond- Content after 

Soil ing 5 days 
(cm) (Fig. 6.5) »<a> „<"> «,<<> „<"> „<"> „<"> „<c> „<«> „<*> 

7.5 7 -104.9 16.9 -70.5 19.76 -133.9 15.6 -75.5 19.49 20.67 

15.0 11 - 96.6 17.6 -66.5 19.98 -125.5 15.8 -70.5 19.67 19.67 

22.5 15 - 89.0 18.1 -63.4 20.49 -116.9 16.4 -66.6 19.98 20.16 

30.0 19 - 81.8 18.6 -60.4 21.02 -108.3 16.8 -63.1 20.55 20.53 

37.5 23 - 74.5 19.4 -57.1 21.60 - 98.5 17.4 -59.2 21.24 20.21 

45.0 27 - 68.2 20.0 -53.3 22.05 - 91.0 18.1 -54.9 22.00 20.74 

52.5 31 - 61.2 21.0 -49.0 22.18 - 82.2 18.6 -50.2 22.15 20.59 

60.0 35 - 47.3 22.6 -44.3 22.33 - 64.3 20.2 -45.2 22.30 20.72 

75.0 43 - 36.9 25.0 -33.8 22.65 - 45.9 22.6 -34.3 22.63 21.37 

(a) Pressure head (cm of water) measured by Tensiometer; negative sign indicates suction. 

(b) Gravimetric water content (%) at Pt as determined from the pressure head versus moisture 

content curve shown in Figure 6.2. 

(c) Pressure head (cm of water) predicted by UNSAT2; negative sign indicates suction. 

(d) Gravimetric water content (%) predicted by UNSAT2. 

(e) Measured water content (%) at end of test. 



A finite element mesh: (Figure 6.5). The mesh consisted of 48 

elements and 68 nodes. Each element was defined by its corner 

nodes. 

The pressure head (<i) versus volumetric moisture content 

(0) curve shown in Figure 6.6. This was derived from the 

pressure head (<>) versus gravimetric moisture content (w) 

curve (Figure 6.2) as developed by Hunt (1984). An average 

value of the dry bulk density (p^) of 1.6 was used in 

calculations (Hunt, 1984). 

The relative hydraulic conductivity (Kr) versus the 

volumetric water content (0) shown in Figure 6.6. The 

computer program CHAR was used to determine this curve. The 

input data were the following: 

0S = 0.379 

0 = 0.083 
r 

= 0.224 

= -176.0 cm water 

02 = 0.128 

= -683.1 cm water 

From the data above, CHAR determined the value of 0.48 for 

m. It gave the Log(-i|>) versus 0 curve that best fits 

Equation 23 passing through the two points given by 

(Oj.+j) and (e2»1''2^ as shown Fi9ure 6«7* 
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Node numbering is sequential across rows starting at 
upper left-hand corner. 
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This curve passes very closely to the experimentally-

determined points (i.e., the points which are designated by the 

letter "E") which indicates that the mathematically-determined 

curve created by CHAR is a good representative of its equivalent 

experimentally-determined curve. All procedures for the previous 

steps are explained in detail in Chapter 4. 

The versus 0 and the Kp versus e curve (Figure 6.6) 

were input into UNSAT2 in terms of paired points. 

4) The saturated hydraulic conductivity which was measured by Hunt 

(1984) to be 5.544 x 10"2 cm/hr. 

5) The problem was designated as a vertical plane flow problem in 

the input data with an initial condition of zero pressure head 

assigned at all nodes. This tells UNSAT2 that the soil column 

was fully saturated initially. 

6) All boundary nodes were considered impermeable except for nodes 

65 through 68 (Figure 6.5) which lie on the interface between 

the tailings and the sand layer. The latter nodes were 

assigned a boundary condition that states that they lie 

initially on a seepage face and are expected to become 

unsaturated during a later stage. 

Table 6.1 contains the results of Hunt's drainage test and 

the UNSAT2 results of the runs performed in this study. Shown are 

the pressure heads (+u's) and gravimetric moisture contents 

(wu's) predicted by UNSAT2 as well as the measured pressure heads 
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(Vt's) and their corresponding gravimetric moisture contents 

(wt's) as determined by entering the pressure head versus 

gravimetric moisture content curve (Figure 6.2) at the measured 

^-values. The gravimetric moisture contents (w
m's) that 

were measured at the end of the experiment are also presented in 

Table 6.1. 

The gravimetric moisture contents (wu, wt and wm) at the 

end of five days are plotted as a function of depth as shown in 

Figure 6.8. From the figure, it can be readily seen that the UNSAT2 

predicted moisture contents (wu's) are close to the measured 

moisture contents fw 's) while the moisture contents v m ' 

(w^'s) corresponding to suction head readings measured by Hunt are 

generally lower than those predicted by UNSAT2. This suggests that 

either the suction head readings are in error or the applied pressure 

head versus gravimetric water content curve (Figure 6.2) is 

incorrect. Since measuring the water content of a soil involves much 

less complexities than measuring the suction head, the former 

measurements are probably more reliable. The high suction head 

readings may be attributed to some physical-chemical properties of 

the materials involved in the experiment. Some of those properties 

are: temperature, surface roughness and fused salts in solution 

(chemical composition) (Adamson, 1976). These properties are not 

going to be discussed because they are beyond the scope of this work. 
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Although the predicted values of suction are superficially 

different from those measured by Hunt, UNSAT2 did predict Hunt's 

measured values of water contents. Since water content measurement 

is more reliable than suction measurement in partially saturated 

soils it appears that UNSAT2 can be used reliably to analyze 

unsaturated flow problems. 

6.1.3. Drainage with Top Fluid Application Test (Sand Flume Test) 

This section presents a summary of an example worked out by 

Davis and Neuman (1983) for drainage through a sand bed subjected to 

a constant fluid application rate. The problem is similar to the 

heap leach process from flow aspects. The tests were performed in a 

flume 1220 cm long, 122 cm high and 5.1 cm thick packed with Poudre 

sand. A fluid application rate of 10.35 cm^/day/cm^ (0.4313 

cm^/hr/cm^) was applied at the top of the flume. Drainage was 

provided by drainage channels located at the ends of the flume. 

Fluid was maintained at zero elevation (i.e., at the elevation of the 

bottom of the sand bed) at the drainage channels. The saturated 

hydraulic conductivity was measured to be 23.18 cm/hr. All other 

required physical properties of permeant and soil were determined 

experimentally too, then UNSAT2 analysis was performed. The 

experimentally-measured data points and the UNSAT2 prediction for the 

phreatic surface at steady state conditions are plotted in Figure 6.9 

(Davis and Neuman, 1983). The 
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graph verifies that UNSAT2 is very good in predicting the location of 

the phreatic surface at steady state conditions for such a problem. 

A line was drawn to fit the experimentally-determined data 

points (Figure 6.9). This yielded a value of 64 cm for the maximum 

height of the phreatic surface at line of symmetry. This was done 

for comparison to be established later on. 

6.2. Analysis of Agqolmerated Leach 
Heap by Numerical Method UNSAT2 

After UNSAT2 had been verified as indicated in the previous 

section, it was then used to run a two-dimensional analysis on heap 

leaching pertaining to a specific heap whose geometry was provided by 

Anaconda Minerals Company Research Center in Tucson, Arizona. The 

leach heap was 21 feet (640 cm) high having drains spaced at 25 feet 

(762 cm) intervals on a horizontal imprevious boundary. Due to 

symmetry, only one-half of the section between two consecutive drains 

was analyzed. A unit thickness (1 cm) was used in the analysis to 

simplify the problem. The drain was located at the lower left hand 

corner of the section as shown in Figure 6.10 

A constant rate of lixiviant application was assumed to be 

applied at the top of the leach heap vertically. Therefore the 

infiltration was assumed to take place in a vertical plane in this 

analysis. 
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Figure 6.10. A schematic of the analyzed half of the leach heap 
section. 



The following data were input to UNSAT2 to solve the heap 

leach problem described above: 

1) A finite element mesh (Figure 6.11): it consists of 206 

elements and 219 nodes. The node numbers for only the first 

and the last node in each row appear in the figure in order to 

avoid confusion. Nodes 18, 219, 213 and 1, which lie at the 

four corners of the section, are assigned the following letter 

designations: A, B, C and D, respectively. The mesh is finer 

near the drain, where all the outflow takes place, because 

pressure gradients are largest there. The mesh is also finer 

near the bottom of the heap since pressure heads there (i.e., 

pressure heads at nodes 1 through 18) are going to be examined 

carefully later on for determining the phreatic surface. 

2) The pressure head (i|>) versus the volumetric water content 

(e) curve (Figure 6.12). The curve presented in Figure 5.4 

was modified to account for the macropores in the agglomerated 

tailings. The modification was based on the concept that the 

saturated volumetric water content (es) must, by definition, 

be equal to the total porosity. The total porosity was 

measured to be 0.60, as explained in Chapter 4. Therefore if 

6 equals 0.60 the pressure head (\|i) must be equal to zero 

because it is assumed that when the sample in the pressure 

plate extractor is fully saturated at equilibrium the pressure 

heads in the sample must be zero (atmospheric) considering that 
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the height of the sample is negligible. Therefore a new point 

on the \|) versus e plot is established. Since the 

macropores can retain water at low pressure heads only, an 

arbitrary point of low pressure head (i|» = -51.72 cm water) on 

the original i|> - e curve was connected in the newly 

established point as shown in Figure 6.12. 

3) The relative hydraulic conductivity (Kp) versus the 

volumetric water content (0) curve (Figure 6.12). Similarly, 

when the value of e is equal to 0.60 (i.e., the 

aggolmerated tailings are saturated) the relative hydraulic 

conductivity, Kp, must be equal to 1, by definition. This 

establishes a new point on the Kp versus e curve as 

indicated in Figure 6.12. The value of Kp is small for 

relatively small values of 0, and increases rapidly as the 

macropores start to fill up. Hence, a point of low Kr value 

(Kr = 0.144) on the original Kp- 0 curve was connected to 

the point established beforehand. The same low Kr-value point 

(i.e., Kp = 0.144) was connected with a straight line to the 

point at Kp = 0 of the original Kp - 0 curve. 

4) The saturated hydraulic conductivity: this was measured to be 6 

cm/sec as described in Chapter 5. 

The input just described was used as a part of the UNSAT2-

input data for six different cases of the heap leach problem. 



The initial conditions are given in terms of prescribed 

pressure heads (<|>q's) at tf,e nodes. The following boundary 

conditions were selected (refer to Figure 6.11): 

1. Boundary BC (top of heap) is subjected to some constant rate 

of lixiviant application per unit area (q). 

2. Boundaries AD (bottom), AB (center line between two 

consecutive drains) and line DC (section line at the drain) 

are impervious with the exception of nodes 1, 19 and 37 on line 

DC. Node 1 is specified to have a constant pressure head 

(or hg). This establishes the downstream water elevation. 

Nodes 19 and 37, which are the second and third nodes from the 

bottom on the vertical boundary at the drain, are specified as 

initially unsaturated and that they may become as a part of a 

seepage face at any later time. This accounts for the presence 

of the drain at that location. 

Program UNSAT2 was run for six different sets of conditions 

(i.e., six different cases) as summarized in Table 6.2. Note that 

the value of -856.1 cm water that appears in the table for the 

initial pressure head at all nodes corresponds to a value of 

w = 0.17 or 0 = 0.214. Analyses were mainly done on Case 1 which 

complied with the specifications provided by Anaconda Minerals 

Company Research Center in Tucson, Arizona. Case 2, which had the 

exact same applied rate of lixiviant application per unit area (q) 

and pressure head at Node 1 (hQ) as Case 1 was performed to verify 
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Table 6.2. Important initial and boundary conditions of UNSAT2 runs. 

Applied Rate of 

Lixiviant Constant Pressure 

Application Head at node 1, Initial Pressure 

Case Per Unit area, q Sfj (or hg) Heads, ^g's 

Number (cm^/hr/cm^) (cm) (cm water) 

1 12.271 0 -856.1 

2 12.271 0 -EH* 

3 122.71 0 -EH 

4 1227.1 0 -EH 

5 12.271 5 -EH 

6 12.271 7 -EH 

*-EH: means the negative of the elevation head (i.e., at each node 
the initial pressure head equals to the negative of the 
elevation head at that node). 

that the difference in the initial pressure heads between the first 

two cases would not cause any change in the predicted results at 

steady-state flow conditions. In actuality, when the two cases were 

run by UNSAT2 this was proven to be the case. It was noted though 

that the steady-state flow conditions were reached after about 1.4 

hours from the initial time in Case 2, while it took about 1.8 hours 

in Case 1. Furthermore, the pressure head at Node 18 (bottom node at 

center line) stabilized after about 1 hour under conditions of Case 2 



run while it took about 1.4 hours under conditions of Case 1. 

Cases 3 through 6 were run to predict the maximum height of 

the phreatic surface (at the center line) at steady state flow 

conditions for different combinations of boundary conditions, in 

order to compare the results obtained by UNSAT2 with those obtained 

by sand drain analysis at steady-state flow conditions. In these 

cases the initial pressure heads ('I'q's) were equated to the 

negative of the elevation heads (-EH's). This was done because 

these initial conditions (i.e., i|>0 = -EH) were proven to lead to 

equilibrium faster than ^ = -856.1 cm water initial conditions at 

all nodes even though they do not represent the actual field initial 

conditions. 

6.2.1. Discussion of Case 1 and Case 2 

In both cases discharge of water out of the system took place 

through Node 1 only. The flow rate at Node 1 versus time is plotted 

for cases 1 and 2 in Figures 6.13 and 6.14, respectively. It is 

evident from Figure 6.13 that at the earlier times water flowed into 

the system through Node 1. This can be attributed to the high 

suction heads imposed on the system as initial conditions in Case 

1. This condition was eliminated in Case 2 where water was 

discharged out of the system even at the earlier times as shown in 

Figure 6.14. The outflow rate reached a constant maximum value of 

4675.3 cm3/hr in both cases. This value is equal to the lixiviant 
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application rate and indicates that steady state conditions had been 

achieved in the mathematical model. 

The net flow rate for the entire system (i.e., the summation 

of inflow minus outflow at all nodes) versus time is plotted in 

Figures 6.15 and 6.16 for Cases 1 and 2, respectively. A plus sign 

indicates a net inflow and a minus sign indicates a net outflow. The 

system net flow rate in Case 2 was much smaller than that in Case 1 

initially because no water flowed into the system at Node 1 in Case 

2. In both cases steady-state flow conditions were reached when the 

system net flow rate was equal to zero. Pratically speaking, steady 

state flow conditions can be considered to have been reached after 

about 0.8 hours as Figures 6.15 and 6.16 show. 

The pressure heads at Node 18 were examined carefully because 

the largest pressure head in the leach heap, at steady state 

conditions, will develop there. Recall that Node 18 is the bottom 

node at the line of symmetry (Figure 6.11). The pressure head at 

Node 18 versus time curve was plotted for Cases 1 and 2 as shown in 

Figures 6.17 and 6.18, respectively. In Case 1 the pressure head had 

a relatively drastic change in the first one-half hour (from -856.1 

cm water to about 1 cm water). This was due to the high suction head 

assigned as an initial condition at that node. In Case 2 the change 

in the pressure head was very small (from zero to about 1.3 cm 

water). For all practical purposes, the pressure head at Node 18 can 
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be considered to have stabilized after about one-half hour in both 

Cases 1 and 2 (refer to Figures 6.17 and 6.18). 

The same level of phreatic surface was reached in both Case 1 

and Case 2 at steady-state flow conditions as mentioned earlier in 

this section. The location of the phreatic surface was determined by 

plotting points of zero pressure heads. The phreatic surface as 

predicted by UNSAT2 at steady state flow conditions for Cases 1 and 2 

is shown in Figure 6.19. The maximum height of the phreatic surface 

was 1.318 cm (Table 6.3) at steady state flow conditions. 

Various equipotential lines at steady state conditions 

for Cases 1 and 2 were drawn using UNSAT2 results as shown in 

Figure 6.20. 

6.2.2. Presentation of the Results of Cases 3 Through 6 

Runs of Cases 3 through 6 were performed, as mentioned 

earlier, for the purpose of comparing the height of the phreatic 

surface at the symmetry line fh ) as determined by UNSAT2 with 
^ max; 

the value obtained by sand drain analysis (McWhorter and Sunada, 

1977). Different combinations of lixiviant application rate per unit 

area (q) and downstream water elevation (hQ) were studied to note 

the effect of changing q while keeping hg constant and the effect 

of changing hg while keeping q constant on the predicted maximum 

height of the pheratic surface. A summary of the results of hmax 

for all six cases is presented in Table 6.3. 
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Figure 6.19. Phreatic surface as predicted by UNSAT2 for Cases 1 and 2 
at steady state conditions. 
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Table 6.3. Results of UNSAT2 runs and of sand drain analysis for 
cases 1 through 6. 

Maximum Height of 

Phreatic Surface at 

Applied Rate of line of Symmetry, 

Lixiviant Downstream hmax (cm) 
Application per Water 

Case Unit Area, q Elevation, hg UNSAT2 Sand Drain 

Number (cm^/hr/cm^) (cm) Analysis Analysis* 

1 12.271 0 1.318 9.08 

2 12.271 0 1.318 9.08 

3 122.71 0 11.967 28.72 

4 1227.1 0 73.172 90.81 

5 12.271 5 6.164 10.37 

6 12.271 7 8.175 11.47 

*MCWhorter and Sunada, 1977 



Figure 6.20. Equipotential lines as predicted by UNSAT2 for Cases 1 
and 2 at steady state conditions. 
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6.3. Analysis of Agglomerated Leach Heap by Approximate 
Method Using Sand Drain Analysis 

The sand drain analysis assumes that the flow that takes 

place between parallel channels or drains to be a one-dimensional 

horizontal flow when steady-state conditions are reached (McWhorter 

and Sunada, 1977). The flow is also assumed to be sustained by a 

constant uniform vertical rate of lixiviant application per unit 

area. Figure 6.21 shows a schematic of the problem. 

The formula for calculating the height of the phreatic 

surface at a horizontal distance x from the center line midway 

between two consecutive drain channels is (McWhorter and Sunada, 

1977): 

h2 = h2 -£[x2 - (L/2)2] (27) 

By substituting x « 0 we obtain the formula for the maximum height 

of the phreatic surface: 

hmax " !r + h0 (28> 

where: 

q = vertical lixiviant application rate per unit area 

L = spacing between two consecutive drain channels 

K = the saturated hydraulic conductivity 

hg = the downstream water elevation. 
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Figure 6.21. A schematic of the sand drain analysis problem. 



The maximum height of the phreatic surface, hmax, was 

calculated using Equation 28 for all the six cases run by UNSAT2 in 

the previous section. The results are given in Table 6.3. 

6.4. Comparison of Results 

6.4.1. Experimental Versus Sand Drain Analysis 
of the Sand Flume Test 

The results for the maximum height of phreatic surface 

obtained experimentally in the Sand Flume Test ((hm.v)av_ ), which iflwX 6Xp* 

was presented by Davis and Newman (1983) (refer to Section 6.1.3), 

are to be compared with the values obtained by the sand drain method 

^hmax^drain anal.^* 

To compare (h
max)exp. wittl (hmaxWain anal. the 

following defintion is adopted: 

„ .*• • l. r. (hmaxWain anal. ,0n\ Ratio of maximum heights = Rnr = rr r (29) 
max^exp. 

Then a plot of Rp^ versus q is used to study the effect of q 

on Rq£ at a constant value of hp equals to zero. 

Three pairs of fh, ) versus fhm„are r max'exp. v max-'drain anal. 

needed. They were derived as follows: 

( i )  T h e  f i r s t  p a i r :  ( h  )  w a s  f o u n d  t o  b e  6 4  c m  ( r e f e r  t o  
max 6xp. 

Section 6.1.3). The corresponding (hmax)drain anal# value 

was calculated by substituting the following data into 

Equation 28: 
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q = 0.4313 cm^/hr/cm2 

K = 23.18 cm/hr 

L = 1220 cm 

hQ = °. 

The equation yielded a value of 83 cm for (h ) . , . 
max-'draTn anal. 

( i i )  T h e  s e c o n d  p a i r :  D u k e  ( 1 9 7 3 )  p r e s e n t e d  a n  a d d i t i o n a l  g r a p h  o f  

the phreatic surface location at steady state conditions, 

shown in Figure 6.22, pertaining to the same experiment but at 

a different fluid application rate (q = 17.30 cm^/day/cm2 = 

0.7208 cm^/hr/cm2), all other variables (i.e., K, L and 

hg) being the same. Again, in the same fashion, the value 

for (hmax)exp. and (hmax)drain anal, were determined to be 

88 cm and 108 cm, respectively. 

( i i i )  T h e  t h i r d  p a i r :  t h e r e  i s  n o  d a t a  a v a i l a b l e  a b o u t  a  t h i r d  r u n  

of the Sand Flume experiment at some different q. If a 

hypothetical run of q = 0 is considered (with K, L, 

and hp being the same); then (^^gxp = 0 and 

(h 1. . . = 0. Thus Rnr = * which is undefined, 
max^drain anal. DE D 

This suggested to plot (h ) versus q (Figure 
max exp• 

6.23). It was assumed that at q = 0 the value of 

(h ) was equal to zero too. Under these conditions the v max exp. 

phreatic surface will stay at the zero level maintained at the 

drain along all the bottom boundary of the flume. After the 

curve shown in Figure 6.23 was obtained, a line at q = 0.1 
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cm3/hr/cm^ was extended vertically to intersect the curve and 

then the corresponding value for (h
max)exp. was read t0 be 

21 cm. At the same q-value (i.e., q = 0.1 cm^/hr/cm^), the 

corresponding (hmax)dra1n ana,. value was calculated to be 

about 40 cm. 

Now there are three points available for plotting the 

versus q relationship. The Rgg values were calculated and the 

results are presented in Table 6.4. Those results were used to plot 

the R[)e versus q relationship (Figure 6.24). The R^ values 

were decreasing with increasing values of q and the generated curve 

converges to a value of 1.23 for Rpg. This implies that the value 

for the maximum height of phreatic surface found by using the sand 

drain analysis method ((h
max)drain anal J W1^ be at ^east **23 

Table 6.4. A Comparison between (hmax)exp< and (hmax)drain anal, 

for the Sand Flume Problem at hg = 0. 

q , [hmax)drain anal. (hmax)exp. *DE % 

(cnr/hr/cnrj (cm) (cm) (cm/cm) 

0.1000 

0.4313 

0.7208 

40 

83 

108 

21 

64 

88 

1.90 

1.30 

1.23 
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times larger than the maximum height of the phreatic surface 

determined exprimentally ((^nax^exp.)* 

6.4.2. UNSAT2 Versus Sand Drain Analysis of 
the Agglomerated Heap Leach Problem 

The agglomerated heap leach problem is considered. The 

phreatic surface as predicted by UNSAT2 and the corresponding one 

obtained by the sand drain analysis are plotted as shown in Figures 

6.25, 6.26, and 6.27 for Cases 1, 4 and 6, respectively. A 

comparison between the maximum heights of the phreatic surface 

predicted by UNSAT2 ((h
max)(jNSAT2^ and those ca1culflted by the sand 

drain analysis ((hmax)dra1n is made. 

The following definition is introduced for comparison: 

Ratio of maximum heights = Rm. = —c * r ^ n  a n a ^  *  (30) 
uu max-,UNSAT2 

The fh values have already been found for the six v max'UNSAT^ 

cases of the heap leach problem (refer to Table 6.3). The 

corresponding (h ). . , values were calculated using 
pidx drain dndi* 

Equation 28 (Table 6.3). The RDU values were calculated and the 

results are presented in Tables 6.5 and 6.6. Table 6.5 contains 

values for Cases 1, 5 and 6 which all have the same q value. Thus 

the effect of changing hg can be noted. Table 6.6 contains values 

for Cases 1, 3 and 4 which all have the same hg value and thus the 

effect of changing q can be noted. 
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Figure 6.25. Phreatic surface as determined by UNSAT2 and by sand 
drain analysis for Case 1 at steady state conditions. 
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Figure 6.26. Phreatic surface as determined by UNSAT2 and by sand drain 
analysis for Case 4 at steady state conditions. 
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Figure 6.27. Phreatic surface as determined by UNSAT2 and by sand 
drain analysis for Case 6 at steady state conditions. 
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Table 6.5. A comparison between ('1max)lJNSAT2 anc* 

(hmaxWain anal. for the heaP 1each Problem at 

q = 12.271 cm^/hr/cm^. 

Case h0 (hmax)uNSAT2 (^maxWain anal. RDU 
Number (cm) (cm) (cm) (cm/cm) 

1 0 1.318 9.08 6.89 

5 5 6.212 10.37 1.67 

6 7 8.175 11.47 1.40 

Table 6.6. A comparison between (hmax)UNSAT2 and Chmax)drain anal. 

for the heap leach problem at hQ = 0. 

^ase ^ (cm I (hmax)uNSAT2 (^max)drain anal. RDU 

Number hr/cm^) (cm) (cm) (cm/cm) 

1 12.271 1.318 9.08 6.89 

3 122.71 11.959 28.72 2.40 

4 1227.1 71.631 90.81 1.27 



The results presented in Table 6.5 were used to plot Rqu 

versus h0 relationship as shown in Figure 6.28. The RDU values 

decrease with increasing values of hg and converge to a value of 

1.35. Similarly, the results presented in Table 6.6 were used to 

plot Rqu versus q (Figure 6.29). The Rpy values decrease with 

increasing q values and converge to a value of 1.27. The sand 

drain analysis again predicted higher values for hmax. This time 

higher than those obtained by UNSAT2 analysis. 

A summary of the comparisons studied in this section is 

presented in Table 6.7. 

6.4.3. Summary of the Comparisons of the Results 

All three values to which the various R ratios are 

converging are larger than one. This indicates that the sand drain 

analysis method consistently predicts higher values for hmax than 

can be expected from other methods of analysis. Furthermore, these 

three values (i.e., 1.23, 1.35 and 1.27) are close to each 

other which indicates that UNSAT2 predicts reasonable results and 

that those results are close to the real values. 
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Figure 6.28. Ratio of maximum heights versus downstream water 
elevation for the heap leach problem. 
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Figure 6,29. Ratio of maximum heights versus fluid applicaton rate per 
unit area for the heap leach problem. 



Table 6.7. Summary of results of the comparisons. 
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Value to 

which Rde Value to which Rjju Value to which Rpjj 

Converges Converges (at Converges 

o
 

ii o
 

.c +-> <0 

q = 12.271 cm3/hr/cm2) (at hQ = 0) 

1.23 1.35 1.27 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

The main objectiove of this study was to investigate the flow 

aspect of the heap leach process for agglomerated mine tailings. The 

finite element computer program, UNSAT2, written by (Neuman et al., 

1974) was used to perform partially saturated flow analysis on the 

heap leach problem. 

From this study the following conclusions were made: 

1) The pressure plate extractor is a very simple apparatus to use 

for determining the soil-moisture characteristic curve required 

as input to UNSAT2. It provides the drying curve only. 

2) The non-conventional falling head permeater apparatus used for 

determining the saturated hydraulic conductivity of the 

agglomerates gives a reasonable measurement. 

3) The mathematical model derived by Van Genuchten (1980) to 

describe the relationship between the pressure head and the 

water content, and to determine the relative hydraulic 

conductivity versus water content relationship represents the 

experimental results well as shown in Figure 6.7. 

4) The computer program, CHAR, written by Warrick is very practical 

for determining the parameters required in the Van Genuchten 

mathematical model. 
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5) The computer program, UNSAT2, is reliable for predicitng the 

water contents in the unsaturated zone of a partially saturated 

flow problem and thus in predicting the corresponding suction 

heads provided that the soil moisture characteristic curve which 

is input into UNSAT2 is correct. 

6) The computer program, UNSAT2, is reliable for predicting the 

phreatic surface location (i.e., the positive pressure heads in 

the saturated zone) at steady state conditions in partially 

saturated flow problems. A good example of this kind of problem 

is the heap leaching problem. 

7) When UNSAT2 is used for the purpose of predicting the solution 

for some flow problem at steady-state conditions only, then it 

is useful to prescribe the initial conditions that will lead 

fastest to the former conditions. 

8) The sand drain analysis method of McWhorter and Sunada (1977) 

predicts larger values for the maximum height of the phreatic 

surface fh„ 1 at steady state conditions than those obtained max' 

experimentally or by using UNSAT2. At fluid application rates 

greater than 0.7 cm^/hr/cm^ for the Sand Flume test and greater 

than 780 cnrVhr/cm^ for the agglomerated heap leach problem the 

values predicted by the sand drain method are about 1-^ times 

larger than the corresponding ones obtained by the two latter 

methods. Similarly, at downstream water elevations greater than 

8 cm the values for hmax predicted by the sand drain method 
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are about 1-j times larger than the hmax values obtained by 

UNSAT2. 

9) High flow rates can cause disintegration of the agglomerated 

mine tailings as in the case of the Carr Fork tailings. 

10) The flow performance of the heap leach is predicated on the 

stability of the agglomerates. The analyses presented in the 

thesis are not valid if the agglomerates disintegrate. 

The recommendations for future research are the following: 

1) The actual lixiviant being used in the heap leach process should 

be used itself in determining the soil-moisture characteristic 

curve by the pressure plate extractor method. 

2) The soil-moisture characteristic curve of the tailings 

themselves as well as of the agglomerates should be determined 

and then the two should be compared. 

3) A constant-head permeameter should be used, if possible, in 

measuring the saturated hydraulic conductivity of the 

agglomerates since the value falls in the range where the use of 

that permeameter is recommended. 

4) The saturated hydraulic conductivity of the agglomerates 

considering the lixiviant itself as the permeant should be 

determined by measuring it directly using the lixiviant or by 

converting the measured value that pertains to water (if water 

is used) to its equivalent that pertains to the lixiviant before 

inputing it into UNSAT2. 
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5) To run the permeability test on the agglomerates before running 

any other experiment to make sure that the agglomerates under 

study are strong enough to stand the flow. 

6) The effect of evaporation should be included in the analysis of 

the heap leach problem by adopting some estimated values for the 

rate of evaporation depending on the field conditions. 



APPENDIX A 

SAMPLE CALCULATIONS 

Saturated Hydraulic Conductivity 

Initial Information: 

i hi 
K - r l n ^ )  

Length of soil sample (L) = 21.5 cm 

Initial head in tube (hj) = 59.0 cm 

Final head in tube = 34.0 cm 

Time for head drop from hj to f^ft) = 2 sec 

Calculations: 

K = ^ln(§|$) - 6 cm/sec 

Maximum Height of Phreatic Surface Calculated 
by Sand Drain Analysis Method" 

Initial Information: 

h2 qL2 , h2 
max " 4T + h0 

o o 
Rate of fluid application per unit area (q) = 12.271 cmJ/hr/cm 

Spacing between two consecutive drains (L) = 762 cm 

Saturated hydraulic conductivity (K) = 21600 cm/hr 

Downstream water elevation (tig) = 0 

Calculations: 
O 

"L - '"W + 0 • 82-466 

hmax = 9'08 cm 

98 



APPENDIX B 

EVALUATION OF THE TOTAL POROSITY 
OF THE AGGLOMERATED TAILINGS 

The following equation can be written: 

n = nMAC + nMIC 
(Bl) 

where 

n = the total porosity of the agglomerates 

nMAC = t^1e P°ros1ty considering the macropors only in the 

agglomerates 

nMIC = tlle P°rosity considering the micropores only in the 

agglomerates. 

The average value for nM^ was equal to 0.37 as given in Chapter 

5. The average value for the porosity considering the macropores in 

the tailings before agglomeration CnMICBwas eclua^ t0 as 

given in Chapter 5. 

Now the following equation can be written: 

nMIC = t1 " nMAC^nMICB^ 
(B2) 

Substituting the values of nMAC and nMICB in Equation B2 yields 
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nMTr = (1 - 0.37)(0.35) = 0.22 
MIL 

Finally, substituting the values of nM^ and in Equation B1 

yields: 

n = 0.37 + 0.22 = 0.59. 



APPENDIX C 

THE LISTING OF CHAR COMPUTER PROGRAM 
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JLI ST 

10 0111 MS< ~00) 
20 P.EM --CHA~ FEB 29 
30 09S • CHR'I ·~4> 
4(1 RESTOPE 
~0 REAC• t-.IAS ,NFI, TR 1 TS 1 T1, Hl 1 T2 1 H2 
60 [...:.T~ •t.JARRI Ct<• , •WARRI Ct<• , • 0~,. 4~,. 3, -3~0.,. 1 ~, -c!·OO 
~0 P.Et1 ·--GOT044 
SO REM --GOTQ ::e. 
~0 REM --CHARACTERISTIC FIT--JU~ 21,1~84 
100 tr ,J~LIT •YOLIR 1·-.IAME "';NAS: PRINT 
11 0 NFI· • t-.!AS 
120 It~PUT •wz SH CNLY TO PRII-IT GRAPH-Y OR N • ;YS 1 PRINT 
130 IF Yt • •y• THEN GOTO 1370 
140 INPUT •THETA RESIDUAL <VALUE BETWEEN 0 AND 1> •;TP. 
1 ~o· PRINT 
1 tO INPUT •THET.::. SATURATED <VALUE BETWEEN 0 AND 1 > • ;TS 
170 PRINT 
lSO HJPUT •REAL THETA! •. ;T1 
190 PRINT 
200 INPUT • H1 ( C'f1) •; H1 
21 ~ PF: II-IT 
220 INF'LIT • REAL THETA2 • ;T2 
230 PRINT 
240 INPL'T •H2 (Cf'1) •;H2 
2~0 PRINT 
260 PRINT •YOUR VALUES OF TR, TS, T1, H1, T2, H2 ARE • 
270 PRINT TR; ~PC< 2> ;TS; SPC< 2> ;T1 1 SPC< 2> JH1; ·SPC< 2> ;T2; SPC< 2) ;H: 

280 PRINT 1 . INPUT •ARE THESE VALUES OK--Y OR N •JYS 
290 1 PRINT 
300 IF YS • •N• THEN GOTO 140 
310 T1 • <Tl - TR> / <TS- TR>:T2 • <T2- TR> / <TS- TR> 
320 ~ - 10 A 10 
330 INPUT •GUESS M <O<M<1> •;H 
340 'IF M < 0 OR M > 1 THEN GOTO 330 
3~0 A1 - <T1 A (' - 1 / M) - 1> A ( 1 - M) / ABS <H1) 
360 A2- <T2 A ( - 1 / M> - 1> A (1 - M> / ABS <H2> 
370 IF ABS <1 - ~1 / A2> > ~ GOTO 3~0 
380 AA • ABS <1 - A1 / A2>aMS • MaAB • A11BB • A2 
3~0 P~INT 
39~ PP. I NT • CURP.Et .JT GUESS • 
400 PRHJT •M, ALPHAl, ALPHA2 ARE • JMI PRINT A1 ,A2 
41 0 PP. It-IT 
41~ PP.INT •BEST PREVIOUS GUESS• 
420 PRINT •M, ALPHA!, ALPHA2 . WERE •;MBa _PRINT AB,BB 
430 PRINT 
440 INPUT •BEST CHOICE OK--Y OR N •;YS 
4~0 PRINT 
460 IF YS < > "'Y• THEN GOTO 330 
4~0 M • MS~AL • .~ * <AB + BB> 
480 P.EM --HAVE M AND ALPHA CHOSEN 
4~0 PRINT 1 PRINT "'CHOSEN M AND ALPHA ARE •1M1 SPC< 2>;AL 
~00 GCTO S90 
~10 PRINT • 00 YOU WISH TO CHECK A VALUE?• 
~20 It~PUT • --Y OR N • ;YS 
~?') PRINT 
~40 IF YS • •N• THEN GOTO 600 
S~O I I ~PUT • PRESSURE HEAD TO CHECK • J H 



. 1 C~·(l AS • L.MS + "--I • 
1 1 0 0 IF J < 1 0 THEN GOTO 11 70 
1 1 1 0 ON I GOTO 1 1 20 I 1 1 30 I 1140 I 11 ~0 I 1160 
1120 AS e UMS + "1.1": GOTO 1190 
11 ZO AS· • UMS + "2. I • : . GOTO 11 ~0 
114~1 AS • LMS • "~.I": GOTO 1190 
115C AS • UMS + "4.1": GOTO 1190 
1160 AS • LMS + "5.1•: GOTO 1190 
1170 IF L.C • 24 THEN AS • •; LOG t• 
11 BO IF L.C • 2~· THEN M • •; -H 1 • 
1190 ~- 10 A <<L.C- 1> •• 1>: GOSUB 1~40 
1200, TP • INT <TB * WN>: IF TP • 0 THEN TP • 1 
1210 IF NC < • 0 THEN GOTO 1330 
1220 IF LC < HL. THEN GOTO 1330 
1230 TH • INT <TA<IC> • WN>I IF TH < 1 THEN TH • 
1240 IF TH > WN THEN TH • 'WN 
1 250 I C • I C + 1 
1260 IF IC > NC THEN HL. • 100000001 GOTO 1280 
1270 HL • LOG <~<IC>> / LOG <10>IHL • INT <10 * HL> + 1 
1271 IF HL. • L.C THEN HL. • LC • 1 
1280 IF TH > • TP THEN GOTO 1300 
1290 PRINT AS; SPC< TH- 1>;"E"; SPC< TP- TH- 1>1•••: GOTQ 1340 
1300 IF TH • TP THEN GOTO 1320 
1310 PP.INT As; SPC< TP- 1>;•••1 SPC< TH- TP- 1>1•£•1 GOTO 1340 
1320 PF.JNT AS; SPC< TH- 1>;"£"1 GOTO 1340 
1330 PRINT AS; SPC< TP- 1>1••• 
1 340 I NE.'<T J 
1350 NEXT I 
1360 PRINT O~;"CLOSE•JNFS 
1370 PRINT 09S;"OPEN"JNFSI PRINT 09SJ•REAO•JNFS 
1380 FOP. I • 1 TO 200 
1390 0NERR GOTO 1410 
1400 INPUT AAS<I>aLC • Ia NEXT I 
1410 LC • LC - 1 
1420 PRINT 09S;"CLOSE"1NFS 
1430 PRINT •FILE IS READY. CHOOSE ONE OF THE FOLLOWING• 
1440 PP.INT • PLOT VIOE0-------1• 
1450 PP.INT • PLOT PRINTER-----2• 
1460 INPUT • STOP FOR NOW-----3 •10E 
1470 ON OE GOTO 1490,1480,1530 
1480 PR• Jl PRINT 1 PRINT •FILE--•JNFSI PRINT 
1490 FOR X • 1 TO LC 
149~ AS • AASCX> 
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1500 IF LEN <AS> > 0 AND LEFTS <AS,1> • •;• THEN AS • • • + RIGHTS <A 
S 1 LEN <AS> - 1> 

1 SO 1 PRINT AS: NEXT X 
1510 IF OE • 2 THEN PR• 0: PRI 3 
1520 GOTO 1430 
1530 B-.10 1 GOTO 100 
1540 REM --CALCLI~~TE BIG THETA 
1~50 TB. <AL. ABS (H)) A <1. / <1 - H>> 
1560 TB • <1 + T£> ~ < - H> 
1 570 RETUP.N 
1 590 RB-1 --CALCULATE REAL THETA 
1590 GOSUB 1540 
1600 TL. • TR + (T~ - TR> * TB 
1610 RETURt" 



~6(1 

~70 
~eo 
~90 
cSOCr 
610 
620 
6~0 
640 
6~0 
660 
670 
671 
67~ 

'eo 
690 

GC'S~S 1~90 

PF:! NT 1 PRINT • -PRESSURE HEAD ·' REAL. THETA ARE • 1 H, TL. 
GOTO ~10 
REM --COUL.O END PROGRAM HERE <BUT ADO TWO SUBROUTINES AT END> 
INFUT •Do YOU WISH TO PL.OT--Y OR N • JYS 
IF Yl· • •N" THEN . GOTO 1530 
PP.INT • DO YOU WANT EXPERIMENTAL. DATA ON SAME PL.OT?• 
INPL~ • --Y OR N •;DYS: PRINT 

NC • 0: IF OYt • •N• THEN GOTO 870 
NC • NC + 1 : I F NC • 11 THEN GOTO 7'0 

INPUT •ENTER THETA <VALUE BETWEEN 0 AND 1 > • ;TA<NC> 
H-IPUT •H <CH> • JHACNC> 
IF HA<NC> > < 0 THEN GOTO 680 
PRINT •ENTER NON-ZERO H VALUES ONLY PL.EASE•1NC • NC- 11 GOTO 730 
PRINT 1 PRHJT •youR VALUES ARE • ;TA<NC>; SPCC 2> JHACNC> 
INPUT •ARE THESE OK--Y -OR N •JYS 
PRINT 
IF YS • •N• THEN GOTO 660 
IF YS > < •y• THEN GOTO 690 

TA(NC> • CTA<NC> - TR> / <TS- TR>aHACNC> • ABS CHACNC>> 
INPUT •MORE POINTS CUP TO 10>-Y OR N •;YS 
IF YS • •y• THEN GOTO 6'0 
IF YS > < •N• THEN GOTO 730 
REM --ORDER WITH ABS<H> SMAllEST AT FRONT 
IF NC • 1 THEN GOTO 860 

NU • NC- 1: FOR I • 1 TO NU 
FOR J • I ~ 1 TO NC 
IF HA<I> < HA<J> THEN GOTO 830 

~S • HA<I>ISS • TA<I> 
HA(I) • HA<J>ITA<I> • TA<J> 
HA<J> • HS:TA<J> • SS 

NEXT J 1 NE.'<T I 
PRINT •oRDERED ABSCH> AND BIG THETA'S ARE • 
FOR I • 1 TO NC1 PRINT HA<I>,TACI>a NEXT I 

HL. • L.OG CHA(l)) / LOG C10>aHL. • INT <10 * HL.> + 1 
REM -OPEl~ AND WRITING DISK FI L.E FOR THE PL.OT 
PRINT 1 PRINT •R E L. A X WHfl.E YOUR FILE IS PUT -ON THE DISK• 

PW • 40aWN • 2~1TKS • • 
PW • 80aWN • '01TKS • • 
L.MS - •; 

PRINT 09S;•op£N• 1NFSI PRINT 09Sa•OEL.ETE• 1NFSa PRINT 09S;•CLOSE•;NFS 
PRINT 09S;•OPEN• 1NFSI PRINT 09SJ•WRITE•JNFS 
PRINT NAS 
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70CI 
710 
711 
720 
730 
740 
741 
7~0 
760 
770 
7SO 
790 
800 
810 
820 
830 
840 
8~o 
860 
870 
880 
890 
900 
910 
920 
930 
940 
9,0 PRINT •Ts TR M ALPHA ARE • + STRS <TS> + • • + STRS <TR> + • • + 

STRS . CM> + • • + STRS CAL..> 
IF NC < • 0 THEN GOTO 960 9~1 

9~2 
9~3 
9~4 
~~~ 
9~6 
9,7 
960 
9;"0 

PRINT 1 PRINT • EXPERIMENTAL. H AND THETA ARE• 
FOR I • 1 TO NC 

P.T • <TS - TR) * TA<I> + TR 
PRINT • ; - • + STRS C HA < I > > + • 
.NEXT I 
PRINT 

• + STRS CRT> 

PRINT • •1 PRINT •;• 1 SPC< 20>a•BIG THETA• 
PRINT 

980 AS • UMS + • • + •.o• + TKS + •.2• + TKS + •.4• + TKS + •.6• 
•.9• + TKS + •1.• 

990 PP. tNT AS 
1000 At • •J--------• 
1 0 1 0 AS· • UMS + • • + AS + AS + AS + AS + AS + • l • 
10~0 PRINT AS 
1 0 ~0 At • UMS + • 0 • I • 
1040 PP.INT ASJ SPC< WN - 1> ;••• 
10~0 L.C • l1IC • 1 
1060 FOR I • J TO ~ 
1070 FOR J • 1 TO 10 
109~ L..C • LC + l 

+ TKS + 
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