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ABSTRACT 

This study presents the results of a testing program designed 

to investigate the effect of cement content on the stability of 

agglomerates during a leaching process. 

The testing procedures were developed to provide design 

criteria for the formation of agglomerates based on the minimum per

centage of binder material that would supply the agglomerates with the 

strength and durability needed to withstand the effects of stacking and 

leaching. 

This paper gives the results of column leach tests on agglom

erated material as they pertain to the stability of the heap and 

changes in permeability brought about by agglomerate breakdown. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

During the past few years, numerous low-grade precious mineral 

deposits have been identified that are conducive to heap leaching. Heap 

leaching is the controlled leaching of an unconfined body of ore stacked 

on an impermeable pad. The pad directs the leaching solution, or lixivi

ant, to a control location where the metal can be recovered and proc

essed. The development of this method of metal recovery was prompted by 

an increase in precious metal prices, low overhead, and the short lead 

time associated with the heap leaching process. 

1.2 Statement of Problem 

Heap leaching has been highly successful as a method for extract

ing mineral values and is fast becoming a viable alternative to the 

conventional extraction practice. However, for materials containing 

excessive amounts of fines or clay particles, the ratio of the successes 

to the total number of trials has been noticeably low. These fines and 

clay particles can cause a restriction of flow or a non-uniform flow 

distribution through the heap due to particle migration and segregation. 

This results in channelling or piping of the lixiviant and the consequent 

by-passing of mineral bearing material. 

One method that has been successfully used to overcome this 

problem is material agglomeration. Agglomeration is the aggregation of 

1 



2 

dispersed materials into material units of a larger size (Schubert, 

1981). The permeability of, and flow distribution through heaps of 

agglomerated material is substantially improved over that of the non-

agglomerated leach heap. A difficulty within this procedure is the 

tendency of the agglomerates to break down with the introduction of the 

leach solution. To reduce the amount of breakdown, a binder material is 

often used to increase the agglomerate strength. This increase also 

allows the agglomerates to withstand the pressures of stacking. At the 

same time, small enough amounts of binder must be used to maintain 

sufficient permeability of the agglomerates during the leaching process. 

The determination of the proper amount of binder material to prevent such 

breakdown is not well defined. 

1.3 Scope of Work 

The methods and results of an agglomeration-leach study performed 

on mine tailings are described In this thesis. A correlation can be 

determined between the amount of binder material, agglomerate strength, 

and durability under heap conditions. To develop this correlation, the 

study is separated into three sections. The material characteristics are 

defined in the first section. In the second section, a method is de

veloped to test the influence of a binder material on mine tailings 

behavior. Finally, in the third section, the column leach tests are 

conducted to test agglomerate strength and durability under heap leaching 

conditions. 
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The techniques developed approach the problem strictly from the 

physical sense and can be used as a design procedure to improve the ratio 

of success for future heap leach operations. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Leach Heaps 

Heap leaching of low-grade ores, small ore bodies, and mine 

tailings is fast becoming a viable alternative to the conventional 

methods of mineral values extraction (Phariss and Pernichele, 1982). 

This is due to the development of equipment and procedures for agglomera

tion. Also involved is the introduction of new methods for constructing 

uniformly permeable heaps and the uniform application of the lixiviant. 

These factors all combine to supply a higher percentage of metal re

covery. 

A leach heap consists of an impermeable pad underlying an ore 

material that is amenable to the leaching process. The pad is designed 

to direct the lixiviant to a control location where the metal can be 

recovered and processed. The lixiviant used for the leaching of gold and 

silver ores generally has a cyanide base. Clem (1982) lists the follow

ing five characteristics an ore must possess in order to be amenable to 

heap leaching: 

1. The size of the metal particles must be extremely small. 

2. The metal must react with cyanide, either by exposure through 

the natural porosity of the ore or as a result of crushing to 

expose the metals. 
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3. The ore must be relatively free of "cyanides" and other 

lnterferents that inhibit metal solubility in the cyanide 

lixiviant. 

A. The ore must be free of carbonaceous materials which can 

absorb the metals and cause premature precipitation of 

values. 

5. The ore must not contain excessive amounts of fines or clay 

that can impede solution percolation. 

Characteristic number five, above, posed a great problem before 

the advent of agglomeration. These problems can be ameliorated by the 

agglomeration process as will be discussed in detail in Section 3.3. 

An important aspect of the heap leaching operation is construc

tion of the heap. Failures due to incorrect heap construction are many 

and variable. Chamberlin (1981) gives a few of the most common causes of 

failure: "The operator applies leach solution to the top of the heap 

expecting it to percolate through the ore, but it runs off the top of the 

heap and erodes the sides instead; or it percolates part way into the 

heap and then comes flowing out of the side of the heap at some unex

pected location; or the leach solution flows through zones of very coarse 

ore and does not leach the entire heap." 

The causes of leach heap failures can vary from the segregation 

of fine and course material due to by dumping the material down an 

embankment to excessive equipment compaction on the heap during construc

tion. Impermeable layers developing at the interface between successive 

heap lifts can also lead to structural failure. 
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Clem (1982) indicates that the height of a heap is dependent upon 

permeability, cyanide strength, oxygen content and the construction 

method. For example, if a front-end loader is used, the maximum height 

of the heap is the height to which the machine will reach. To build a 

heap that will not fail, he recommends the use of the front-end loader 

with the top of the heap being levelled by a dozer. This method was 

successfully used at the Round Mountain Mine in Nevada as described by 

Skillings (1979). 

A new method of constructing leach heaps is used at the Ortiz 

Mine in New Mexico. This method is discussed in detail in Arizona Pay 

Dirt (Anonymous, 1982). A gantry is used to build a heap 23 feet in 

height, thus eliminating the traffic associated with most heap con

struction and the corresponding compaction which inhibits percolation. 

Another method is successfully used at the Cortez Gold Acres Mine 

in Nevada. Duncan and Smolik (1977) describe the procedure as one of 

dumping the ore in a single, 20 foot lift and then pushing it outward 

from the roadway with a dozer until the desired width is reached. The 

roadway is then thoroughly ripped before leach solutions are applied. 

This procedure is also used at a number of other projects, e.g. Alligator 

Ridge near Ely, Nevada. 

2.2 Columns and Pilot-Scale Heaps 

Pilot-scale leach heaps and column tests have been used to test 

the structural behavior and flow characteristics of heap materials. One 

example of a pilot-scale heap is the one at the Candelaria Mine as 

described by Chamberlin (1981). This 11,000 ton heap, located at the 
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mine In western Nevada, had a 3-year capitol cost of over $300,000. 

Information obtained from the heap concerned the recovery of silver but 

not the rate of recovery. To resolve the recovery rate question, two 

5-foot diameter by 14-foot high columns were constructed by Candelaria 

personnel. Each column had the capacity to hold 10 tons of ore. These 

columns have provided reliable information for prediction of the leach 

heap characteristics and metal recovery. Further column testing was to 

be conducted in 8- to 12-inch diameter columns between 6 and 20 feet 

high. 

Column testing, giving more control on smaller sample sizes, is 

becoming more prevalent than pilot-scale leach heaps. Continuing the 

trend shown by Candelaria, Clem (1982) describes a column-percolation 

leach test performed on various ores. The columns used were transparent 

plastic cylinders with 6-inch diameters, about 4 feet high and holding 

approximately 60 pounds of crushed ore. These compare to the pilot-scale 

heap leaches that usually involve 100 to 500 tons each. 

Heinen, McClelland and Undstrom (1979) used columns to test the 

performance of silver ore with a lime binder. 

However, a more complete study of the effects of material proper

ties on heap performance is given by McClelland and Eisele (1982). They 

tested the effects of a cement binder, cyanide, material moisture, and 

flow rate on metal recovery. They also investigated the effect of curing 

time with binder material for maximum flow rate. These two series of 

tests portrayed the importance of using a binder material with the 

agglomeration process to improve the recovery of precious metals from 

ores. 



8 

Cathles and Apps (1975) describe in detail a project they de

signed for the direct large-scale observation of solution movement and 

the sizes and distributions of flow channels within the leach heap. Two 

columns measuring 10 feet in diameter and 40 feet high were used. The 

test facility was at the New Mexico Institute of Mining, Socorro, New 

Mexico, and the tests were conducted on the Kennecott-Santa Rita and 

Duvall-Sierrita mine waste materials. After the columns were loaded, the 

permeability was determined by blowing air from the bottom of the columns 

and measuring the pressure differences at various heights. Next, the 

columns were flooded and allowed to drain with the drain-down rate being 

monitored. Then the columns were leached for approximately two years. 

Just before shutdown, tracer experiments were performed and Rhodamlne-B 

dye was added to the influent solution (Cathles and Murr, 1980). After 

the leaching was completed, the columns were unloaded in layers, by hand, 

with each specified layer being photographed and sampled. Smaller column 

tests were also run on the Duval material for comparison purposes. 

The final results of this research indicated that, with proper 

interpretation, column leach experiments suitably model leach heap 

behavior. A marked result was the changing locations of the solution 

flow channels with time. 

2.3 Agglomeration 

2.3.1. Introduction 

Agglomeration is a process whereby clay- and silt-sized particles 

are made to adhere to larger particles or made to accumulate into larger 

particles by the addition of moisture and usually a cementing agent. The 
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process generally requires the application of some form of mechanical 

action (Phariss and Pernichele, 1982). In the mining industry, agglomer

ation is used primarily to increase the permeability of ores, thereby 

reducing solution channelling, providing a more even distribution of 

llxiviant, and thereby obtaining a higher precious metal recovery in a 

shorter period of time. This is all true only if the agglomerates remain 

stable in the leach heap. If the agglomerates break down, migration of 

the fines and reduced porosity can occur, resulting in areas of lower 

permeability. When this happens, metal recovery is reduced and in some 

instances stopped. 

Even from the first known trials, the strength of the agglomer

ates was a factor in the efficiency of heap leaching. In 1905, T.C. 

Scrutton developed a technique whereby he agglomerated some ore by 

rolling it down a chute inclined at an angle of 60 degrees to the hori

zontal. The low strength obtained resulted in poor leaching character

istics if the agglomerates were stacked higher than three feet (Heinen et 

al., 1979). 

Since that time, the addition of a binder as a means of enhancing 

agglomerate strength has been explored in the mining industry. The 

binders most commonly reported in the literature are lime and portland 

cement. A preliminary study conducted at the University of Arizona by 

Johnson (1982) and Jensen (1983) further indicated that portland cement 

supplied virtually the same results for the two ores tested, with and 

without the addition of 5 percent lime by weight. However, the minimum 

amount of either binder required is usually between 0.5 and 2.0 percent 
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and has generally been determined by trial and error at the bench scale 

and operating levels. 

2.3.2 Agglomeration Theory -- Pelletizing 

It is generally considered that as moisture is added to an 

agitated material, the capillary-surface tension of the water and the 

mechanical action of the agitation combine to cause packing and coa

lescing of individual particles into a firm body. Sastry and Fuerstenau 

(1971) describe the process as mixing the material with water to form a 

uniformly moist charge. Tumbling this moist charge in an agglomerator 

causes the particles to rearrange and pack together to form porous, 

spherical, well-formed species. This process is usually quite rapid, 

occurring in the interval of 2 to 20 drum revolutions, depending on the 

material characteristics and the water content. 

Schubert (1981) describes the process at a more basic level, 

mainly with bonding. He classifies bonds as either with material bridges 

or without material bridges as given below: 

1. With material bridges 

a. sinters (chemical bonding) -- bridges are approximately 

the same material as the solid elements; 

b. hardened bonding material — uses a different material 

for the bridges; 

c. highly viscous bonding and adsorption layers — bonds are 

of the liquid phase; 

d. capillary liquid bonding. 
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2. Without material bridges 

a. van der Vaals forces; 

b. electrostatic forces (insulators); 

c. electrostatic forces (conductors); 

d. shape bonding. 

The hardened bonding approach to agglomeration is the only one of 

the methods listed here that can be economically used for precious metal 

ores. Agglomeration with sinter or chemical bonds is uneconomical as 

approximately 60 percent of the absolute temperature of the adhering 

particles must be reached. The other bonding types listed above do not 

supply sufficient strength during heap leaching. However, it should be 

noted that these bonds do play a significant role in the initial agglom

eration stage, especially capillary liquid bonding. In the partially 

saturated agglomerate, negative pore pressures act as a bonding force 

stabilizing the agglomerates until they are saturated during leaching or 

until curing of the binder is completed. 

2.3.3 Agglomeration Methods and Devices 

For use in heap leaching operations, only pelletizing or agglomer

ating is considered feasible. Hence, the achievement of larger particles 

by compression (extrusion), compaction, heating, or liquid agglomeration 

will not be discussed here. The five major methods that have been used 

in mining as given by Phariss and Pernichele (1982) are: 

1. Passing the material down a baffled, steeply inclined, 

reverse running conveyor belt. 
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2. Cascading the material down a vibrating, steeply inclined, 

cleated surface. 

3. Passing material through a rotating drum. 

4. Rotating material on a Shallow Disc Fan Agglomerator. 

5. Discharging the material through a series of inclined, wide 

mesh steel screens as a curtain of steel bars. 

Milligan (1984-A) presents a summary of agglomerator types, 

supplies and typical costs. A brief description and an example of each 

of the above methods follows. 

2.3.3.1 Conveyoring. The method is described by McClelland et 

al. (1983). A mine near Tombstone, Arizona, uses a 4-foot wide, 25-foot 

long conveyor belt to agglomerate ore at 200 tons per hour. The belt 

angle can be adjusted between 35 and 45 degrees. Water is sprayed at 

several locations along the belt to insure proper moisture content. The 

material tumbles back against the direction of belt motion resulting in 

agglomeration. 

2.3.3.2 Cascading. No examples of this method have been found 

in the literature. 

2.3.3.3 Rotating Drum. This method is generally used by the 

iron industry. The drum is normally limited to 12-foot diameter with 

length to diameter ratios ranging from 2:1 to 4:1 (Holley, 1980). This 

method was adapted for use at the Darwin Mine in California and also at 

Alligator Ridge in Nevada. To enhance agglomeration, spray bars are 

located inside the drums to supply the required moisture. The final 

agglomerates are discharged through the lower end of the drum and stacked 

for curing or removed to the leach heaps. It is generally accepted that 
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as the drum diameter is Increased, the agglomerates become denser due to 

the increased distance through which they fall, 

2.3.3.4 Shallow Pan Disc Pelletizer. This is the most versatile 

of the agglomeration devices used in the mining industry today. The disc 

pelletizer can produce uniformly-sized pellets at various sizes on the 

same machine. This method was used by McClelland, Pool and Eisele (1983) 

for their bench scale tests on silver mill tailings and clayey gold ore.• 

2.3.3.5 Screen-Tumbling. At the Weed Heights operation of 

Anaconda's near Yerington, Nevada, the agglomeration method was to spray 

water on the ore from each of six screens, all of which discharged onto a 

common belt giving the effect of a layer of ore, a layer of water, a 

layer of ore and so on. The material was then mixed through four trans

fer points which had heavy metal bars suspended in the falling ore stream 

(Chamberlin, 1981). 

2.3.A Agglomerate Strength Testing 

There is no standard test for determining the strength of 

agglomerates. In his description of techniques for the evaluation of 

agglomerate properties, Schubert (1981) mentions the following strength 

tests: tensile, compression, bending, shear and impact. A brief descrip

tion of each test is supplied below. 

2.3.4.1 Tensile Tests. Schubert (1975) describes a tensile test 

procedure he calls the adhesion method. This method uses the samples 

formed in a cylindrical steel mold. After being extruded from the mold, 

the sample is bonded at both ends to a device that applies tensile load 

until failure of the sample occurs. 
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A second method is called wall adhesion. The material is com

pacted inside a hollow metal cylinder. A complex system of 6plit walls 

and a center spline are used to promote tensile failure. Due to this 

complexity* this method will not be expanded upon. 

The tensile strength tests are difficult to perform and are time 

consuming. For these reasons, other methods of strength analysis are 

usually preferred. 

2.3.4.2 Compression Tests. The basic compression test is simple 

to perform. A bulk sample of agglomerates or a single, molded sample is 

placed in a compression device and compressed at a controlled strain rate 

until failure occurs or until a predetermined strain is reached. 

A specialized compression method used mainly for testing tablet 

strength is called Diametrical Compression. This technique involves 

placing the tablet on its curved edge in a special compression device and 

recording the applied load needed to cause failure. The tablet should 

crack in a line parallel to the direction of the applied load. Unlike 

most compression tests, the results of this test supply tensile results. 

2.3.4.3 Bonding Tests. The bonding test also is used mainly for 

determining tablet strength. This method uses a central point or line 

load applied to the midpoint of a beam shaped agglomerate. The agglom

erate is freely supported at both ends. 

2.3.4.4 Shear Test. One shear method uses a molded agglomerate 

braced against lateral movement. Having one end free, a lateral force is 

applied to this end until failure occurs. The applied load at failure is 

recorded. 
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A second method measures the shear of agglomerates in bulk. This 

is the direct shear test. The agglomerates are placed in a box that is 

split into an upper and lower level. A confining force is applied 

uniformly across the top. The two levels of the box are then moved 

laterally in opposite directions at a controlled rate. This forces the 

agglomerates to shear in a plane passing through the split in the box. 

2.3.4.5 Impact or Falling Test. Individual agglomerates are 

raised and allowed to fall freely through a specified distance. They 

strike a flat material of known resiliency. The agglomerates will either 

crack or deform. The deformation is measured or the number of drops 

required to crack the agglomerate are recorded. 

The impact test is the simplest strength test to perform and for 

all practical purposes, gives sufficiently representative agglomerate 

strength. However, agglomerates are porduced over a range of sizes and 

strengths. Therefore, a sufficient number of tests need to be performed 

to insure a representative sample is obtained. 



CHAPTER 3 

MATERIAL CHARACTERISTICS 

3.1 Introduction 

Two material types were used in this research. The first came 

from Anaconda's Darwin Mine in California and consisted of finely 

crushed, preprocessed mine tailings. The second came from Anaconda's 

Carr Fork, Utah, mine and also consisted of finely crushed, preprocessed 

mine tailings. 

The testing for both materials followed the same format as 

described in this chapter. All testing was performed in the Soil Mech

anics Laboratory of the Civil Engineering Department at the University of 

Arizona, Tucson, Arizona. 

3.2 Testing Program 

There were three phases to the testing program. In the initial 

phase, the basic engineering classifications of the materials were deter

mined by so-called indicator tests. These indicator tests were the 

Liquid and Plastic Limits, Specific Gravity, Grain Size Distribution, and 

the Standard Proctor Compaction Tests. In phases two and three, the 

strength parameters of the material in compacted and agglomerated states 

were determined. 

16 



3.2.1 Indicator Tests 

The Indicator tests are used to classify the material. The 

classification is a basis for communication between engineers and allows 

the accumulated engineering experience to be applied to the specific 

material. This is useful because the results can be compared to existing 

soil categories and the probable engineering behavior and properties 

predicted. The following indicator tests were performed on samples of 

each of the materials. 

3.2.1.1 Liquid Limit. The liquid limit is defined as the water 

content at which the material just begins to flow viscously. This limit 

was determined according to ASTM D-423. The material was allowed to 

stabilize at each moisture content for a period of k to 5 minutes before 

being tested. This short period of time was deemed sufficient because of 

the sandy characteristics observed in the material. Sandy materials 

stabilize quickly. The only deviation from the standard procedure in 

this test was the use of the Casagrande grooving tool to limit the sample 

thickness. 

3.2.1.2 Plastic Limit. The plastic limit is defined as the 

moisture content that specifies the lower limit of the plastic state of a 

material. The plastic limit was determined according to ASTM D-424. 

The difference between the liquid and plastic limits, termed the 

Plasticity Index (PI), represents the range of water contents over which 

the soil is in a plastic state. 

3.2.1.3 Specific Gravity of Solids. The specific gravity of a 

material is the ratio of its weight to the weight of an equal volume of 

water. For a given porous material, this will vary with the moisture and 
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the amount of air. To overcome this variance, the specific gravity of 

the solids vas measured, vhich is the weighted average of the soil 

mineral only. In determining this, ASTM D-854 was followed with the 

exception of using a 100 milliliter pycnometer bottle instead of the 500 

milliliter bottle specified in the standard. This does not have a 

significant effect on the results. 

3.2.1.4 Grain Size Distribution. ASTM D-422 was followed to 

obtain the grain size distribution for the combined sieve and hydrometer 

analysis. In the hydrometer analysis, 5 grams of Calgon (Hexametaphos-

phate) were used as a dispersing agent to Insure the measurement of the 

smaller particle sizes. 

3.2.1.5 Standard Proctor Compaction. The optimum moisture 

content and maximum dry density were found using the Standard Proctor 

Compaction test. This test was conducted according to ASTM D-698 to 

obtain the complete moisture-density relationship for the type and amount 

of compactive energy associated with the Standard Proctor test. 

3.2.2 Strength Tests 

3.2.2.1 Unconfined Compression Tests. The unconfined compres

sion test is generally used to estimate the strength of materials 

subjected to little or no confining pressures. Such conditions are 

usually limited to materials on or close to the ground surface, which 

includes leach heaps. For this reason, unconfined compression tests were 

conducted for this research. However, many other considerations were 

taken into account. A detailed explanation of this topic is therefore 

given as Chapter A. 
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3.2.2.2 Leach Tests. The leach tests were designed to simulate 

the physical conditions of actual leach heaps. The procedure requires 

extensive explanation and is given in Chapter 5. 

3.3 Results of Indicator Tests; Darwin, CA Material 

The Darwin material was supplied by Anaconda from four separate 

areas of the existing tailing Impoundment. To eliminate the effects of 

sample differences, the four samples were uniformly mixed, then cut, 

quartered, and remixed to provide one homogenous material. 

The indicator test results for the mixed Darwin material are 

summarized in Table 3.1. Figure 3.1 shows the grain size distribution or 

gradation curve for the combined Darwin material. Based on these 

results, the material is characterized as ML in the Unified Soil Classi

fication System (USCS). This classification is consistent with the 

results reported by Dames & Moore (1979) for gold mine tailings. 

However, it should be noted that the USCS was devised for natural soils 

and not for processed materials. 

The ML classification indicates a fine, non-cohesive material 

that should behave as a brittle solid when compacted and dried. The 

TABLE 3.1. INDICATOR TEST RESULTS — DARWIN, CA TAILINGS 

SG 3.42 

PL 20 

LL 20 

PI 0 
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indicator test results, when plotted on Casagrande's Plasticity Chart 

(Holtz and Kovacs, 1981, p. 54), confirm the initial analysis. 

Figure 3.2 gives the moisture-density relationship or compaction 

curve. Obtained from this curve was the optimum moisture content of 

15.3% and the maximum dry density of 122.6 pounds per cubic foot. 

3.A Results of Indicator Tests: Carr Fork, Utah Material 

This material was received from Anaconda's Carr Fork Mine in a 

highly disturbed, well mixed state. Samples were taken from each of 

three barrels and blended to insure one homogenous sample. The results 

of the indicator tests are summarized in Table 3.2. Figure 3.3 shows the 

gradation curve. Using this curve, and the previous test results, the 

material was classified as ML according to the USCS. The Casagrande 

Plasticity Chart indicates the material behaves similar to a low 

plasticity sandy-silt or as a rock flour. Considering that the material 

is preprocessed mine tailings, this is as expected. 

The compaction curve shown in Figure 3.4 indicates an optimum 

moisture content of 23.5% and a maximum dry density of 127.2 pounds per 

cubic foot. This is for the compactive effort used in the Standard 

Proctor test. 

TABLE 3.2: INDICATOR TEST RESULTS — CARR FORK, UTAH TAILINGS 

SG 3.48 

PL 30 

LL 33 

PI 3 
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CHAPTER 4 

STRENGTH BEHAVIOR 

4.1 Introduction 

The difficulties that may be encountered are many in producing an 

acceptable agglomerate. For example, the material to be leached is 

rarely the same. Therefore, the type and amount of binder needed for 

agglomeration varies. The moisture content and degree of effort required 

to agglomerate the material also vary. In addition, the success of the 

entire process is highly dependent upon cost. Restricted as they are by 

the profit margin, mines using agglomeration seek the least amount of 

binder that will supply agglomerates having adequate strength to allow 

stacking and leaching of the material while still maintaining sufficient 

permeability for the leaching process. The detailed physical behaviors 

of the agglomerates as they pertain to heap stability, flow characteristics, 

etc., are still relatively unknown. This study will be limited to a 

consideration of the latter type of reaction. 

The first phase of this study was to determine the compressive 

strength versus binder content relationship for a typical tailing 

material. To accomplish this, cylindrical samples were compacted at 

various binder and moisture contents. These samples were then allowed to 

cure for various lengths of time. Some of them were soaked (or sub

merged) in water for 24-hours following curing. All samples were tested 

in unconfined compression. This chapter includes procedures for sample 

25 
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preparation and testing as well as giving the results and an analysis 

of the results. 

A.2 Sample Preparation 

4.2.1 B ackg round 

The development of a suitable test for agglomerate strength 

requires that the test be simple and reproducible. It should not require 

large amounts of material and, for mine tailings, it must be able to 

represent the response of very fine material. 

The unconfined compressive test was deemed a suitable test by 

which to characterize relative strength. For uniformity and small sample 

size, the Harvard Miniature Compaction apparatus was chosen for sample 

preparation (Wilson, 1950). The sample mold has the dimensions of 1 5/16 

inch diameter and 2.8 inches in length. This gives a volume of 1/454 

cubic feet. The difference between the test procedure described by 

Wilson (1950) and that adopted here is the use of dynamic compaction 

rather than kneading compaction. 

Dynamic compaction was chosen over kneading compaction because it 

more closely represents the compactive effort, or energy, associated with 

the process of agglomeration. A compactive energy between that supplied 

by the Standard Proctor Compaction test (ASTM D-698) and the Modified 

Proctor Compaction test (ASTM D-1557) was used. Previous testing at the 

University of Arizona found that the compactive energy applied by 25 

blows per layer from a one pound weight dropped through 15 inches to each 

of three layers of material results in a compactive energy of 42,563 

foot-pounds per cubic foot as compared to 12,375 foot-pounds per cubic 
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foot for the Standard Proctor and 56,250 foot-pounds per cubic foot for 

the Modified Proctor Compaction tests. 

The maximum dry density and optimum moisture content for such a 

test is close to that of the Standard Proctor Compaction test. 

4.2.2 Sample Production 

As mentioned in the literature search, studies done at the 

University of Arizona by Johnson (1982) and Jensen (1983) determined that 

a cement binder significantly improves the strength of compacted mine 

tailings. From the same studies, the effect of cement on tailings 

containing clay was shown to be the same whether 5% lime binder, by 

weight, was added in addition to the cement or not. Therefore, portland 

cement was the exclusive binder used in this study. Various amounts of 

the cement were combined with the tailings and water to form sample mixes 

having predetermined cement ratios and molding moisture contents. The 

sample mixes were made with enough material to produce three samples at 

each combination of molding moisture and cement content. This was done 

in order to eliminate possible variance in sample preparation techniques, 

or in sample testing. A typical sample mix design is supplied in 

Appendix A. 

Sample mixing consisted of thoroughly blending the premeasured, 

dry ingredients, then adding the appropriate amount of water. After it 

had been mixed, the sample material was allowed to stand, covered, for 

about 5 minutes. When the 5 minute stabilization period was complete, 

enough material was removed for one layer of the cylindrical sample. 

When material was removed from a sample mix, the remaining material was 
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promptly covered with a damp cloth and then remixed immediately before 

material for the next sample layer was removed. After each layer had 

been compacted, its top was scarified with a pointed instrument before 

the next layer was applied. Upon extrusion, the samples were covered 

with moist towels until they could be transferred to the curing room 

where they were stored at 80°F and close to 100% humidity. Samples 

compacted at a high moisture content became unstable and could not 

support their own weight. This occurred at approximately 19% moisture 

(3.7% above optimum moisture) for the Darwin material. Once in the 

curing room, the samples were covered so that water could not accumulate 

in the bottom of the container and cause uneven moisture contents or 

degrees of hydration throughout the samples. 

Due to the production schedules of most mines, a curing time of 

seven days was considered to be the maximum permissible. Therefore, most 

of the samples remained in the curing room for 7 days. The rest of the 

samples were allowed to remain in the curing room for periods of time 

ranging from 3 days to 14 days in order to provide strength data over a 

range of curing times. Additionally, since leaching would probably cause 

a reduction in strength to occur, most of the samples were soaked for the 

24 hours after the initial curing time and before testing. Since cement 

continues to hydrate even under water, the total curing time reported 

includes the soaking period. 

4.3 Unconfined Compression Testing Procedure 

The samples that were soaked for 24 hours prior to testing were 

removed from the water and placed on a moist cloth. A second moist cloth 
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vas used to cover then. In this way, the samples were maintained at a 

constant moisture content until they were tested. Before being placed in 

the testing apparatus, the height of each sample was recorded. 

In order to standardize the testing procedure, a constant deflec

tion rate of 0.05 inches per minute was used. It was felt that no exces

sive pore water pressures would be developed at this slow rate. 

Two different testing apparatus were used: an Instron Con-

trolled-Strain Compression/Tension machine and a hand-controlled uncon-

flned compression device manufactured by Soil Test, Inc. The Instron 

supplied a very accurate record of deflection rate. However, there was 

some question about the accuracy of the load cell. Therefore, the 

Instron was used only for the initial tests. The Soil Test apparatus was 

used for subsequent testing. For these tests, each sample was failed at 

a rate controlled by the operator. To confirm that the correct deflec

tion rate of 0.05 inches per minute was being maintained, displacement 

readings were recorded at 15 second Intervals along with the load applied 

to the proving ring. Data collection continued in this way until sample 

failure occurred. 

4.4 Results 

4.4.1 Introduction 

The strength testing program consisted of four series of tests. 

The difference among these series is summarized in Table 4.1. 

Only series 2, 3, and 4 are discussed in detail here. Series 1 

is excluded because the results obtained from the Instron are not 

considered to be reliable. 
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TABLE 4.1. TEST SERIES CONDITIONS 

Test Material Testing Cement Moisture Pre-Test 

Series Device Percent Content Curing Conditions 

Darwin Instron Varies Varies Variable Total 

Cure Time. 

Soaked and 

Unsoaked 

Carr Fork Soil Test Varies Constant 

(optimum) 

Total Cure Time 

• 8 days 

Soak time B 1 day 

Darwin 

Individual 

(i* different) 

Soil Test Varies Constant 

(optimum) 

Total Cure Time 

• 8 days 

Soak time •= 1 day 

Darwin 

Combined 

Soil Test Varies Constant 

(optimum) 

Total Cure Time 

Varies, 

Soak time = 1 day 



31 

In an effort to simplify the identification of all samples, a 

five-part format has been devised. Hyphens separate parts 3, 4 and 5. 

An explanation of the format is presented in Table 4.2. 

4.4.2 Series 2 — Carr Fork Tailings 

As seen in Table 4.3, all the samples of this series vere cured 

for seven days and soaked for 24 hours prior to testing (ie., total cure 

time = 8 days). The molding moisture and cement contents are also given 

in this table. It should be noted that there are two groups of samples 

within this series, the CF group and the CFO group. The latter group was 

made and tested in order to extend the range of cement contents, to 

verify consistency, and to obtain stress-strain relationships over a 

wider range of cement contents than initially obtained for the first 

group. However, in sample preparation, old cement was used. The test 

results for both groups are shown graphically in Figure 4.1 as a plot of 

unconfined compressive strength versus cement content. The stress-strain 

curves for the CFO samples are shown in Figure 4.2. Since no deflection 

data were taken for the CF group. Therefore, no stress-strain relation

ship could be developed. 

4.4.3 Series 3 — Darwin Individual Tailings 

The Darwin tailings were obtained from four different areas 

"within the tailing impoundment. These are labelled as D1 through D4. To 

test the variance of material parameters among these areas, unconfined 

compression tests were conducted on samples made from each of the four 

materials. The results of these tests are given in Table 4.4. The plot 
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TABLE 4.2. IDENTIFICATION SCHEME 

Part Explanation 

1 The percent cement used in the sample is given first. This 
value is 2.0 in the example below. 

2 The tailing material used in the sample is identified next. I 
list of the tailings and their corresponding identifying 
symbol is given. 

D = Darwin tailings used in the first series. 
Dl • Darwin tailings - Sample 1 
D2 = Darwin tailings - Sample 2 
D3 = Darwin tailings - Sample 3 
DA = Darwin tailings - Sample 4 
DC = Darwin combined tailings - combined materials 1 thru 4 
CF = Carr Fork tailings 
CFO «= Carr Fork tailings - samples used old cement 

Darwin combined is identified in the example below. 

3 This indicates the molding moisture content in percent, 
relative to the optimum as obtained by the Standard Proctor 
test. The value is placed in parentheses with a (0) 
indicating optimum moisture content and a (+) indicating wet 
of optimum. No samples were made dry of optimum moisture 
content, so no reference is made for this case. Two-and-
one-half percent wet of optimum is indicated in the example. 

4 This number indicates the number of days the sample remained 
in the curing room. The sample in the example remained for 7 
days. 

5 The final number defines how many days the sample was soaked 
in water before being tested. This was either 1 day, as in 
the example, or it was not soaked, symbolized by a zero. 

Part 1 2 3 4 5 

Example 2.0 DC (+2.5) -7-1 



TABLE A.3. SERIES 2 TEST RESULTS 

Sample Peak U.C. Peak Strain 
Strength (psi) (%) 

1.0 CF CO)—7—1 32.31 

1.5 CF (0)—7—1 34.71 

2.0 CF (0)-7-l 38.26 

2.5 CF (0)—7—1 45.14 

3.0 CF (0)—7—1 51.10 

3.5 CF (0)—7—1 56.82 

2.0 CFO (0)—7—1 37.5 2.63 

3.0 CFO (0)-7-l 45.6 2.58 

4.0 CFO (0)—7—1 48.2 2.54 

5.0 CFO (0)—7—1 53.0 2.47 
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TABLE 4.4. SERIES 3 TEST RESULTS 

Sample Peak U.C. 
Strength 
(psi) 

Peak 
Strain 
(%) 

Secant 

@ 1.0% - K 

Modulus 

@ 1.75% -

1.0 D1 <0)-7-l 26.65 1.36 750 

1.5 D1 (0)-7-l 44.67 1.61 1143 

2.0 D1 (0)-7-l 84.84 2.26 1411 1429 

2.5 D1 (0)-7-l 116.46 2.85 1607 1653 

1.0 D2 (0)-7-l 30.47 1.51 821 

1.5 D2 (0)—7—1 52.54 1.90 911 980 

2.0 D2 (0)-7-l 72.55 2.01 1464 1357 

2.5 D2 (0)-7-l 91.87 2.46 1411 1469 

1.0 D3 (0)-7-l 32.08 0.77 821 

1.5 D3 CO)—7—1 32.61 1.49 875 

2.0 D3 (0)—7—1 50.71 1.70 1143 1025 

2.5 D3 (0)-7-l 76.14 2.02 1286 1337 

1.0 D4 CO)—7—1 30.70 1.44 821 

1.5 D4 (0)-7-l 48.34 1.63 1107 

2.0 D4 (0)—7—1 68.43 1.98 1339 1337 

2.5 D4 (0)—7—1 103.11 2.44 1554 1592 
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of unconfined compressive strength versus cement content in Figure 4.3 

supplies a graphic illustration of these results. 

4.4.4 Series 4 — Darwin Combined Tailings 

The tailings from the four areas of the mine were uniformly mixed 

to create the Darwin Combined material. The reason for this mixture was 

to obtain representative samples for the material used in the agglom

erated column testing. 

The results for the unconfined compression testing series for 

this material are given in Table 4.5. A graphical portrayal of these 

results is shown in Figure 4.4 with unconfined compressive strength ver

sus cement content. Further results are given as stress-strain curves in 

Figure 4.5. 

4.5 Comparison of Results 

The Darwin Combined material was used as the representative 

Darwin mine tailings for this study. Comparison of Figures 4.4 and 4.3 

suggests that a blend of the individual tailings supplies an upper bound 

to the strength versus cement content curve. In addition, the wide range 

in strengths noted in Figure 4.3 (up to 40 psi at 2.5% cement) suggests 

that there can be a great deal of variability in the strength properties 

of stabilized tailings within a deposit. This variance stresses the 

importance of obtaining representative samples from each area of a mine 

that is to be processed and performing the test procedure presented in 

this thesis. 

A comparison of the Darwin Combined and Carr Fork (CF) sample 

strengths (Figures 4.4 and 4.1, respectively) indicates a greater 
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TABLE 4.5. SERIES 4 TEST RESULTS 
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Sample Peak U.C. Peak Secant Modulus Moisture 
Strength Strain of Failure 
(psl) (%) @ 1.0% - e @ 1.75% - I 

1.0 DC (0)-7-l 30.47 1.67 661 22.52 

1.25 DC (0)—7—1 41.55 1.71 821 22.85 

1.5 DC (0)-7-l 49.49 1.92 839 892 22.56 

1.75 DC (0-7-1 57.75 1.88 1250 1132 23.35 

2.0 DC (0)-7-l 83.78 2.33 1321 1296 21.74 

2.5 DC (0)-7-l 104.94 2.80 1375 1469 22.45 

3.0 DC (0)—7—1 161.06 3.50 1643 1745 

4.0 DC CO)—7—1 216.47 4.39 1482 1704 

2.0 DC (0)-l-l 69.80 2.14 1215 1253 

2.0 DC (0)-3-l 74.84 2.04 1375 1388 

2.0 DC (0)-14-l 86.61 2.33 1375 1439 
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strength for the Darwin Combined material at the same cement content. 

This occurred even though both tailings were classified as ML by the 

DSCS. One possibility that could explain this strength difference is 

the presence of clay in the Carr Fork material. As indicated pre

viously, in order to obtain additional data, a second group of Carr Fork 

samples (CFO) were tested and a stress-strain relationship obtained. 

However, old cement was accidentally used and no conclusive results 

could be generated with respect to the presence of clay. It is clear, 

however, from Figure 4.1 that the use of old cement in sample prepara

tion effected the sample properties. Another effect of using old cement 

is vividly demonstrated in a comparison of the stress-strain curves for 

the Carr Fork samples using old cement and the Darwin Combined samples 

(Figures 4.2 and 4.5, respectively). Again, the difference in the 

results could be due, in part, to the presence of clay. However, the 

effects of using old cement are clearly demonstrated and care should be 

taken to insure that cement stored for long periods of time is not used 

in mine tailing stabilization. 

4.6 X-Ray Diffraction Analysis 

As discussed in the previous section, the Carr Fork tailings 

appeared to contain a small percentage of clay particles. An x-ray 

diffraction analysis was performed on the material to identify the type 

of clay present. This method was chosen for its reliability and for the 

sake of convenience. The X-Ray DiffTactometer used was a General 

Electric XRD-5. It is located in the micromaterials Laboratory of the 



Civil Engineering Department at the University of Arizona, Tucson, 

Arizona. 

The tailings were found to contain a small amount of kaollnlte 

clay and a trace of gypsum. The clay acts to lower the peak strength of 

the samples and Increase the strain before failure. The presence of 

gypsum lowers the peak strength of the samples by reducing the binding 

effect of the cement. Cement contains the chemical compound tricalcium 

aluminate hydrate (C^A). When water is mixed with cement, this compound 

reacts with the water and results in flash setting of the cement. Gypsum 

(CaSO^ 21^0) is often mixed in the cement to slow this quick reaction by 

combining with the tricalcium aluminate hydrate to form insoluble calcium 

sulphoaluminate (3CaO 3CaS0^ 31^0). The presence of an excessive 

amount of gypsum in the cement can slow the rate of hydration and adul

terate the cement enough to noticeably reduce its effects. Even though 

the amount of gypsum present in the tailings is relatively small, so is 

the amount of cement, and the cement can be effected. A second effect of 

the chemical reaction with the gypsum is the expansion associated with 

this reaction. This expansion, in effect, separates some of the par

ticles and breaks some of the bonds and thus reduces the ultimate 

strength of the sample (Neville, 1981). 



CHAPTER 5 

COLUMN LEACH TESTS 

5.1 Introduction 

There are many difficulties in obtaining reliable and pertinent 

information for the effects of solution flow on agglomerated material. 

Under heap leach conditions, a major problem is determining the extent of 

particle breakdown caused by the solution flow and the subsequent migra

tion of the fines. Further difficulties are encountered in determining 

the permeability and porosity of the leach heap. 

This chapter is devoted to describing the testing procedure that 

was designed to overcome these difficulties. Results of this testing 

procedure and a discussion of their significance. 

5.2 Development of Testing Procedure 

It was concluded in Chapter 3 that pervious studies have shown 

column testing to be capable of simulating the solution flow in heap 

leaching operations. For this reason, column testing was chosen to model 

the physical behavior of agglomerates to the leaching process. 

The ultimate goal of the column testing procedure was to provide 

an indication of agglomerated material strength and durability at various 

cement contents under leach heap conditions. The variables possible 

included solution flow rate under saturated and partially saturated con

ditions, agglomerate size, and the amount of material washed from the 

columns. 

44 
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To eliminate complications, as many variables as possible were 

held constant. For example, steps were taken to assure that the agglom

erate dry unit weight remained constant. The process used will be 

described in the next section. Possibly the greatest difficulty 

encountered was associated with partially saturated flow. Sue to the 

complexity of this type of flow, only fully saturated conditions were 

used in measuring head loss through the agglomerates. The coefficient of 

permeability was then calculated using Darcy's Law. To incorporate 

partially saturated flow into the study and to more effectively model 

actual leach heap behavior, the upper half of the agglomerates in the 

column were subjected to partially saturated flow conditions while the 

lower half were maintained under fully saturated conditions. 

A trial column was built, and a preliminary test performed, to 

supply the information that was needed to check the validity of the 

testing procedure. This phase of the study is discussed in Section 5.4. 

5.3 Material Agglomeration 

For this research, the agglomerates were made at the Anaconda 

Minerals Company, Research Center in Tucson, Arizona. The method of 

production was agitated agglomeration using a 36-inch disc pelletizer. 

The particular unit was a Ferro-Tech Pelletizer, Model Number FC-036-02, 

Serial Number 3139-FE-2171. 

The disc rotation was set at a constant rate of 27 revolutions 

per minute. However, the angle of rotation could be varied from 45 

degrees to approximately 60 degrees to the horizontal. This was impor

tant since each material has a specific combination of moisture content 
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and angle of rotation at which optimum agglomeration is obtained. This 

combination was found for each of the materials tested Bimply by varying 

the two parameters until the material agglomerated properly. 

A final combination of 18.2 percent moisture at an angle of 56 

degrees was found to work best for the Darwin material. The Carr Fork 

material agglomerated much easier than the Darwin material over a wider 

range of moisture contents and angles of tilt, with the optimums being 

26 percent moisture and 55 degrees tilt. 

Batches of agglomerates were made Instead of using the customary 

procedure of continuous flow. This was done in order to maintain a 

higher degree of control over the moisture and cement contents in the 

agglomerates. The net result was the production of agglomerates of a 

less uniform size than those produced by the continuous flow method. 

This, in turn, gave lower permeabilities in the column leach tests. Due 

to a limited flow rate available from the laboratory sink faucets, these 

lower permeabilities were advantageous. 

For each batch, the weights of the raw materials were carefully 

measured before placing them in the pan agglomerator. Sample calcula

tions for the batches are given in Appendix A. The procedure was to 

place the tailings and the cement into the rotating pan and allow them to 

mix for about one minute. After this, the water was slowly added at the 

proper location in the pan to produce agglomerates of the desired size. 

The procedure used in locating the proper location is explained in the 

operators manual. An excerpt from this manual is given as Appendix B. 



The material was then allowed to agglomerate for about 15 minutes where

upon it was all placed into 5 gallon containers and covered. The disc 

pan agglomerator and agglomerates being produced are shown in Figure 5.1. 

Finished agglomerates, 3/8 to 1/2 inch in diameter, were desired 

for this research. It was felt that the column diameter should be at 

least 20 times the average agglomerate diameter. This would help to 

insure little if any boundary influences from the walls and so help 

insure that the column flow parameters were characteristic of the actual 

heap leach operations. The effects of column walls on the flow charac

teristics are discussed further in Section 5.4. Also, agglomerates of 

these sizes can be easily handled and sieved on the U.S. Standard sieves. 

Allowing the material to remain in the pan for the 15 minutes of 

pan rotation may possibly have produced slightly higher than normal 

strengths for these agglomerates. However, all agglomeration for this 

research was conducted according to the same guidelines; therefore the 

procedure is acceptable for comparative purposes. 

After all the material was agglomerated, it was removed to the 

curing room where it remained in the covered containers for seven days. 

Then, all the material at a given cement content was dumped into a pile 

where it was split into four separate piles and uniformly mixed back into 

a single pile to produce a single, homogenous mixture. This process was 

repeated once. Very little breakdown of agglomerates was observed with 

this procedure. Enough of the material was then removed to perform a 

moisture determination, macro dry unit weight, and sieve analysis. This 

supplied the initial material characteristics. The agglomerates from the 
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A. Pan Agglomerator 

.B. Pan Agglomerator Producing Agglomerates 

FIGURE 5. 1 • PAN AGGLOMERATOR AND AGGLOMERATES 
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latter two analyses were mixed back into the pile which was then used to 

fill the column. Filling was accomplished by simply dumping the agglom

erates , one gallon at a time, into the top of the column and allowing 

them to fall freely into the column. After the column had been filled, 

the surface of the agglomerates was smoothed. The column then remained 

untouched until the leaching process began the following morning. 

The agglomerated material was purposely not handled with extraor

dinary care. The agglomerates were strong enough at this time to with

stand the small Impact of loading and only a small degree of particle 

breakdown was observed. It should be noted that the bottom agglomerates 

were subjected to a greater force from falling through a greater distance 

and also supporting the weight of the rest of the agglomerates. This 

would cause them to display a greater particle breakdown and exhibit a 

layer of finer material that would tend to reduce the permeability at 

that point. It was hoped that the procedure would more closely simulate 

the handling of the material in actual practice. 

5.4 Trial Column Testing 

A trial column was decided upon for reasons explained earlier. 

This section explains the details of the apparatus as well as their 

purpose. Also explained in this section is the testing procedure fol

lowed in conducting a column leach test with this apparatus. 

5.4.1 Apparatus 

As shown in Figure 5.2, the trial column was constructed from a 

seven foot length of 10-inch diameter (ID) PVC pipe. In accordance with 

the procedure followed by C.R. Dudgeon (1966), the pipe was supported in 
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FIGURE 5.2. DESIGN OF 7-FOOT COLUMN FOR LABORATORY INVESTIGATION 
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an upright position and fitted with a water tight base containing a valve 

to regulate outflow. The base also contained a perforated base plate 

covered by a coarse meshed wire screen. This base plate supported the 

agglomerates three inches above the base and prevented them from clogging 

the valve. 

A dispersion plate was placed above the agglomerates to help 

protect against concentrated water impact and to simulate the effects of 

a sprinkler or other water dispersion system. 

Three and a half by five inch plexiglass windows were constructed 

at one-foot intervals over the lower five feet of the column to allow 

material behavior to be observed and the location of the phreatic surface 

level to be confirmed. These windows also allowed the use of a simple, 

manometer type, apparatus to be used with a system of quick-disconnect 

couplings, at the piezometer tappings, to measure the head loss. These 

tappings were spaced at six-inch intervals for the lower half of the 

column and at one-foot intervals for the upper half. This system 

eliminated the need for sensitive pressure gauges, which could not be 

easily obtained. 

The completed column is shown in Figure 5.3 with a pressure gauge 

used only to portray the use of the piezometer tappings. 

5.4.2 Procedure 

The trial column shown in Figure 5.3 was designed to measure the 

coefficient of permeability of agglomerated materials during the leaching 

process. Change in the coefficient of permeability was chosen as an 

indicator for agglomerate strength and durability. As the agglomerates 
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FIGURE 5.3. COMPLETED TRIAL COLUMN 
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settled or broke, and the particle migrated, the coefficient of 

permeability would decrease. 

For the first step in the procedure, the column was loaded with 

Darwin agglomerates containing 2.0% cement. The Darwin tailings agglom

erated at 2.0% cement attained an unconfined compressive strength of 

23.8 psi in Series 1 of the strength tests. This was considered suffi

cient strength for the agglomerates not to break down upon leaching and 

thereby restrict the amount of time data could be obtained. 

Water was then deposited at the top of the column and allowed to 

trickle down through the agglomerates. The input flow was regulated by a 

laboratory sink faucet and was limited to a maximum of about 3.0 gallons 

per minute. To insure continuous flow, a rate of 2.5 gallons per minute 

was chosen. This flow rate was verified by measuring the time interval 

required to fill a four-gallon container. 

In practice, leach heaps are generally not maintained under 

saturated conditions throughout the entire heap. If, however, the 

permeability is small enough at the base to restrict flow, a partial 

saturation of the heap could develop. For this reason, restricting the 

discharge from the column to maintain the phreatic surface was justified. 

The phreatic surface was maintained for all tests at a height midway up 

the agglomerates, with the discharge being regulated by the valve in the 

base of the column. 

Since it had already been determined to conduct all leach testing 

under saturated conditions, Darcy's Law (Eq. 5.1) could be used to 

calculate the permeability. The validity of this assumption is discussed 

below. 
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k = Q/CiA (5.1) 

k = permeability coefficient (cm/Bec) 
Q = flow rate (gpm) 
i *= hydraulic gradient (in/in) 
C = conversion constant (14.72) 

The only variable in equation 5.1 not already known was the hydraulic 

gradient. This parameter was calculated by dividing the total head loss 

by the distance over which the loss was measured. 

The permeability results are given in Table 5.1. A sample 

calculation is provided in Appendix A. Leaching was scheduled to 

continue for 30 days. However, the results obtained indicated that the 

permeability approached a constant value after only 4 or 5 days. With 

the results indicating that most of the change in permeability occurs 

during the first week, and with an Increasing amount of water leaking 

from the base of the column, the leaching process was discontinued after 

only eight days. 

5.5 Flow Characteristics 

The flow in porous agglomerates consists of two phases. These 

will be dealt with in terms of micro and macro permeability. 

Macro permeability is the permeability indicated by flow through 

the voids between the agglomerates. This permeability is usually quite 

large in comparison to the micro permeability. The micro permeability is 

the permeability within the individual agglomerate. From the chemical 

aspect of leaching, the micro permeability is by far the more important 

of the two, due to the need for the lixiviant to permeate to the core of 

each agglomerate. However, for this research and the physical aspect of 



TABLE 5.1. TRIAL COLUMN PERMEABILITY RESULTS 

Time (Days) 20 (mln) 1/2 3 4 5 6 8_ 

1 (In/in) 0.071 0.096 0.097 0.112 0.125 0.110 0.118 

Q (gpra) 2.35 2.35 2.55 2.82 2.98 2.67 2.84 

k (cm/s) 4.14 2j85 3.26 3^12 2^96 3.01 3.00 
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leaching, it Is assumed that the Individual agglomerate will not maintain 

a permeability of enough magnitude to be noticed in comparison to macro 

permeability. This assumption is backed by Roman (1977). He predicts 

that the leach solution flows around each agglomerate. The leach solu

tion then reaches the agglomerate core by the process of diffusion. For 

these reasons, only the macro permeability is considered in this study. 

Flow rate and the coefficient of permeability are key factors in 

determining flow characteristics. For a constant coefficient of permea

bility, a very small flow rate would result in a thin film of liquid 

flowing over individual agglomerates, unsaturated flow. For a large flow 

rate, flow in the voids between the agglomerates would occur and act as a 

"pipe11 flow, saturated flow. The behavior of these two flows is vastly 

different. 

According to Rouse (1978), the Reynolds Number (R) is a parameter 

which characterizes the relative importance of viscous action in steady, 

non-uniform flow. The Reynolds Number is used to define the boundaries of 

laminar flow. Laminar flow falls in the range of Reynolds Number from 

0.1 to 75 as given by Dudgeon (1966), or at approximately 78 at the onset 

of turbulent flow, as explained by Ward (1966). 

The Reynolds Number, as defined by Ward (1964), was used in this 

research: 

vk** 

R = v (5.2) 

v = macroscopic velocity (ft/sec) 
k = permeability (ft/sec) „ 
v «= kinematic viscosity (ft /sec) 
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When equation 5.2 was used to check the flow conditions in the 

test column, a Reynolds Number of 290 was found. Sample calculations for 

the Reynolds Number are supplied in Appendix A. This value of 290 is in 

excess of the upper limit allowed for the validity of Darcy's Law, which 

applies only to laminar flow. These results suggest the use of Darcy's 

Law to define flow in the trial column may not have been justified, and 

ultimately resulted in the use of smaller flows in the production 

columns. 

In addition to inaccuracies introduced by non-laminar flow, 

another factor suggests the calculated permeabilities, taken as averages 

through the cross section of the column, should be smaller in a leach 

heap using the same agglomerates. The reason for this is the lack of 

interlocking agglomerates at the wall of the column. According to 

Dudgeon (1966), the region within one particle diameter of the wall has 

flow velocities of up to 50 percent higher than the rest of the column. 

Figure 5.4 portrays the area effected by this wall effect. For the 

10-inch diameter trial column containing agglomerates with an average 

diameter of almost 1/2 inch, the area affected is approximately 19% of 

the total column area. This 19% area, with flows of up to 50% higher 

than the rest of the column, can contribute to a permeability of as much 

as 10% higher than the corresponding leach heap permeability. 

5.6 Production Column Design 

Two columns were constructed using 9 foot section of 12 inch (ID) 

PVC pipe (see Figure 5.5). As before, piezometer tappings were spaced at 

six-inch intervals for the lower half of the columns, and at one-foot 
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intervals for the upper half. Also, the perforated dispersion plates and 

bases were constructed as before. However, several modifications were 

incorporated into the production column design as a result of the trial 

column testing. The major modification was the new design of the windows 

that allowed them to be removed so the leached agglomerates could be 

unloaded through them. By removing the leached material 12 vertical 

inches at a time, a known volume could be weighed, sieved, and the macro 

dry unit weight could be calculated. 

Pressure fluctuations in the laboratory's plumbing system which 

supplied the input to the columns caused variations in the flow rate. A 

constant head tank situated above the columns was used to overcome the 

problem. To monitor the amount of material lost from the columns, 

sediment trap apparatus were designed as shown in Figure 5.6. 

A picture of the completed production columns is given as 

Figure 5.7. 

5.7 Production Column Leach 

Agglomerated tailings from both the Darwin and Carr Fork mines 

were leached in the production columns. A summary of all column tests 

performed as part of this research Is contained in Table 5.2. The pro

cedures and results of this leaching process are given in Section 5.7.1 

and 5.7.2 for the Carr Fork and Darwin agglomerates, respectively. 

5.7.1 Leaching Process - Carr Fork Tailings 

The production columns were first used to leach agglomerated Carr 

Fork tailings. Agglomerates with strengths near the minimum required for 

a successful leaching operation were desired. Since the 2.0% Darwin 
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FIGURE 5.7. COMPLETED PRODUCTION COLUMNS 
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TABLE 5.2. SUMMARY OF LEACH TESTS PERFORMED AS PART OF THIS RESEARCH 

Column Test 
Number 

Column 
Type 

Material Flow Rate 
(gpm) 

1 Trial 2.0 D 2.5 

2 Production 0.5 CF (a) 

3 Production 1.0 CF (a) 

4 Production 1.5 DC 0.7 

5 Production 2.0 DC 0.7 

6 Production 1.75 DC 1.0 

7 Production 2.0 DC 1.0 

(a) Flow rate not established due to agglomerate collapse. 



agglomerates used In the trial column displayed sufficient strength to 

maintain their shape during the leaching process, 2.0% cement was assumed 

to be the minimum amount needed for the Carr Fork agglomerates also. 

Therefore, the unconfined compressive strength of 23.8 psi exhibited by 

the Darwin samples containing 2.0% cement in Series 1 of the strength 

tests was considered to be the minimum required unconflned compression 

strength. (Note that it was later determined that the Series 1 strengths 

obtained from testing with the Instron were not reliable.) As shown in 

Chapter 4, this value was less than the 32.3 psi strength of the Carr 

Fork samples containing only 1.0% cement (see Figure 4.1). It was 

therefore decided to use the Carr Fork tailings agglomerated with 1.0% 

cement to confirm that the measured compressive strength of 32.3 psi was 

sufficient. Agglomerates containing 0.5% cement were also used to check 

the possibility of a lower compressive strength being sufficient, as 

indicated by the Darwin agglomerates used in the trial column. 

After loading the agglomerates into the columns in the manner 

prescribed for the trial column, water was introduced into the columns 

from the bottom, this had the effect of pushing any entrapped air out 

through the top of the piled agglomerates. It was not known how much of 

an effect this entrapped air might have had, but it was removed from the 

columns since the amount of entrapped air in an unconflned leach heap is 

expected to be minimal. 

Once the phreatic surface reached a level midway up the agglomer

ates containing 1.0% cement, these agglomerates collapsed to the point of 

restricting virtually all flow. The cause of the agglomerate failure 

appeared to be an insufficient strength to withstand the effects of the 
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leaching process. With the agglomerates containing only 0.5% cement, 

solution flow continued for almost 20 minutes before it too was 

completely restricted. Upon removing the material from the columns, it 

was discovered that a 4-inch "pipe" had formed and extended vertically 

through the full depth of the agglomerates containing 0.5% cement. 

Due to the collapse of the Carr Fork agglomerates, the leaching 

process was stopped before any permeability results could be obtained. 

Because the agglomerates used in these tests had a higher unconfined 

compressive strength than that of the Darwin material used in the trial 

column which performed satisfactorily, the conclusion was made that the 

strength analysis was incorrect for either Series 1 (Darwin), or Series 2 

(Carr Fork), or both. Therefore, updated series of unconfined compres

sion tests (Series 3 and 4) were run on the Darwin tailings. The details 

of these series of tests are given in Chapter 4. Due to the lack of 

sufficient Carr Fork tailings, no additional strength or column tests 

could be performed on this material. 

5.7.2 Leaching Process — Darwin Tailings 

The Darwin Combined agglomerates were leached in the two pro

duction columns. Agglomerates containing 1.5 and 2.0 percent cement 

(corresponding to compressive strengths of 49.5 psi and 383.8 psi, re

spectively, Table 4.5) were leached in the columns with a flow rate of 

0.7 gallons per minute. Then, a second set of leach tests using agglom

erates with 1.75 and 2.0 percent cement was run. The reasons for the 

second series of tests are supplied in Section 5.7.2.2 and 5.7.2.3. A 
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flow rate of 1.0 gpm was used In the second set of column leach tests on 

Darwin Combined agglomerates. 

The following sections of this thesis give the results of these 

four column tests and then supplying an analysis of these results. 

5.7.2.1 Procedure. Four characteristics of the agglomerates 

were monitored during the course of the column leach tests. These 

characteristics are the permeability, overall compaction as indicated by 

surface settlement, grain size distribution, and weight of material 

washed from the columns. 

The first of these, permeability, was calculated from the 

recordings of head loss, taken daily during the leaching process. 

Settlement at the surface of the agglomerates was also recorded daily. 

Another characteristic that was checked after the leaching process ended 

was the grain size distribution. This was done by performing a sieve 

analysis on the agglomerates after leaching. Due to the excessive 

moisture of the leached agglomerates, a wet sieve procedure was used with 

the agglomerates being gently washed through each individual sieve. This 

overcame the problem of the leached agglomerates sticking together. How

ever, it also led to the loss of any material that was attached to the 

agglomerates by capillary surface tension or by already weakened bonds. 

The final characteristic obtained from the columns was the dry weight of 

the material washed from the agglomerates in each column. This was 

accomplished by weighing the material caught in the sediment traps shown 

in Figure 5.6. 

5.7.2.2 Results of Production Columns - Set 1. As mentioned in 

Section 5.7.2, the column leach tests were run two at a time since there 
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were two columns available for production runs. Two sets of production 

runs were performed on Darwin Combined agglomerates. -After the updated 

unconflned compression testing procedure described in Chapter 4 was com

pleted, it was decided that the first two tests would be run using Darwin 

Combined tailings agglomerated at 1.5 and 2.0 percent cement. Darwin 

Combined agglomerates with 2.0% cement would correspond to the Darwin 

agglomerates with 2.0% cement used in the trial column. Full scale heap 

leaching In the field has proven that 2.0% cement is sufficient for the 

Darwin material (Milligan and Engelhardt, 1984-B). The 1,5% cement 

agglomerates were used in an attempt to identify the minimum strength 

requirements needed to sustain stable agglomerates in the columns. 

The columns were loaded, and the leaching process began, follow

ing the same procedure outlined in Section 5.7.1 for the Carr Fork 

tailings. 

The flow rate used was 0.7 gallons per minute. This corresponded 

to a flow of 0.9 gallons per minute per square foot through the columns. 

This flow is greater than any found in the literature for heap leaching, 

2 
the greatest being 0.5 gpm/ft reported by Heinen, et al., (1979). Since 

only the physical aspects of leach heap performance were being tested, 

the upper limit of validity for Darcy's Law was approached to increase 

the effects of flow while still maintaining non-turbulent flow. 

For the columns containing the agglomerates with 2.0% cement, the 

phreatic surface was maintained at 4 foot above the base plate throughout 

the leach test. However, in the column holding the agglomerates at 1.5% 

cement, the phreatic surface could not be maintained at the same eleva

tion. 
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In measuring the head loss, the difference between the phreatlc 

surface and the level In the manometer apparatus was recorded for the 

level corresponding to the particular piezometer outlet to which the 

apparatus was connected. With excessive agglomerate breakdown, the 

windows were completely shielded on the inside by the smaller particles, 

or sediment, filling the voids between the agglomerates and the windows. 

When the windows were covered as shown in Figure 5.8-A, the phreatic 

surface could not be located and so a head loss reading could not be 

taken. To overcome this problem, the phreatic surface was raised to a 

level above the surface of the agglomerates where it could be located. 

This was done on the third day of leaching. Head loss readings were 

taken from the seven lower piezometer outlets once a day for each of the 

13 days the leaching process continued. The average coefficient of 

permeability (k) was calculated for each of these days for each column. 

The extent of particle migration is portrayed in Figure 5.8-B as the 

amount of sediment washed from the columns. 

Results for agglomerates made at three cement contents are given 

in Figure 5.9, as average permeability versus time. A comparison of 

average permeability versus time for the 2.0% agglomerates at the two 

different flow rates is supplied in Figure 5.10. 

To check the validity of using Darcy's Law in obtaining the 

permeability results, the Reynolds Number was calculated for each column 

throughout the leaching process. For the column containing the 

agglomerates with 1.5% cement, the Reynolds Number was 72 on the first 

day and 8.5 on the last day of leaching. Therefore, Darcy's Law was 

considered to be valid for this material tested under the hydraulic 
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A. Sediment Covering Window 

B. Sediment Being Discharged From Columns 

FIGURE 5.8. SEDIMENT IN THE LEACHING PROCESS 
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gradients used. However, for the column with the 2.0% cement agglomer

ates, the Reynolds Number dropped to a low value of 134 on the last day 

of leaching. This indicated a turbulent flow through the column 

throughout the leach test. One way to hae alleviated this problem 

would have been to decrease the flow through the sample and out of the 

column (i.e. decrease the velocity). This would have resulted in a 

rise of the free water surface inside the column and an increase in 

gradient. To prevent this, the flow into the column from the constant 

head tank was decreased also so that the free water surface in the 

column remained unchanged. 

The settlement of the upper surface of the agglomerates was 

monitored daily. The elevation of these surfaces were measured with 

reference to their elevation at the start of the leaching process, the 

difference being the drop in elevation due to agglomerate settling and 

repacking as well as to the agglomerate breakdown and migration 

associated with the leaching process. The results for all four column 

tests are plotted as surface settlement versus time in Figure 5.11. 

After the flow was discontinued, the columns were allowed to 

drain overnight before being unloaded. The leached agglomerates were 

removed through the windows in one foot vertical layers. Each 12 inch 

layer corresponded to a volume of 0.785 cubic feet. This material was 

weighed and moisture determinations taken in the hope of calculating a 

macro dry unit weight. However, due to the disturbance necessarily 

accompanying removal of the material through the narrow windows, the 

dry unit weight results were inconsistent. 
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Prior to testing, the dry unit weights of the unleached agglom

erates had been calculated before filling the columns.- The results of 

these are 84 pounds per cubic foot for the 1.5 and 2.0 percent cement 

agglomerates used in the first set of column tests and 85 and 86 pounds 

per cubic foot for the 1.75 and 2.0 percent cement agglomerates, 

respectively, used in the second set of column tests. 

To check the amount of particle breakdown, a wet sieve analysis 

was performed on material from each column. For the 2.0% cement 

agglomerates leached at a flow rate of 0.7 gpm, only level three was 

sieved. However, for the other three columns, the agglomerates in 

levels one and four were sieved. The gradation curves from these sieve 

analyses' are plotted in Figures 5.12 and 5.13 for columns with flow 

rates of 0.7 and 1.0 gpm, respectively. 

All the sediment discharged from each column accumulated in the 

sediment traps. At the end of the leaching process, this was collect

ed, oven dried, and weighed. This weight was negligible for the 2.0% 

cement agglomerates, but the 1.5% cement agglomerates lost 5140 grams 

of dry material and the 1.75% cement agglomerates lost 2450 grams. 

The results of this first run of column leach tests showed the 

1.5% cement agglomerates to display a lower permeability than the 2.0% 

cement agglomerates. This lowered permeability resulted in teh 

phreatic surface being raised to a level above all the agglomerates in 

the column containing the 1.5% cement agglomerates. An increase in the 

surface settlement and in the amount of settlement discharged from the 

columns was also displayed by the 1.5% cement agglomerates. These 

results indicated that the 2.0% cements were stable whereas the 1.5% 
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agglomerates exhibited strength, and a resulting durability, of slightly 

less than those needed to maintain a stable leach heap. 

5.7.2.3 Results of Production Columns - Set 2. Reviewing the 

results of the first set of column leach tests, the second set of tests 

was run on agglomerates containing 1.75 and 2.0 percent cement. The 

leach test on the agglomerates containing 1.75% cement was conducted to 

provide values over a range of cement contents and to check the pos

sibility that it was the lower end of the binder content needed. The 

test on the agglomerates with 2.0% cement were performed to confirm the 

previous results and to check consistency. 

The procedure used in this second set of column leach tests was 

the same as for the first set of tests with the exception of the flow 

rate. A flow rate of less then the 0.7 gpm used in the previous test 

was decided upon. However, due to sediment entering the valve regulating 

the outflow, it could not be closed sufficiently to maintain the phreatic 

surface at midway in the agglomerates, so the flow rate was increased to 

2 1.0 gpm (1.25 gpm/ft in the columns). 

The average permeability was again recorded daily (see Figures 

5.9 and 5.10). The phreatic surface in the column containing the 1.75% 

cement agglomerates had to be raised above the agglomerate surface the 

same as for the 1.5% agglomerates column. This was done on the fourth 

day of leaching. A check on the Reynolds Number showed that the 2.0% 

agglomerates experienced turbulent flow with a low value of 97 on the 

thirteenth day of leaching. The agglomerates at 1.75% cement exper

ienced slightly turbulent flow on the first day of leaching only. On 

this day, a Reynolds Number of 105 was calculated. On the second day 
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of leaching, A Reynolds Number of 28 was obtained. This value dropped 

to 22 on the last day of leaching, indicating non-turbulent flow 

through the material. Reducing the permeability to account for the 

wall effects as discussed in Section 5.5 could possibly reduce Reynolds 

Number enough to bring it within acceptable limits for Darcys Law to be 

valid for most of the column over the complete leach period. 

The agglomerate surface settlement, macro dry unit weight, wet 

sieve analysis, and amount of sediment were also recorded for this 

second set of column tests as shown previously in 5.10, 5.11, and 5.13. 

5.8 Analysis of Results 

The results of the column leach tests were analyzed with respect 

to the four major material characteristics mentioned in Section 5.7.2.1, 

surface settlement, grain size distribution, the amount of material 

washed away with the discharged fluid and permeability. The results as 

they pertain to each of these characteristics are now discussed in 

detail. 

5.8.1 Surface Settlement 

The drop in surface elevation is due to several factors, includ

ing agglomerate settling, breakdown, and migration of the fines. As 

shown in Figure 5.1, a large initial drop in surface elevation, termed 

"immediate settlement", occurred with the introduction of water. This 

was most probably due to the particle settling and repacking caused by 

lowered coefficient of friction at particle contacts, loss of the 

capillary tension bonds at particle contacts upon saturation and the 

added stresses associated with additional moisture. 
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Figure 5.11 also shows the occurrence of additional settlement as 

the leaching process continues. This settlement is due to total or 

partial agglomerate breakdown and particle migration associated with 

leaching, or washing. Both of these mechanisms allow the agglomerates to 

pack more closely and the voids to be filled. The loss of sediment may 

contribute a small part to this settlement. Another factor that may 

contribute slightly to settlement is the effect of "raindrop erosion" 

due to the water falling from the dispersion plate to the agglomerate 

surface. 

5.8.2 Grain Size Distribution 

As shown in Figures 5.12 and 5.13, standard sieve analyses were 

conducted on the agglomerates prior to column loading to record the 

initial distribution of agglomerate sizes. Due to the size of the 

agglomerates, only the coarser sieves were needed. After the leaching 

process, the same sieve sizes were again used, but much more material 

passed through each sieve. So, to provide for a more complete analysis 

of the agglomerate breakdown, the 2.0% cement agglomerates leached at a 

flow rate of 1,0 gpm were sieved over the full range of sieve sizes (down 

to the #200 sieve). A comparison of this distribution to that of the 

corresponding unleached agglomerates and to the initial tailings is given 

in Figure 5.14. These results do give some indication of the change in 

the size of the agglomerates due to leaching. 

5.8.3 Sediment 

The material lost with the discharge is termed "sediment" here 

because it settled out of the columns. This sediment does not constitute 
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a large part of the total agglomerates. The 5140 grains lost from the 

1,5% cement agglomerates was only 2,0% of the total dr.y weight. However, 

this was a substantial part of the very fine material in the agglomertes. 

Also it was the material that could most easily move through the agglom-

rates, fill voids, and so effect the overall flow behavior, although it 

is not known quantitatively to what extent the flow behavior was affected 

by the sediment. This material was also an indication of the extent of 

agglomerate breakdown within the columns. The more sediment noted, the 

ore breakdown had to occur for the fines to be released. 

5.8.4 Permeability 

The coefficient of permeability is a constant that expresses the 

ease with which water can pass through the voids or conduits of a 

material. The combination of factors that influence the size and shape 

of these conduits are many and variable. A large degree of the change in 

permeability noted in Figures 5.9 and 5.10 comes from the changes, or a 

combination of the changes, of the previous three sections. To explain 

the effects of these, each of these material characteristics will be 

discussed separately with respect to permeability. 

Settlement of the surface occurs as the material becomes denser. 

That is, the particles are settling as the voids are being filled. 

Increased density and the associated decrease in porosity inhibits the 

flow rate effectively resulting in a reduced permeability. 

The sieve analysis also is an indication of the characteristics 

mentioned previously as it gives evidence of agglomerate breakdown and 

migration. The result is a restricted flow and reduced permeability. 
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Unlike the previous characteristics, the amount of sediment 

washed from the columns may indicate either an increased or decreased 

permeability depending upon the extent of particle breakdown and migra

tion. The migration of material to the point where it escapes from the 

surrounding agglomerates helps to free the voids and allows a greater 

flow rate and corresponding permeability. At the same time, the presence 

of the fine material can only be due to breakage of the agglomerates 

which generally results in a reduced permeability. 

These four characteristics help to explain how local permeability 

can be affected in one way, while the overall, or global permeability can 

be influenced in just the opposite manner. An example of this would be 

particle breakdown and migration increasing permeability at one location. 

This increase could then be negated by the particles in the surrounding 

locations dumping sediment into the first location and reducing the 

permeability. Therefore, the permeability of each location is different 

but the global permeability remains virtually constant. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

This study has shown that column leaching provides adequate 

results in determining the minimum binder content needed to provide 

agglomerates stable enough and durable enough to withstand the effects 

of stacking and leaching. The successful use of columns in this 

capacity offer substantial economic savings over the current method of 

using pilot-scale leach heaps as well as supplying more control over the 

leaching process. 

The Darwin combined material used in this research required a 

minimum binder of 1.75% cement, by weight, to achieve satisfactory 

results. Previous testing by the Anaconda Minerals Company verifies 

that this amount is within the range needed to supply adequate agglom

erate strength to this material. 

The small amount of material washed from the columns indicated 

that migration of particles within the stacked agglomerates was minimal. 

However, the change in the coefficient of permeability and in agglom

erate size during the leaching process indicated that some particle 

migration did occur. The conclusion is that the particles filled the 

voids immediately surrounding the agglomerates they broke away from and 

remained trapped in these voids. 
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6.2 Recommendations 

Further research on agglomerates is needed in two areas in order 

for the results of tests such as those run in this research to be applied 

more confidently to actual field performance. 

The aspect of lixiviant reaching the core of individual 

agglomerates needs to be studied. Such research would probably involve 

the use of the actual lixiviant to be used in the field. A chemical 

balance would then be required to detect the degree of metal recovery, 

thereby indicating the degree to which the individual agglomerates were 

permeated. 

Agglomerates used in further research should be produced by the 

same method as those to be used in the field, instead of by the more 

controlled batch method used in the lab study. 

Once the material relationships are established through lab tests 

and verified in lab columns, the field aspects should be investigated in 

the field by the use of a pilot-scale leach heap. 

Further recommendations are intended to direct researchers to 

more reliable results. One such recommendation is the use of x-ray 

diffraction techniques on all materials to be leached. The extended 

testing is justified due to the small percentage of binder material used. 

This small amount can be easily influenced by seemingly minute amounts of 

clay or by chemical compounds within the material. 

Developing a procedure to obtain reliable dry unit weights for 

the leached agglomerates from column tests would help in Interpreting the 

degree of agglomerate breakdown and migration during the leaching 



process. Also, the use of a wet sieve procedure on the unleached 

agglomerates Is needed to provide a direct comparison to the leached 

agglomerate wet sieve results and thereby add to the Information on 

particle breakdwon and migration. 



APPENDIX A 

SAMPLE CALCULATIONS 

Sample Mix Design — U.C. Samples 

Initial Information: 

2.0 % cement 

4.0% initial moisture 

15.3% optimum moisture (molding moisture content) 

450 gms = total dry mix 

Calculations: 
2 . 0  

Cement needed = 450 gms A 100 = 9 gms 

Material needed (dry) = 450.0 - 9.0 = 441.0 gms 

4.0 
Material needed (wet) = 441.0 ^ 1 + 100 = 458.6 

Moisture present <= 458.6 - 441.0 = 17.6 gms 

15.3 
Total moisture needed = 450.0 ̂  100 = 68.9 gms 

Moisture added = 68.9 - 17.6 =51.3 gms 

Agglomerate Batch Mix 

Initial Information: 

2.0% cement 

4.0% initial moisture 

15.3% optimum moisture 

100 pound batch 
86 



Calculations: 
2 . 0  

Cement needed = 100.0 ̂  100 = 2.0 lbs. 

Material needed (dry) » 100.0 - 2.0 = 98.0 lbs. 

4.0 
Material needed (wet) = 98.0 ̂  1 + 100 <= 101.9 lbs. 

Moisture present = 101.9 - 98.0 = 3.9 lbs. 

15.3 
Total moisture needed = 100.0 ̂  100 » 15.3 lbs. 

Moisture added = 15.3 - 3.9 = 11.4 lbs. 

11.4lbs* x 0.12gal7lbs. =1.37 gallons H20 

Permeability 

Initial Information: 

_ s_ 
K = iA 

Area (A) = 0.785 ft^ 

3 
Flow Rate (Q) = 1.0 gpm <= 0.00223 ft /sec 

Hydraulic Gradient (i) = ^/AL 

Head Loss (Ah) »= 1.9 inches 

Length through which Ah occurs (AL) e 36 inches 

Calculations: 

1.9 = 0.0528 in/in 
36 

K-0.0528°f0.785 °0-0538 ft/scc 

= 0.0538ft/sec „ 30.48cm/ft - 1.64 cm/sec 
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Reynolds Number in 12-Inch Column 

Initial Information: 

vk1* 
R 

k = 0.0067 ft/sec 

A = 0.785 ft2 

3 
Q *» 1.0 gpm »= 0.00223 ft /sec 

Kinematic Viscosity (v) = 1.05 ^ 10 ^ ft2/sec @ 70°F 

(v) = 1.05 ^ 

Calculations: 

0.00223 
Macro velocity (v) = 0.785 = 0.0028 ft/sec 

0.0028 (0.0067)** 

R = 1.05 A 10"5 = 21,8 



APPENDIX B 

OPERATING CHARACTERISTICS OF FERRO-TECH 

SHALLOW PAN DISC AGGLOMERATORS 

Disc settings and operation conditions will vary from one 

material and application to the next. Guidelines described here are 

general in nature, but will in most instances apply and serve at least 

as a basic starting point. 

Pellet size and, to some extent, quality are controlled by four 

main variables. These being: 

1. Angle or slope of the pan. 

2. Speed of rotation. 

3. Location and rate of feed. 

A. Location and rate of moisture addition. 

NOTE: Spread the feed out at least 1-2 inches, so it enters the 

pan in a wide band, not a thin, narrow stream. This will make 

the fines available to the spray and seed pellets. 

The first two, angle and speed, normally work together. The 

object of two variables is to establish a disc pattern .or flow of 

material within the disc. A good setting to start would be 45 degrees 

slope and 20 rpm. The desired pattern (see Figure B.l) would be one 
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that permitted the maximum rolling action. For example, if the speed 

were too fast, force would hold the pellets to the periphery causing an 

overloaded 2nd and 3rd stream while there would be little material 

falling in the first stream area. Conversely, should the speed be too 

slow, the material would fall mainly into the first and second streams 

with very little or no material carrying to the third stream. Normally 

for batch operation at the disc, material is fed by hand, although 

volumetric feeders are often used for a continuous operation. Feed 

location will greatly effect pellet size. Assume a feed point of 6:00 

o'clock at roughly 1/2 the radius. As the feed is moved toward the 

first stream, pellet size will Increase, and as it moves in the other 

direction toward the third stream, pellet diameter will decrease. 

Spray rate is the operator's control. Within relatively close 

limits, an Increase in moisture addition will result in an increase in 

pellet diameter and a decrease will produce smaller pellets. Generally, 

one spray location is used on the disc. Moving the spray location will 

effect changes in pellet sizing. If the spray is located in the 

position designated SI, the formation of nuclei or seeds will be 

favored, tending to form smaller pellets, while a spray at S2 will 

promote pellet growth, thereby producing larger final product. 
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