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EXECUTIVE SUMMARY 

This final report presents the results of an investigation conducted to develop laboratory and 

computer methodologies for evaluating the effectiveness of engineered soil covers for reactive 

sulphide tailings. The study was undertaken under a Supply and Services Canada (DSS) 

contract awarded to Noranda Technology Centre (NTC) in January 1989. Funding for the project 
was provided by Environment Canada, Canada Centre for Mineral Technology (CANMET), DSS 

and Noranda Inc. NTC subcontracted the initial fundamental aspects of the study to the 

University of Waterloo. NTC focused on the more-applied aspects of the work and later adopted 

some of the methods developed at Waterloo in the investigation of candidate natural soils from 

two active Canadian mine sites. 

The transport of oxygen through tailings covers was shown to be mainly by molecular diffusion 

resulting from concentration gradients establlshed between the atmosphere and soil void spaces. 

The rate of diffusion is controlled by the diffusion coefficient which is, in turn, dependent on the 

grain size, moisture content, porosity and other physical properties such as tortuosity or the flow 

path length. Oxygen diffusion coefficients, determined for one of the candidate soils, were 

obsen/ed to decrease with increasing water contents or degrees of water saturation. This trend 

was consistent with theoretical predictions and agreed with findings reported by previous 

workers. In the laboratory tests reported here, it was acknowledged that oxygen uptake by 

natural soils moulded at high moisture contents could be significant as a result of increased 

activity of soil micro-organisms under moist conditions. It was recommended that this factor be 

given serious consideration in any investigation. 

Three laboratory columns were designed and constructed, and suitable instrumentations were 

adapted to provide reliable methodologies for soil cover evaluation. The developed apparatus 

were; a) a column for determining the diffusion coefficient of oxygen, b) a column for evaluating 

the hydraulic behaviour (moisture retention and drainage characteristics) of potential cover 

materials, and c) a demonstration column for estimating the low oxygen fluxes expected from 

saturated soil covers. 
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Experimental and theoretical pressure head profiles observed in a two-layered system (candidate 

till over sand layer) indicated drainage of the sand layer to residual saturation without a 

measurable drainage and therefore loss of moisture from the till layer. Experimental testing was 

extended to at least 100 days in the demonstration column. Similar trends in moisture contents 

were observed. The results suggested that, in the absence of other extraneous influences such 

as root penetration and cracking resulting from freezing, similar performance could be expected 

in the field. At most Canadian mine sites,- 100 days will, most probably, be the maximum dry 

period when no recharge to the cover by infiltration would occur. 

Estimates of oxygen concentration at the base of the demonstration column showed that only 

600 ppm could be expected in a year. In terms of fluxes, this would amount to 6.5 x lOa 

moles/m2/a of oxygen and an acid flux of 0.336 g/m2/a of sulphuric acid (H2SOJ. In 

comparison, maximum acid flux estimated in uncovered tailings in laboratory lysimeter tests at 

NTC (outside this project) was typically of the order of 1200 g/m2/a of H2S0, 

Practical concepts were proposed for designing high performance soil covers. Critical material 

properties required for design and prediction of performance were identified to include the 

diffusion coefficient, moisture drainage characteristics and long-term critical moisture contents 

under dry conditions. It was concluded, from limited taboratory testing, that freezing and thawing 

cycles could play an important role in soil cover performance. 
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SOIUMAIRE EXECUTIF 

Ce rapport final presente les resultats d’une etude realisee en vue de developper des 

methodologies de laboratoire et informatiques qui permettront d’evaluer I’efficacite de 

recouvrements geologiques pour residus sulfureux. Cette etude a et6 realisee dans le cadre 

d’un contrat octroye au Centre de technologie Noranda (CTN) par Approvisionnement et 

sewices Canada (MAS) en janvier 1989. Le projet a et6 finance par Environnement Canada, 
le Centre canadien de la technologie des mineraux et de l’energie (CANMET), le MAS et 

Noranda Inc. Le CTN a donne les aspects fondamentaux de l’etude en sowtraitance a 

I’universite de Waterloo. Le CTN s’est penche directement sur les aspects pratiques du projet 

et a par la suite adopt6 certaines des m&odes developpees a Waterloo pour I’etude de sols 

naturels provenant de deux mines actives au Canada. 

II a et6 demontre que la p&&ration d’oxygene dans les recouvrements se fait principalement 

par diffusion moleculaire r&%&ant de gradients de concentration etabiis entre I’atmosphere et 

les vides dans le sol. Le taux de diffusion est contrble par le coefficient de diffusion qui depend, 

d son tour, de la granulom&tie, de I’humiditd, de la porosite et d’autres proprietes physiques 

comme la tortuosite, ou longueur du trajet de l%coulement. Dans I’un des deux sols a I’etude, 

les coefficients de diffusion d’oxygene diminuaient a mesure que la teneur en eau ou le niveau 

de saturation en eau augmentait. Cette tendance etait compatible avec les predictions 

theoriques et avec les observations d’etudes pr&cedentes. Lors des essais de laboratoire 

rapport& dans ce document, on a constate que I’absorption d’oxygene dans les sols naturels 

mis en place ayant une forte teneur en humidite pouvait &re importante- cause de I’activite 

accrue des microorganismes contenus dans les sols humides. II a et6 recommande de tenir 

compte de ce facteur dans toute etude de recouvrements geOlogiques. 
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Le CTN a concu et construit trois colonnes de laboratoire, et adapt4 des instruments appropries 

pour assurer des methodes fiables d’evaluation de recouvrements geologiques. L’equipement 

mis au point pour ce projet comprend: a) une colonne pour determiner le coefficient de diffusion 

de I’oxygene; b) une colonne pour evaluer le comportement hydraulique (retention de I’humidite 

et caracteristiques d’ecoulement) des materiaux de recouvrement; c) une colonne d’essai pour 

evaluer les faibles taux de pen&ration d’oxygene p&us dans les recouvrements geologiques 

satures. 

Des profils de potentiel hydraulique experimentaux et theoriques observes dans un systeme a 

deux couches (till sur sable) ont indique que la couche de sable se drainait jusqu’a une 

saturation residuelle, sans qu’il y de drainage mesurable - done sans qu’il y ait de pette 

d’humidite - dans la couche de till. Les resultats observes dans la colonne d’essai, qui se sont 

prolong& sur 100 jours au moins, ont rev&e des caracteristiques d’humiditb semblables. Ces 

resultats suggerent qu’en I’absence de facteurs externes tels que la penetration de racines et 

la fissuration due au gel, on peut s’attendre A un rendement semblable sur le terrain. Sur la 

plupart des sites miniers canadiens, une pkiode de 100 jours devrait fort probablement &re la 

duree maximale sans recharge hydraulique du recouvrement par infiltration. 

Selon une estimation de la concentration d’oxygene au bas de la colonne d’essai, 

I’accumulation annuelle d’oxygdne ne devrait pas depasser 600 ppm. En termes de flux, ceci 

represente 6,5 x lo3 moles/m2/an d’oxygke, et un flux maximum de 0,336 g/m2/an d’acide 

sulfurique (H2SO& En comparaison, selon des essais lysimetriques (non relies A ce projet) 

effect& en laboratoire au CTN, le flux d’acide maximum estlme dans les residus non 

recouverts serait typiquement de l’ordre de 1 200 g/m2/an de H,SO, 

Des concepts pratiques ant et4 proposes pour la conception de reoouvrements A haut 

rendement. Les propriMs critiques des matdriaux requis pour la conception de ces 

recouvrements et la prediction de leur rendement comprennent le coefficient de diffusion, les 

courbes caracteristiques de drainage, et les teneurs en eau critiques 4 long terme en conditions 

seches. Par les resultats d’essais de laboratoire limit&, il a ete conclu que les cycles de gel 

et de degel peuvent avoir une influence importante sur le rendement des recouvrements. 
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1. INTRODUCTION 

Acid mine drainage (AMD) is the single largest environmental problem facing the mining industry. 

Not only is effective management of AMD an important environmental question, but it can also 

strain the financial resources of a company. Today, many mining companies are spending large 

sums of money in order to meet environment compliance. Studies conducted between 1994 and 

1937 to determine the extent of the AMD problem indicate that Canada has, in total, some 

25,000 hectares of sulphidic tailings deposits. These deposits are acid-generating, and if not 

properly managed, threaten surrounding surface and groundwater resources. The projected cost 

of rehabilitation of these tailings deposits is more than $3 billion over the next 25 years (Filion 

and Ferguson, 1939). Thus, research is required to understand the problem more fully and to 

identify cost-effective solutions. 

Existing major tailings management and decommissioning practices include: revegetation, 

disposal in natural water bodies, maintenance of water cover by means of engineered dams, 

disposal in flooded open pits, application of covers constructed from natural soils and/or 

synthetic membranes, blending of acid-generating and alkaline tailings, and long-term treatment 

of AMD. More than twenty years of research has shown that, while revegetation provides some 

stabilization and aesthetics to tailings surfaces and slopes, it does not improve drainage or 

seepage water quality. At many mine sites, AMD treatment by lime neutralization is still the most 

frequently used technique for control of AMD. In some cases, it is the only abatement technique. 

If this trend continues, the mining industry will be faced with perpetual maintenance of numerous 

sites, many years after cessation of operation. 

With the recognition that perpetual treatment of AMD seepage may not be an acceptable long- 

term solution, industry and government in Canada initiated a joint program in 1983 to undertake 

and sponsor research on acidic drainage. This program subsequently evolved into the RATS 

(Reactive Acid Tailings Stabilization) program, now known as MEND (Mine Environment Neutral 

Drainage). The primary objective of MEND is to identify and/or develop reliable and cost- 

effective technologies for decommissioning of mine wastes. Recent interests in the design of 

saturated soil barriers for prevention and control of acid generation in sulphide tailings led to the 

initiation of a laboratory project on covers in 1939. The principal objective of the project was to 
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develop laboratory methodology and apparatus for evaluating the effectiveness of engineered 

soil covers for tailings. It was jointly funded by Environment Canada, Supply and Services 
Canada (DSS) and Canada Centre for Mineral Technology (CANMET), Energy Mines and 

Resources Canada, under the MEND program. Noranda Technology Centre (NTC) was the 
principal contractor of the project, and NTC subcontracted the fundamental and development 

aspects of the research to the University of Waterloo. The Waterloo team conducted research 

on the identification and evaluation of physical properties pertinent to cover performance, using 

standard soil materials such as dean silts and sands. The Waterloo work led to the design and 

fabrication of the demonstration column required for evaluating cover effectiveness. NTC 

evaluated the physical and geotechnical properties of natural soil materials from existing mine 

sites and later modified and tested the demonstration column using these natural soils. 

2. OBJECTIVES AND SCOPE 

In order to prevent or minimize contamination of the environment by acidic drainage from tailings’ 

impoundments, it would be necessary to limit the oxidation rates of constituent sulphide minerals 

and/or the rate of release of acid products from the tailings area. Consequently, ongoing MEND 

research on soil cover design is aimed at producing covers which would have two principal 

functions: (i) act as barriers against oxygen transport into the tailings, and (ii) reduce the amount 

of infiltration into the tailings mass and thereby the amount of contaminated water leaving the 

impoundment. 

Differences between oxygen diffusivities in water and in air, discussed later in Section 2.2, imply 

that an effective soil barrier against oxygen diffusion would be one which is saturated with water 

and would maintain saturation for a considerable length of time. Therefore, the work conducted 

by NTC examined the diffusive properties of soil covers with respect to gaseous oxygen as well 

as their hydraulic properties or water-retention characteristics. The work undertaken by the 

University of Waterloo is presented as a separate report in Appendix A. 

The original project contract required the development of a laboratory apparatus for evaluating 

the effectiveness of covers for reactive sulphide tailings. The evaluation was to include 
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measurement of oxygen fluxes and pertinent geotechnical properties of candidate natural 

materials. In this report, it is demonstrated that a proper evaluation of cover effectiveness would 

require assessment of oxygen diffusion as well as hydraulic behaviour. Consequently, the 

emphasis was placed on development of methodologies rather than on a single apparatus. 

Despite this shift in emphasis, it is noted that three different apparatus were developed in the 

course of the project: a) a column for determining oxygen diffusion coefficients, b) a column for 

investigating the hydraulic behaviour (moisture retention and drainage characteristics) and, 

c) another column (referred to as the demonstration column) for measuring the low oxygen 

fluxes expected in saturated soil covers. In addition, the diffusion coefficient of oxygen was 

determined at various degrees of water saturation for one of the candidate soils studied. The 

scope of geotechnical testing was also expanded to include the measurement of consolidation 

characteristics. These characteristics are required for estimates of any settlements that are likely 

to occur if any of the tested candidate soils are, to be used for constructing covers on mine 

wastes. Thus the original project deliverables were exceeded in every respect. 

This report presents a detailed description and analysis of the work conducted at NTC. The- 

theory of sulphide oxidation and acid generation is briefly discussed as an introduction to the 

rationale for the specific testing techniques developed or adopted in the research. An overview 

of the utility of empirical and estimation methods relating diffusion coefficients to water contents 

is presented. The locations, geology and geotechnical properties of the candidate natural soils 

are described. A description of the laboratory methods and equipment used in determining the 

diffusion coefficients of the candidate natural soils is provided. The computer models used in 

modelling the various laboratory experiments and cover scenarios are discussed. In 

Section 5.2, the importance of the hydraulic characteristics of the cover is depicted, using soil 

index properties and drainage column experiments. 

3. SULPHIDE OXIDATION AND ACID GENERATION IN TAlLlNGS. 

3.1 Oxidation Process. 

The milling of base metal sulphide ores results in the production of tailings which are generally 
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deposited in exposed impoundments. These sulphide tailings oxidize upon contact with air. In 

the presence of large quantities of infiltrating water, the oxidation leads to the formation of an 

acidic drainage with high concentrations of sulphate iron and heavy metals. 

The principal sulphide minerals in most base metal tailings are pyrrhotite (Fe,-xS) and pyriie 

(FeS.$. The reaction for pyrite oxidation has been more extensively studied and will be used 

here to illustrate the process of acid generation in sulphide tailings. The first important reaction 

in acid generation is the oxidation of pyrite into dissolved iron, sulphate and hydrogen ion : 

FeS&s) + 7/2 02(g) + H2W -4 Fe2+ (aq) + 2S042-(aq) + 2H + (as) VI 

The dissolved Fe2’, S042- and Ht represent an increase in total dissolved solids and acidity 

of the drainage water and hence a decrease in pH, unless it is neutralized. In a low-pH 

environment (that is at pH 1.5 to 3.5), where oxygen is readily available, subsequent oxidation’ 

of ferrous iron, Fe2’, will occur, producing ferric iron, Fe3’, as follows : 

Fe2+ (aq) + 1 /SO,(g) + Ht (aq) - - Fe3+ (aq) + l/2 H20(l) PI 

In the pH range 1.5 to 3.5, ferric oxidation to ferric iron, Equation [2], is sometimes catalyzed by 

the iron-oxidizing bacteria, Thiobacillus ferrooxidans. 

The reactions in Equations [l] and [2] can be combined to yield : 

FeS2(s) + 15/4 02(g) + l/2 H20(l) -- Fe3+ (aq) + 2S042Jaq) + H ‘(as) PI 

Equation [3) indicates that during pyrite oxidation both Fe2+ and S22- of FeS2(s) can oxidize, 
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resulting in the formation of two moles of SOd2- and one mole of H + for each mole of FeS2 
oxidized. Ferric iron, Fe3+, released as either in Equation [2]-or Equation [3], will further oxidize 

pyrite, thereby generating additional acidity and dissolved ferrous iron, according to the following 

reaction : 

14Fe3+(aq) + FeS2(s) + 3H,O(l) -- 15Fe2+ (aq) + 2S0,2-(aq) + 16H + (aq) 141 

A comparison of Equations [l] and [4] indicates that, at low pH, dissolved ferric iron will oxidize 

pyrite and generate more acidity than that produced from pyrite oxidation by gaseous oxygen. 

At slightly higher pH values (say 3.5 or greater), hydrolysis of Fe3+ will occur, resulting in the 

precipitation of ferric hydroxide and leaving little Fe3+ in solution while simultaneously lowering 

pH (through release of additional H +) : 

Fe3+(aq) + 3H,O(t) - - - Fe(OH)3(s) + 3H+(aq) 151 

Thus, the oxidation and the subsequent acidification processes, once started, are self- 

perpetuating. 

The foregoing discussions indicate that the principal ingredients for acid generation are: 1) 

sulphide minerals, 2) water or humid atmosphere, and 3) oxidants, principally oxygen from the 

atmosphere or from chemical sources and dissofved ferric iron. Thus the exclusion of oxygen 

and moisture will stop sulphide oxidation and acid generation. Although ferric iron is an 

important oxidant, examination of Equations [l] and [2] indicates that if oxygen is not available 

ferric iron will not form and the oxidation process will not occur. Thus, the role of the ferric iron 

is intermediate. Oxygen availability and transport therefore appears to be the most important 

consideration in any reactive tailings management strategy. Other factors found to influence 

pyrite oxidation are sulphide content, bacterial population density and ferric iron concentration. 
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3.2 Oxygen Transport by Difhmion 

As already mentioned, oxygen is a key requirement for sulphide oxidation and acid generation. 

Most base metal tailings are usually fine-grained (mostly sandy silts or silty sands with occasional 

slimes). Consequently, gaseous oxygen will be transported through them principally by 

molecular diffusion. The role of advection or bulk gas flow, in comparison, will be minor. 

Diffusion occurs in response to concentration gradients usually established between the 

atmosphere and pore spaces within tailings deposit. The process may be assumed to be 

Fickian in behaviour so that the diffusive flux of oxygen into the soil or tailings mass can be 

described by Fick’s first law as follows : 

J = -0D $f 

PI 

where J = flux of oxygen [MLm2TS’] 

D = the diffusion coefficient [L2T’] 

c = concentration [ML? 

z = depth in the tailings deposit [L] 

9 I gas-filled porosity [L3/LT 

The flux gives an indication of the mass of oxygen transported per unit area into the cover as 

well as into the uncovered tailings and is directly proportional to the potential acid flux. Thus it 

provides an indication of cover performance or effectiveness. 

At any particular depth in the soil or tailings deposit, the rate of change in concentration can be 

determined from Fick’s second law which can be expressed as follows : 



Equation [7] has been written in the more general form to include a first order reaction rate 

constant, K, which is assumed to describe oxygen consumption by reactive sulphide tailings 

underneath a cover. It is obvious that, in an unreactive soil cover, K is equal to zero. The other 

terms in Equation [7] have the same meanings as those in Equation [S]. 

The diffusion process drives gaseous oxygen into the cover at a rate governed by the diffusion 

coefficient. For example, the diffusion coefficient of oxygen in air is 0.176 cm*/s, compared to 

a value of 2 x 10S5 cm*/s in water. Oxygen diision from the atmosphere into a tailings deposit 

can occur through air-filled cracks and pores in the tailings as well as through water-filled pores. 

The relative magnitude of the diffusion coefficients indicates that diffusion through the water-filled 

cracks and pores is less important. Generally, when oxygen transport into a tailings deposit is 

controlled by diffusion through air-filled pores, high (close to atmospheric values) gaseous 

oxygen concentrations are observed at or near the surface of the impoundment. These values 

decrease rapidly with depth to the zone where the oxygen is consumed by sulphide mineral 

oxidation. 

The effective diffusion coefficient is highly dependent on the pore characteristics of the tailings. 

For oxygen, the effective dlffusion coefficient, De, can be written as a function of the porosity, 

6, and a tortuosity, t, as follows : 

0, = D& PI 

where Do is the diffusion coefficient of oxygen in air. The tortuosity is introduced to account for 

obstruction caused by the presence of solids and liquids in the pathway. It is generally defined 

as the inverse of the normalized path length (Taylor, 1949; Nielsen et al., 1964; Nicholson 

et al.,1969). 
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To illustrate the calculation of flux, a 1 m thick tailings deposit with a porosity of 0.40 is assumed. 

If the tortuosity, t, is taken to be 0.2, then the effective diffusion coefficient of gaseous oxygen 

is calculated from Equation [8] to be 1.42 x 10’ * cm*/s. The flux of gaseous oxygen across the 

1 m thick deposit then is 1.0 kilogram per square meter per month. On the other hand, if the 

tailings is fully saturated, the effective diffusion coefficient of oxygen in water is calculated to be 

1.6 x lo6 cm*/s, using the parameters in Table 1 and Equation [a]. The resulting flux of oxygen 

through the water-saturated pores is 3.6 x 10’ kilograms per square meter per month. Thus, 

the flux of oxygen as a result of aqueous diffusion is lower than by gaseous diffusion. These 

calculations ignore oxygen consumption by sulphide mineral oxidation. For this case, a reaction 

rate constant, K, can be incorporated in the expression for the flux, F, which, at steady state, is 

given by: 

F = C,(D,eKp PI 

TABLE 1 

PARAMETERS USED IN FLUX CALCULATIONS 

II Diffusion coefficient of oxygen in air I 0.178 cm*/s II 

II-----~ Dtffusron coefficient of oxygen in water I 2 x 10m5 cm*/s II 

II Concentration of oxygen in air 
I 

2.8 x lo4 g/cm3 
II 

II Concentration of oxygen in water I 8.6 x lo3 g/cm3 II 

ir- ~~~~ Porosity of tailings, 8 0.4 

II Tortuosity, t I 0.2 II 

Gaseous diffusion is particularty important in the reclamation of tailings Impoundments because 

it is the mechanism by which oxygen enters such impoundments covered with engineered soils. 

As is shown later, the flux of oxygen into the tailings can be very small if the cover is designed 
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to have a high water content. Thus properly engineered soil covers may be an attractive option 

for reclamation of tailings areas. Even in cases where a water cover appears to be the best 

option because of economics, an engineered soil cover may still be required for exposed tailings 

beaches. 

4. METHODS OF DETERMINATION OF DIFFUSION COEFFICIENTS. 

4.1 Empirical and Estimation Methods. 

An important aspect of accurate prediction of soil cover performance in reactive sulphide tailings 

is the estimation of oxygen diffusive fluxes. In order to determine fluxes, a precise knowledge 

of the diffusion coefficient is required. The diffusion coefficient can be measured in the 

laboratory. There are, however, several empirical equations which relate the effective diffusion 

coefficient to the gas-filled porosity and degree of saturation. Most empirical correlations express 

the effective diffusion coefficient as : 

D, = D,,“.Q 

where De0 is the diffusion coefficient of oxygen in free air and Q is a relative diffusivity factor or 

diffusibility dependent on the structure of the gas-filled pore space and is a function of porosity, 

8, moisture content Ov,, tortuosity, r, and a constrictivity factor, 6. As already noted, the 

tortuosity, t, accounts for the tortuous paths of real pores and the constrictivity for the variation 

of the cross-sectional area of the pore segment over its length (Collin and Rasmusson, 1989). 

Van Brake1 and Heertjes (1974) expressed the diffusibility Q as a function of the tortuosity and 

constrictivii as follows : 
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Values of t and b can generally be determined by means of mercury intrusion porosimetry. 

These authors concluded from laboratory experiments that ‘/z* lies between 0.5 and 1 .O for 

unidirectional binary gas diffusion in homogenous, isotropic macroporous media with a 

continuous pore space. Van Brzfkel and Heertjes (1974) also give an excellent review of the 

various relationships proposed for Q and the gas-filled porosity. 

Other examples of empirical relations are those given by Troeh et al (1962) and Millington and 

Shearer (1971) for aggregated and nonaggregated soils. 

The relation by Troeh et al is as follows: 

DdDo = us - @I / (1 - WV WI 

in which De is the effective gas diffusion coefficient, Do the diffusion coefficient of gas in air, S 

the air-filled porosity (V,, / Vtotat) and u and v are dimensionless parameters that are 

determined experimentally for a specific medium. Values of u and v calculated by Troeh et al., 

(1962) by comparison with data available in existing literature were in the order of 0.1 and 1.6, 

respectively, for soils with air-filled porosities of 0.2 to 0.7. The major difficulty with almost all 

empirical relations is that at high degrees of saturation they break down. The estimation method 

of Millington and Shearer (1971) models the porous medium as consisting of solid spheres which 

interpenetrate each other, and separated by spherical pores which also interpenetrate. The gas 

diffusivity for non-aggregated soils is given as: 

D$Do =: (1 - s)* . [e(l - S)lac u31 
where 

D, = effective dlffusivity through air-filled pores in soil 

Do = diffusivity in free air 

s = degree of saturation 

e = porosity 
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and x is given by 

[e(l - s#x + [l - e(l - S)lX = 1 WI 

Aggregated soils consists of porous particles separated by interped or inter-aggregate pores. 

It is conceivable that oxygen diffusion in aggregated soils will be higher than in non-aggregated 

soils at the same water content. In general, soil peds or aggregates have a fine pore- structure 

and will absorb in water, leaving the larger interped pores open for diffusion. For- aggregated 

media, the expression for the diffusivity through gas-filled pores is more complex and incorporate 

both the inter-aggregate and intra-aggregate porosities and saturations. The expression is 

described in detail by Millington and Shearer (1971), and Collin (1997). 

Millington and Shearer’s equations were used in the present investigation to estimate effective 

diffusion coefficients from laboratory-measured moisture contents and porosities. These 

equations have generally been found to be fairly accurate for predicting diffusion coefficients (see 

examples in Collin, 1997). 

4.2 Experimental Methods. 

Several authors have conducted laboratory experiments to determine diffusion coefficients in 

soils. These experiments have generally involved measuring an experimental concentration 

profile at some defined time and matching it to a theoretical profile using appropriate measured 

material properties, such as water content and porosity. These methods have generally been 

used in the laboratory as well as in greenhouse experiments. Lemon and Erickson (1952) used 

a platinum electrode to measure oxygen diffusion rates in greenhouse soils. The method 

involved a correlation of the current flow produced by reduction of oxygen at the platinum 

surface to the corresponding flux of oxygen, by means of Fick’s law. Reardon and 

Moddle (1935) used a conductimetric technique for the determination of diffusion coefficient for 

carbon dioxide in samples of uranium mill tailings. From the results of 22 separate 

determinations, they proposed an equation relating the diffusion coefficient to air-filled porosity. 

These authors have limited the applicability of the equation to porosities in the rang8 of 0.06 to 

0.46. A corresponding equation for oxygen was also derived. Papendick and Runkles (1965) 

used a solution of the classical transient-state diffusion equation to evaluate diffusion-porosity 
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relationships for several nonsoil materials (glass beads, beads, wool) and a moist soil. These 

authors recognized the important role of biochemical consumption of oxygen in moist soils and 

included an ‘activity” term (describing the mass of oxygen consumed per unit soil volume per 

unit time) in their equation. Their experimental apparatus for the soils consisted of a 7.6 cm 

diameter aluminum column and a 6.4 cm diameter Plexiglas column for the nonsoil materials. 

The columns were instrumented along their lengths with Beckman oxygen electrodes to measure 

gaseous oxygen concentrations in volume percent. Diffusion coefficients were then determined 

by matching experimental data and theoretical curves. Oxygen activity factor used in the 

matching exercise ranged from 1.25 to 1.60 pL/g/hr. 

Lai et al., (1976) proposed a “nondisruptive’ method for determining oxygen diffusion coefficient 

in soils using the theory of radial diffusion of a finite quantii of gas into a semi-infinite porous 

medium. The method involved monitoring the-change in concentration of gaseous oxygen 

injected into a soil mass from a hypodermic needle. The method was verified in the laboratory 

with three Michigan soils and in the field as well. Discrepancy between field and laboratory 

diffusion coefficients was attributed by the authors to heterogeneity and presence of gravels and- 

plant roots in the field soils which tended to impede gas diffusion. 

5. LABORATORY DEVELOPMENT OF COYER TECHNOLOGY. 

5.1 Candidate Soils. 

5.1.1 Location, Geology and Mlnwalogy. 

Soil Locatiofw 
, 

Candidate natural soils used in the present investigation were glacial tills from the vicinities of 

Heath Steele and Faro mine sites located in New Brunswick and the Yukon Territory, 

respectively. The Heath Steele till was collected from a trench excavated in summer, 1969, at 

about 2 km south-east of the Heath Steele concentrator. An inter-till sand layer was also 

collected from the trench and included in the investigation of the capillary barrier concept, 

discussed later in Section 5.2.1. The Yukon till was received in a 45 gallon drum from Curragh 
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Resources Ltd., owners of the Faro mine. These candidate tills were selected because they were 

being considered by the respective mines for construction of covers on acid-generating waste 

rock. 

Geology 

The Heath Steele soils constitute part of a stratigraphic sequence in northern New Brunswick 

believed to consist of a unique depositional event of one till sheet. A 1957 Geological Survey 

of Canada drilling project confirmed this. Most of the area is covered by a till, generally less than 

2 m thick, increasing to depths greater than 10 m in valleys. A detailed lithological study of the 

till indicates that it is mostly locally derived from the underlying bedrock. The till appears to have 

been moved only a few hundred metres to a couple of kilometres in the direction of ice 

movement. From erosional records such as till fabric and striae, and depositional features such 

as eskers, it has been noted that the oldest ice flow in the northern New Brunswick area was 

southeastward. The major, most intense, ice flow was from west to east. Rampton et al., (1984) 

have suggested th8S8 glacial events to be of Iat8 Wisconsian age (that is, about 10,000 to 20,000 

years ago). The till at Heath Steele mines is a basal till of glaciolacustrine origin. The 

glaciolacustrine deposit consists of interstratifiad sand, silt and clay 2 to 10 m thick. 

The Yukon till is part of the surficial deposits of the Anvil area. Studies on the quaternary 

geology of the area have been conducted by Keel8 (1910) and Hughes et al., (l%g). The last 

glacial event in the Anvil area was the late Wisconsin-McConnell advance of the Selwyn lobe of 

the cordilleran ice sheet. The till comprised locally derived angular rock fragments and outwash 

transported by melt water streams formed from the deglaciatlon of the. Selwyn lobe. The till is 

typically composed of well-sorted, sub-rounded grains of quartz, feldspar, and granite. The metal 

content of the till reflects the lithology of the underlying bedrock. The glacial overburden 

thickness generally exceeds 60 m and averages between 15 and 30 m in the Anvil area. 

Mineralogy 

Mineralogical characterization of a fine-grained soil provides useful information on its 

geotechnical behaviour. For example, the swelling and shrinkage potential of a soil can be 
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predicted from its mineralogy. This information is useful in considering soils for inclusion in 

cover systems. 

The candidate soils were characterized for their mineralogy using X-ray diffraction and chemical 

techniques. X-ray methods involved random powder diffraction and oriented diffraction analysis 

of <2 pm fraction. The oriented diffraction work included air-dry, wet and potassium-saturated 

analyses of the ~2 pm fraction of the tills. This work was conducted in order to define the clay 

mineral composition of the tills. Carbonate contents were obtained by gasometric analysis using 

the Chittick apparatus (Dreimanis, 1962). In addition, glycol retention and total potassium were 

measured to provide estimates of vermiculite and illite contents. 

Mineralogical analyses of the Heath Steele tills indicated that they are composed of abundant 

quartz, feldspar(both orthoclase and plagioclase), illite, chlorite, and probably a trace of 

carbonate. A typical random X-ray powder diffractogram is presented in Fig. 1 for soil HS-C. 

Although a carbonate content of about 3 percent was obtained from gasometric analysis, this 

amount was too small to yield an X-ray peak on the diiactogram. 

Figure 2 shows typical X-ray diiactograms for the natural and K+-saturated oriented soil HS-C 

obtained on the < 2 pm fraction. The traces indicate the presence of abundant illite. The strong 

peaks at 0.72 and 1.45 nm on Fig. 2a suggest chlorite was present. However, heat treatment 

did not produce a strong 1.4 nm in confirmation. As shown, K+-saturation seemed to greatly 

modify the traces without increasing the size of the 1 .O nm illite peak. This suggests the 1.42 

and 0.72 nm peaks were produced by a smectite that actually expanded on contact with KCI 

solutions to produce the-rather ragged traces on Fig. 2b. 

The distribution of exchangeable cations in till I HSC in milliequivalents per 100 gram of dry soil 

was found to be Na+( 0.28), K+ (2.37), Ca++ (1.44), and Mg++ (2.21). This distribution gives 

a rather low cation exchange capacity of 8.30 meq/lOO g, which probably suggests that the clay 

minerals are either present only in a very small amount or are inactive. 
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Figure 2 Oriented X-ray diffractograms of till HS-C. 



The mineralogy of the Yukon till (bulk soil) is charactetized by abundant quartz and plagioclase 

feldspar and minor amounts of clay minerals (illite and Fe-MS trisoctahedral chlorite). Distribution 

of exchangeable cations on the less than 2 mm fraction (-No. 8 mesh) is as follows: Na+ (0.10) 

K+ (OX)), Ca+ + (20.20) and Mg++ (3.69). This distribution gives a CEC value of 
19.7 .meq/lOO g. Approximate mineralogical ,compositions of the ~2 mm fraction are: quartz 

(55%), plagioclase (16%), amphibole (l%), Fe-MS chlorite (16%) and illite (12%). 

5.1.2 Gemtechnical ProperMs. 

I Index Propertiti 

The grain size distribution provides information for predicting the water retention and drainage 

characteristics of a soil. These characteristics control the performance of a saturated soil cover. 

The grain size also influences gas diffusion coefficients in soils. The Atterberg limits (liquid and 

plastic) describe the plasticity characteristics of a soil and reflect on mineralogy and water- 

holding capabilities. 

The grain size curves of the Heath Steele soils, presented in Fig. 3, indicate the till is a sandy 

silt with about 8 percent clay fraction. The sand is medium to coarse with an appreciable fine 

gravel content. 

The Yukon till is a silty sand with a 10.5 percent clay size fraction as shown in Fig. 3. 

The moisture retention characteristics of the candidate soils are very important. of particular 

significance is the capillary head. The capillary head is, by definition, the height above the water 

table at which air entry can occur by gravity drainage. It can be estimated from an empirical 

correlation between the head, he and D,,, the particle sizes at which 10 percent of the material 

is finer: 
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= -O.Ol[-21.9 - 95.12(bg4,)] 

The above correlation is based on data from Lambe and Whitman (1969). In the above equation, 

he is in meters and D,o in millimeters. From the correlation, the capillary head for both the 

Heath Steele and Yukon tills is estimated to be about 2 m. 

The index properties of the candidate soils are presented in Table 2. 

TABLE 
INDM PROPERTIES OF CANDIDATE SOILS 

SOIL HEATH STEELE TILL 

~2 Irm (%I 8 

~75 pm (%) 37 

Specific Gravity 2.72 

Plasticity Index 12.7 

YUKON TILL 

10.5 

51. 

2.79 

nonplastic 

Compaction Parameters 

In geotechnical engineering, compaction is performed in order to densify soils through removal 

of air from the pores. Laboratory compaction tests yield two important parameters: the optimum 

moisture content (OMC) and maximum dry density (MDD). These parameters are normally 

specified for placement of soils in field applications. Generally, the shear strength of the soil 

increases as water is added to the soil and compacted until the OMC is reached. The shear 
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strength begins t0 decrease beyond the OMC. The hydraulic conductivity (K) varies differently. 

AS the soil is compacted, K decreases through a decrease in the void ratio and continues to 

decrease, although only slightly, beyond the OMC (Lambe, 1968; Mitchell, 1976; Daniel et ai., 

1986). Therefore, the hydraulic conductivity of a compacted soil attains its minimum value at a 

water content higher than the OMC. 

Laboratory compaction tests were performed on the -No. 4 mesh fraction of the soils to provide 

information on the OMC and MDD. This information is needed for specifying field compaction 

densities if any of the soils are to be used as cover materials. The soils were all compacted 

using the modified Pioctor energy of 42.5 kJ/m3 with an automatic mechanical compactor. The 

procedure used is described in (ASTM D 1557-78). 

Modified Proctor compaction curves for the two tills are presented in Pig. 4. Optimum moisture 

contents were 9 and 16 percent for the Heath Steele and Yukon tills, respectively. The 

corresponding maximum dry densities were 2.68 and 1.70 Mg/m3. These compaction 

parameters are similar to those reported in the literature for inorganic clayey sandy silts and silty 

sands (Craig, 1974; Holtz and Kovacs, 1981). These curves can be used for the specification 

of field compaction and placement if these tills are to be used as covers. A high degree of 

moisture saturation (approximately 95 percent) can be attained by compacting at slightly wet of 

the optimum water content and relative compaction of about 96 percent (Yanful and St-Arnaud, 

1991). In addition, a soil compacted at a moisture content above its optimum is less permeable 

and more resistant to cracking (less brittle) than a soil with the same density compacted at a 

moisture content below optimum. 

Consolidation Characteristics 

The compressibility of a soil can be determined from the results of a consolidation test. 

Consolidation is a process by which a soil is densified through removal of water from the pores. 

The densification occurs through a decrease in void ratio which, in most cases, results from the 

application of an external load. Consolidation can also occur through loss of water due to 

osmosis (Barbour, 1987). 
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The most popular consolidation test used in geotechnical engineering is the oedometer test, the 

principles of which are based on Terzaghi’s one-dimensional theory of consolidation. A 

consolidation test can also provide information on the rate at which water moves through a soil 

and therefore provides an estimate of the hydraulic conductivity. Since the compressibility of 

coarse-grained soils is low, oedometer tests are only carried out on fine-grained. soils (clays and 

silts). 

The oedometer tests were performed on till samples initially compacted at water contents of 

about 2 percent higher than the OMC. After compacting in 100 mm diameter split moulds, the 

soils were carefully removed and trimmed into 50 mm diameter and 20 mm thick oedometer 

rings. The rings containing the soils were immediately weighed to provide the mass of the test 

specimens and then loaded in a front-loading Control T302 consolidometer using a load 

increment ratio (LIR) of unity from 0 to 1600 kPa. The standard procedure used is described 

elsewhere (Taylor, 1946; Bowles, 1966). 

The results of the oedometer tests are presented in Tables 3 and 4 for two sets of identical 

samples HS-Cl , HS-CP, YKl and YK2. For the Heath Steele tills, the coefficient of consolidation, 

c,,, at low average stresses (6 to 36 kPa) range from 3.5 x 10’ cm2/s to 7.9 x lo3 cm2/s, with 

the exception of the value for HS-Cl at 6 kPa. The tests were performed using a load increment 

ratio equal to one. Each applied load was maintained until most of the primary consolidation 

was deemed to have occurred. 

Figure 5 show plots of void ratio versus log pressure curves obtained from the tests. The 

curves indicate essentially linear virgin behaviour between 100 and 1600 kPa. An average 

compression index, Cc, of about 0.13 is estimated from the virgin compression. The 

preconsolidation pressure, uc’, of compacted till HS-C, estimated from a Casagrande 

construction technique, is about 60 kPa. For the Yukon till, YK, the preconsolidation pressure 

of the compacted sample averages to be about 60 kPa as well. 
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Heath Steele Consolidation Spreadsheet 
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TABLE 4 

Yukon Consolidation Spreadsheet 
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The variations Of the compression index and the coefficient of consolidation with applied stress 

are shown in Fig. 6 for till HS-C. The compression index, C,, increases with stress until the 

preconsolidation pressure is substantially exceeded and then begins to fall slightly. This 

suggests that the soil may have undergone some structural or fabric changes at these high 

stresses. The wavy shape of the c,, versus applied stress curve may be attributed to quasi- 

preconsolidation. Each applied load was maintained until there was no change in dial gauge 

~ readings or sample compression. The elapsed time for this phenomenon to occur was different 

for each applied load. Therefore, it was possible that some secondary compression occurred, 

resulting in a quasi-preconsolidation pressure that is larger than the maximum previous 

consolidation pressure (Leonards and Ram&h, 1959; Das, 1993). 

Hydraulic Conductivity 

The hydraulic conductivity, K, of a soil is a measure of the rate at which a liquid flows through 

it. Unlike the intrinsic permeability, k, it takes into account the density and viscosity of the 

flowing liquid. The two are related as follows: 

K- Mk 
P 

WI 

where p is the density, TV the viscosity of the liquid and g the acceleration due to gravity. 

Hydraulic conductivity, K, is usually reported in cm/s or m/s. From Equation [12], using 

appropriate dimensions for p, g, and p, the corresponding units for the permeability will be cm2 

or m*. 

Hydraulic conductivity can vary by several orders of magnitude, depending on how it is 

measured. Several factors, such as gradient, confinement, type of permeating liquid, length of 

testing time, size of sample and type of equipment influence the magnitude of K. The different 

roles played by these factors are discussed in detail by several authors ( Mitchell and 

Younger,l967; Olson and Daniel,1991 ; Fernandez and Quigley, 1985; Yanful et al., 199Ob). 
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Figure 6 Variations of compression index, Cc, and coefficient of consolidation, c,, with 

applied stress (Heath Steele till HS-C). 



Laboratory measurements of hydraulic conductivity generally yield values which are 2 to 8 orders 

of magnitude lower than those measured in the field. This discrepancy has been attributed to 

the presence of micro and macro fissures or cracks in field soils. These cracks are normally 

absent in laboratory specimens. Consequently, researchers and practising engineers consider 

field measured values of K more reliable than laboratory values. However, field tests tend to be 

more complicated and therefore costly. In fine-grained soils, in particular, field tests can take a 

long time because of the slow rate at which liquids such as water move through these soils. In 
addition, the use of certain liquids (for example, organics) in field tests may not be desirable 

because of the serious environmental implications. Well-controlled laboratory tests offer the best 

methods for obtaining K values associated with such liquids. 

A laboratory K test was performed to measure the rate at which water will infiltrate a cover 

constructed from any of the tills. Although the K obtained from the test is only a rough estimate 

of what a cover constructed from the compacted till will attain in the field, it nevertheless provides 

important data for calculating potential water fluxes through the cover. For the K tests, till 

samples were compacted at two percent wet of the optimum water content in a 102 mm 

diameter split mould using the modified Proctor energy. The specimen was carefully trimmed 

on the top and sealed with rubber membranes and then assembled in a triaxial cell for testing. 

A Geostore Brainard Kilman triaxial panel and cell were used in the test. The sample was initially 

consolidated to some predetermined stress level and then permeated with sequential increases 

in hydraulic gradients. The Heath Steele till was permeated with deionized distilled water to 0.68 

and 1.25 pore volumes at gradients of 18 and 60, respectively. For a change, the Yukon till was 

permeated with dilute calcium sulphate solution (0.01 N CaS0,.2H,O) to 2.48 and 1.61 pore 

volumes at gradients of 15 and 80, respectively. Dilute calcium sulphate is a standard ASTM 

reference permeant). A pore volume is the total volume of pore spaces in the sample and is 

calculated as a product of q/VT, the ratio of the flow rate (q) to the total Sample volume (VT), and 

the time of flow, t. Testing a sample to at least one pore volume ensures that all the resident 

pore water has been displaced by the permeating liquid. This makes it possible to assess the 

effects, if any, of the permeating liquid on the hydraulic conductivity of the soil. 
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The results of the K tests obtained on the Heath Steele till are summarized in Figs. 7 and 8, and 

then also in Table 5. The K value for HS-C decreased only slightly from 2.0 to 1.7 x 1 O8 cm/s 

when the hydraulic gradient was increased from 18 to 60. This decrease was due to a decrease 

in void ratio resulting from increased effective stress at the outftow end of the sample (Table 5). 

An average effective stress of 24 kPa was applied to the sample at the lower hydraulic gradient 

of 18. This stress would correspond to that due to the weight of about 80 cm thick capillary 

barrier and vegetated top soil placed above the compacted till. Thus, a hydraulic conductivity 

of 2.0 x lOa cm/s can be used for preliminary flux calculations for till HS-C. 

1 . As shown in Fig. 8 for till HS-C, the outflow hydraulic conductivity at a gradient of 60 decreased 

initially and then increased slowly until the inflow and outftow conductivlties equalized at steady 

state. Fluctuations in laboratory temperature recorded during the tests, presented in Fig. 9, do 

not show the same trends as the variations in K. Therefore temperature changes alone cannot 

account for the observed variations in K. The decrease in sample volume observed in the tests 

is plotted in Fig. 10. The plot shows a substantial decrease in sample volume after 1000 minutes 

which appears to correspond to the decrease in outflow K. 

The K data for the Yukon till is presented in Figs. 11 and 12 for the two hydraulic gradients, 15 

and 30, used in the tests. The data -are also summarized in Table 6. Inflow and oufflow 

hydraulic conductivities equilibrated at 2 x 1 Oe7 cm/s for both gradients of 15 and 30 at 2.6 and 

1.7 pore volumes, respectively. The Yukon till had a sand content of 35 percent compared to 

26 percent for the Heath Steele till. The higher amount of sand-size material in the Yukon till 

may have been responsible for its higher hydraulic conductivii. The pore size distributions of 

the two tills were probably also different. 
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Figure 7 The hydraulic conductivity of compacted till HS-C permeated with distilled water 
at a hydraulic gradient of 18. 1 
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Figure 8 The hydraulic conductivity of compacted till HS-C permeated with distilled water 
at a hydraulic gradient of 60. 
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Figure 10 Hydraulic conductivity and change in sample volume versus time. 



Gradient = ‘15 
Permeant: CaSo4 

0 inflow 0 Outflow 

Gradient = 15 
Permeant: CoSo4 

0 Inflow 0 Outflow 

10 4 I I111811, I I I II111, I I I IllIll lo-‘,1 18 I I II 11 II II1I t 11 I II” I”“‘1 
100 1000 10000 100000 0.0 1.0 2.0 3.0 

Elapsed Time (mins) Pore Volumes 

Figure 11 The hydraulic conductivity of compacted Yukon ti!l permeated with 0.01 N calcium 
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DATE STARTED: APRIL 

CELL No: 08980 

AREA: 
UEIGHT OF SAMPLE: 
HEIGHT OF SAMPLE: 

DIA OF SAWLE: 
VOLUME OF SAMPLE: 

TABLE 5 

’ Heath Steele Waste Rock Covers 

29, 1990 
UATER CONTENT 

TARE NO. 
81.07 car’2 TARE YEIGHT 

2ws.w gm 
0.1160 II 

TARE+SOIL YET (RUB) 

0.1017 M 
TARE*ROIL DRY (in) 

o.ooo9 MA3 
UEIGHT UATER tgsls) 
UEIGHT SOIL DRY (gns) 

PERWT USED: DISTILLED UATER 
UATER COWTENT 00 

==~==*t=*l~lII==~I~~~*~~~~=*==== 

INFL WTFL CELL HYOR 
PRESS PRESS PRESS GRAD 
(Pai) (pai) tori) 
aPa) (kPa) (kPa) 

=3*llIr*I*=====3**13~*-~=====*~ 
38.00 35.00 CO.00 18.18 

261.82 241.15 2R.60 
DDI=¶=8888==1111089=~=~-========¶= 

TEHF 
CORR'O 

TIMER ELPSD CELL INFL Qlfft INFLO WTFL INFLO 
TINE 

ii 
RATE RATE PERW PERM PERN 

(rnins) (rnins) (mlr) (ar"Us) (0*3/S) (WS) (W8) (CWS) 

BEFORE 

:92 90 
311187 
298.05 

13.82 
105.1s 

13.14 

TEW 
CORR’O 
WTFL PORE aE 
PERH VOL VOL 

(CWS) (INF) (CUT) 

75557 
76178 
76511 

EG 
79024 

z: 

iEt 
823% 

85111 

Zf 
86526 

%i 
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89569 
90503 
90972 
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92436 
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2z 
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97767 
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100600 
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103974 
105209 
106872 
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107n7 
108113 
109222 
1096%3 
110667 
111148 
112094 

0 

z: 
2021 

ii2 

ziii 
5397 
6333 

E 
10673 

~~ 
11123 
12099 
12576 
13537 
14012 
14946 
15415 
16386 
16879 
18371 
20720 
21241 
22135 
22210 
22605 
23588 
24053 
25043 
25507 
26473 
26916 
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29652 
3131s 
31315 
32220 
32616 
33665 
34126 
35110 
35591 
36537 

0.00 o.ooooE+w o.ooow+oo o.ooooE+oo o.ooooE+oa o.owoE+oo 
1.45 4.7OOSE-OS 3.6261E-05 3,1892E-08 2.4603E-08 3,0218E-08 
2.05 4.89OlE-OS 4.0169E-05 3,3179E-08 2.7254E-08 2.9174E-08 
2.% C.O821E-05 3.463&-05 2.7697E-08 2.35OOE-08 2.581%~08 
3.10 3.9444E-OS 3.474&E-03 2.6762E-08 2.357&-08 2.4113E-08 
3.90 3.9179E-OS 3.41311-05 2.6582E-08 2.31S8E.08 2.507OE-08 
3.95 3&l&-05 3.35611-05 2.606SE-08 Z.Z;nlE-08 2.3860E-08 
4.65 3.883&-OS 3.275%.OS 2.63511-08 2.2227E-08 2.423UZ-08 
4.35 3.6903E-05 3.2734E-05 2.5038E-08 2.221OE-08 2.3128R-01) 
5.10 3.644%.05 3.197SE-OS 2.4irJOE-08 2.16958-W 2.34322-08 
4.75 3.57041-05 3.1927E-OS 2.4225E-08 2.1662E-08 Z.lTJOR-08 
5.60 3.5037E-OS 3.11211-05 2.3772E-08 Z.lllSE-08 2.328OE-08 
4.75 3.4192E-05 2.72141-05 2.31%.08 1.8&E-08 2.271%.08 
6.95 3.32621-05 2.93582-05 2.2S67E-08 l.WloE-08 2.1534E-08 
6.60 3.3924E-OS 2.%36E-OS 2.3017E-08 l.WRE-OS 2.1707E-08 
6.65 3.3883EdS 2.94OlE-OS 2.29892-08 l.W4&-08 2.1532E-08 
6.40 3.3864E-OS 2.95942-05 2.2976E-08 2.007%-08 2.1924E-08 
7.60 3.4163E-OS 2.9UE-OS 2;3179E-08 1.972lE-08 2.4%8E-08 
7.00 3.35%.OS 2.928%-o) 2.2794E-08 1.98722-08 2.0724E-08 
7.20 3.34&8E-05 2.9364E-OS Z.ZRlE-08 l.W23E-08 2.1038E-08 
7.05 3.33OSE-OS 2.9499E.OS 2.2597E-08 2.0014E-08 2.0873E-08 
7.35 3.3286E-OS 2.%%E-OS 2.2384E-08 2.001#-08 2.16OOE-08 
7.65 3.3247E-OS 2.9463E-OS 2.2557E-08 1.999OE+8 2.140SE-08 
8.15 3.315&E-OS 2.934&i-OS 2.2497E.08 l.WlOE-08 2.172lE.08 
7.90 3.298OE-05 2.937&E-OS 2.237X-08 1.99316-08 2.03451.08 
8.35 3.270&-OS 2.912X-05 2.2191E-08 1.975%.08 2.0176E-08 
9.00 3.213SE-OS 2.8797E-OS 2.180X-08 l.%38E-08 2.0562E-08 
8.80 3.193&-OS 2.8751-05 2.1668E.08 l.%12E-08 Z.OsCOE-08 
9.05 3.2lSlE-OS 2.857SE-OS 2.1814E-08 1.9387E-08 2.16742-08 
9.25 3.178M-05 2.8553E-OS 2.1562E-08 1.937K-08 Z.lOltE-08 
9.25 3.122SE-OS 2.8054E-OS 2.1185E-08 1.9034E-08 1.998OE-08 
9.45 3.1655E-OS 2.68&E-OS 2.1477E-08 1.8241E-08 2.14432-08 
9.65 3.16322-05 2.636SE-OS Z.l#lE-08 1.7882E-08 2.0672E-08 
9.?S 3.1612E-OS 2.53232-05 2.1448E-08 l.tlblE-08 2.1678E-08 
9.% 3.162SE-OS 2.48622-05 2.1457E-08 1.686%.08 2.1423E-08 

10.25 3.1479'2-05 2.3%5E-05 t.l358E-08 1.62532-08 2.12RE-08 
10.45 3.14251-05 2.40562-05 2.1321E-08 1.63226-08 2.024%.08 
10.45 3.0133E-OS 2.4106E-OS 2.0852E-08 1.635SE-08 2.071#-06 
11.00 3.11llE-OS Z.ClClE-05 2.1108E-08 1.63toE-08 2.09a-08 
11.30 3.086%.OS 2.4057E-OS 2.00442-08 1.63222-08 2.14302-08 
11.30 3.086%.05 2.4057E-OS 2.09441-08 1.6322E-08 2.13782-08 
11.55 3.0804E-05 2.4131E-05 2.09OOE-08 1.6372E-08 2.09OOE-08 
11.05 3;0685E-05 2.4247E-05 2.082OE-08 1.6451E-08 1.9681E-08 
11.65 3.067OE-05 2.4234E-05 2.0809E-08 1.6442E-08 2.0428E-08 
11.25 3.054#-05 2.4322E-05 2.0727E-08 1.6502E-08 1.94562-08 
11.95 3.0547E-05 2.4305E-OS 2.0726E-08 1.649OE-08 2.0056E-08 
11.55 3.0462E-05 2.4398E-OS 2.066&-08 1.65532-M 1.83342-08 
11.85 3.04032-05 2.4427E-05 2.0628E-08 1.6574E-08 l.%ooE-08 

O.OOWE+OO 
2.33111-08 

5%K: 
2: 1242Ei8 

f*zEi 
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:~~E~ 
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1.86839-08 
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1.8968E-08 
1.9223E.08 
1.8122E-08 
1.796SE-08 
1.8426E-08 
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1.9263E-08 
1.88831-08 
1.79516-08 
1.8212E-08 
l.RSOE-08 
1.7365E-08 
1.6842E-08 
1.61882-08 
l.SSOlE-08 
1.6251E-08 
1.627SE-08 
1.67OlE-08 
1.666&-08 
1.6372E-08 
l.SSSlE-08 
1.6141E-08 

:%Eiz . 
l&41-08 
1.56672-08 

0.000 o.ooo 
0.007 o.oos 
0.011 0.009 - 
0.019 0.016 
0.025 0.022 
0.032 0.028 
0.036 0.031 
0.045 0.038 
0.047 0.041 
0.054 0.047 
0.057 0.051 
0.066 0.039 
0.077 0.061 
0.083 0.073 
0.087 0.076 
0.087 0.076 
0.088 0.077 
0.007 0.082 
0.099 0.086 
0.106 0.093 
0.109 0.007 
0.117 0.103 
0.120 0.106 
0.127 0.113 
0.130 0.116 
0.141 0.125 
0.156 0.140 
0.159 0.143 
0.167 0.148 
0.165 0.149 
0.165 0.149 
0.175 0.149 
0.178 0.149 
0.186 0.149 
0.189 0.149 
0.1% 0.149 
0.198 0.152 
0.205 0.161 
0.216 0.168 
;.a; ;.g 
oh33 0:182 
0.235 0.185 
0.242 0.191 
0.244 0.1% 
0.251 0.200 
0.254 0.204 
0.260 0.209 



TABLE 5 (Continued) 

Heath Steele Waste Rock Covers 

1.5237E-08 0.263 
1.5278E-08 0.288 

112562 37005 
116434 408n 

11.65 
12.55 
12.65 
12.80 
13.65 

1Ei 
14:85 
14.85 
15.50 
15.40 
15.55 
16.05 
16.05 
16.05 
16.05 
16.75 
16.95 
17.25 
17.00 
17.00 
17.20 
17.50 
17.50 
17.70 
18.00 
19.70 
20.00 
20.80 

22: 4 
21:75 
22.10 
22.15 
22.10 
22.10 
22.10 
22.50 

EE . 

E:fi 

iE!i 

:*z 
24:10 

.24.80 

~.~;s~‘~ 
. 

2:03ooE-08 

9.8E-iii . 
l:%%E-08 
1.%1&E-08 
1.9717E-08 
1.9721-06 
1.974%.08 
1.9731E-08 
1.97OlE-08 
l.%23E-08 
1.9587E-08 
l.%76E-08 
l.%72E-08 
1.8602E-08 
1.827&E-08 
lAOME-08 
1.7864E-08 
1.7856E.08 
1.79llE.08 
1.795lE-08 
1.8014E-08 

:-iiz-: . 
p282'g 

. 
1:8307E-08 
1.8296E-08 
1.8272E.08 
1.7465E-08 
1.747SE-08 
1.74nE-08 
1.7473E-08 
1.746%.08 
1.746%.08 
l.?%zE-08 
1.5842E.08 
1.5802E-08 
1.5821E-08 
1.5879E-08 
1.591OE-08 
l.S%ZE-08 
1.582%.08 
1.5944E-08 
1.6102E-08 
1.618OE-08 
1.618OE-08 

l.UME-08 
l&SCE-08 
l&llE-08 
1.6607E-08 
1.6736E.08 
1.67721-08 
1.6812E-08 
1.704%-08 
l.IlllE-08 
1.7134E-08 
1.71551-08 
1.7164E-08 
1.7187E-08 
1.7177E-08 
1.708OE-08 
1.7366E-08 
1.6522E-08 
1.66551-08 
1.66651-08 
1.6804E.08 
1.705%-08 
1.7065E-08 
1.7193E-08 
1.7191E-08 
l.?318E-08 
1.1518E-08 
1.63611-08 
1.6034E-08 
1.605OE-08 
1.6053E.08 
1.6043E.08 
lAOME-08 
1.6073E-08 
1.608%-08 
1.6097E.08 
1.610%.08 
1.6109E-08 
1.47611-08 
1.3926E-08 
l.S491E-08 
1.5517E-08 
1.5543E-08 
1.559oE.08 
1.56321-08 
l.S642E-08 

1.8881E-08 
1.86911-08 

0.212 
0.235 
0.243 
0.243 
0.262 
0.270 

117865 42308 
117876 42319 
12ow 45303 
122214 46657 

2.0267E-08 
2.0262E-08 
2.0149E.08 
l.MloE-08 
1.7174E-08 
l.tlllE-OB 
l.tpTIE-08 

1.658SE.08 0.297 
1.6581E-08 0.297 
1.6710E.08 0.316 
1.592&-08 O-316 
1.4717E-08 0.320 
1,4795E-08 0.341 
1.5592E-08 0.347 
1.6504E-08 0.358 
l.SmE-08 0.361 

2.4667E.05 
2.471%-OS 
2.477%.05 122707 47lSO 

125567 50010 
126542 50985 
128091 52534 
128455 52898 

0.274 
0.295 
0.301 
0.311 
0.313 

1.90&-06 
1.810lE-0s 
1.911=-08 

:*z-ii . 
1:752mm 
1.74OOE-08 
1.843*-08 
l&BE-08 
1.7814E-08 
1.6278E-08 

~%Ei 
1:6174Eil8 

sz-: . 
1:5867E-08 
l.S308E-08 
1.7lltE-08 
1-m.08 
l.mSSE-08 
1.7476E-08 

129482 53925 
131252 55695 
132338 56781 
132659 57102 
132669 57112 
136589 61032 

2.9037E-05 
t-fi-: . 
2:8852E-05 

5%~-~ . . 

2.5297E-05 
f.;m&~ 

. 
2:5174E-05 

1.664%.08 0.367 
l.mcE-08 0.378 
1.6124E-08 0.384 
1.528X-08 0.386 
1.543%~08 0.386 
1.6376E-08 0.392 
1.5176E-08 0.388 
1.6479E-08 0.389 
1.5312E-08 0.388 
l.s654-On 0.388 
1.69151-08 0.396 
1.54916-08 0.399 
1.5525E-08 0.407 
lSO94E-08 0.410 
l.S193E-08 0.417 
1.3714E-08 0.449 
1.4982E-08 0.459 
1.5606E-08 o.cn 
1.4965E-08 0.480 
1.5343E-08 0.485 
1.5358E-08 0.485 
1.4949E-08 0.4% 
1.5034E-08 0.499 
1.4&35E-08 0.502 

0.320 
0.331 
0.337 
0.337 
0.343 
0.348 

2.5596E-OS 
2.43SlE-03 

22-zi-z . 
2:4767E-05 
2.5143E-OS 
2.5152E-OS 
2.534OE-OS 
y;m&-g 

2:5524Eis 

5-z.z-: 
2:36%E:os 

EZ-~ I 
2:3667E-OS 

137992 61535 

:zi @Ei 
138537 62980 
139481 63924 
139968 64411 
140936 65379 
141400 65852 
142363 66806 

f-E-Z 
2:6329Ei5 
2.6318E-OS 

0.3% 

8-Z 
i402 
0.418 
0.421 
0.426 

x-z 
0:cso 

8:Z 

i:Z 

146670 
148121 

71113 
72564 

2.6917E-OS 
2.699%-05 

I-LYE-: . 
Z:ZLUlE-OS 
2.287OE-OS 

5*~-~ . 
2:303%-05 

lSlO& 
151487 
152451 
156006 
157480 
158203 

75449 

Es! 
80449 

2.6983E-OS 
2.6966E-05 
2.693lE-05 
2.574lE-05 
2.5756E-05 
2.57525-05 
2.5mE-05 

2.331%.05 

3-Exi . . 

1.6703E-08 
1.6253E-08 
1.6326E-08 
1.6103E-08 
lAW9E-98 
1*6W9E-08 
1.6738E-08 
1.4567E-08 
1.46311-08 
1.474%.08 
1.4906E-08 
1.4934E-08 
1.5247E-08 
1.4262E-08 
1.43659-08 
1.46f#-08 
1.4945E-08 
1.4945E-08 

81923 

:Ei 
84087 

158655 
159644 
159646 
163035 
168281 
16851s 
168759 
170200 
171440 
lR630 
lTJ145 
173149 
176932 
178785 
178785 

1*4846E-08 0.507 
1.4846E-08 0.507 
1.408SE-08 0.530 
l.Z805E-08 0.507 
1.4343E-08 0.507 
1.44651-08 0.509 
1.4591E-06 0.519 
1.4634E-08 0.527 
1.4%OE-08 0.535 
1.40931-08 0.534 
1.4W3E-08 0.538 
1.4402E-08 0.564 
1.4631E-08 0.577 
1.463lE-08 0.577 

84089 
87478 
92724 

izi 

ii 
97588 
97592 

10137s 
103228 
103228 

E? 
0:soo 
0.508 
0.516 
0.524 
0.527 

EJ 
0:565 
0.565 

2.34%E-OS 

5-E~-~ 
2:3732E& 
2.3847E-05 
2.3847E-05 

1.5641E-08 
1.58OSE-08 
1.583%~08 
1.583%-08 24.80 
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TABLE 5 (Continued) 

Heath Steele Waste Rock Covers 

HEATH STEELE UASTE R#l( COVERS 2 
DATE STARTED: JULY 19, 19% 

CELL No: 06980 
UATER CDNTENT 

TARE NO. 
AREA: 81.07 TARE WEIGHT 

YESGIll OF SMPLE: 
b2 90 

HEIGHT OF SAllPLE: 'f?iZ 
TARE+SDIL YET (gfm) 311:07 

DIAMETER OF SMPLE: 0:1017 
TARE*SOIL DRY (him) 298.05 

VOLWE OF SACIPLE: O.DOW 
WEIGHT WATER (gtm) 13.82 
YEIGNT SOIL DRY <gRlr) 105.15 
UATER CONTENT (XI 13.14 

PERHEANT USED: DiSTILLED UATER 

~ 
INF OFL CELL HYDR 

PRESS PRESS PRESS GRAD 

CEci 
TEW 

CORR'O 
TIMER 

191833 
19la36 
192831 
193180 
193lao 
193250 
193250 
197538 
197538 
197809 
198564 
199017 
199901 
200453 
201412 
201895 
201895 
203150 
203319 
204973 
207lTI 
207177 
207692 
208616 

:Yz 
210536 
211481 
211481 
211481 
212960 
213442 
213442 
215164 
216045 
218710 
219228 
220185 
220479 
220481 

ELPI 
TIM! 

min, 
Ima..... 

0 

ld 
1347 
1347 
1417 
1417 

3z 
5976 
61Jl 
7la4 
8068 

1z 

1E 
11486 
1314D 
15344 
15344 
lSas9 
16783 
17259 
18249 
la703 
1z 
:zF 
21609 
21600 
23331 
24212 
26877 
2n95 
28350 
28646 
28&a 

CELL 
WK 
CHG 

mw 
11-a 

8:: 

1:ss 
1.55 
1.55 
1.55 

z: 
2:so 

f :: 

j:iJ 

3150 
3.50 

:-z 
3:50 
4.10 
4.10 
4.10 

t:Zi 

1:: 
4.30 
4.40 
4.30 
4.35 
4.60 
4.60 

:-ii 
0130 
0.65 

8:: 
1.10 

INFL 
RATE 

O.DDDW+W 
5.5556844 
d.3831E-OS 

Xzx 
a&3&n 
a.wmn 
a.9249wn 
a.92498.05 

il%E 
aka99& 
x%z: 
aka&n 
a.m-05 
X%E~ . 
ak8u-05 
a.5363645 
a.602m05 
8.6D27E-OS 
a.59im.6 
a.mx-05 
a.s941-OS 
a.s758E-05 
a.sfcbL-05 
as2sown 
8.72011.OS 
8.720lE-05 
8.504lE-05 
6.49951.05 
1.4995E-05 
8.47SaE-05 
8.4566E-OS 
7.4196E-05 
7.41629-05 
7.41922-0s 
7.41811~OS 
7.41762-05 

WTFL 
RATE 

O.WWE+W 

1%zE 
1:0455E-04 
l.O455E-OS 
l.D4D9E-04 
l.D4WE-OS 

:*z:-: 
2:8s87&5 
3.528sE-OS 
3.628oE-OS 
4.3794E~os 
4.52&E-OS 
4.8544E-05 
s.w23E-OS 

KEz . 
5:4196E-OS 

:%?2i . 
6:115X-OS 
6.2DS7E-05 
6.3457E-OS 
6.3921-05 
6.4935E-OS 
6.531#-OS 

t-sz~'~ 
6:mlEk 
6.6936E-05 
6.7372E-05 
6.7372E-OS 

tfE!z . 
6:1732E-05 
6.1%4Eds 
6.2404E-OS 
6.2574E-OS 
6.257DE-05 

INFLO DUTFL 
PERU PERM 

(10*-t) (lo*-7) 
(CWS) (CWS) 

I=U.I=I=OIa .**=*=s**ts* 

O.DODW+OD 
l.l3D8E-07 

:*zE-z . 
1:7252E-D8 
1.7597E-08 
1.7597E-08 
1.8166~~08 
l.al6im8 
1.8166wa 
1.811%-Da 
l.a29aE-08 
1 .ai44m8 
1.78D8E-08 
l.;litlE-08 
1.75158~08 
1.75151-08 
1.746lE-Da 
1.744lE-D8 
1.7375E-08 
1.7sloE-08 
1.75loE-06 
I .748x-08 
1.7485E-08 
1.7494E-08 
1.7456E-08 
1*7413E-08 
1.7352E-08 
l.f7GoE-08 
1.774%.08 
1.73lDE-08 
1.73DDE-08 
1.73DDE-08 
l.RStE-08 
l.R13E-08 
l.SlOZE-08 
1.50951-Da 
l.SlOlE-08 
1.5099E-Da 
1.50988-08 

o.oooo8+oo 
3.957s.07 
2.23OlE-D8 
2.128lE-08 
2.128lE-DS 
2.1188E-08 
2.1188R-00 
5.2626E-w 
5.2626E-w 
5.8187E-w 
7. woe-w 
7.7916E-w 
I).PlLlE-w 
P.ZWlE-W 
9.8808E-w 
l.O182E-Da 
1 .Ola2i-08 
l.OQClE-Da 
l.lDBE-DS 
l.l8SDE-Da 
1.2447E-08 
1.24472-08 
1.263lE-06 
1.2916E-D8 
1.3012E-08 
1.32172-08 
1.3295148 
l.%33E-08 
1.3813E-06 
1.3813E-Da 
1.3625E-DR 
1.371x-00 
1.37132-08 
1.3908E-08 
1.3976E-08 
1.25651-08 
1.2612E.08 
1.2702E-08 
l.ZmE-Da 
1.27362-08 

O.DDW+W 
l.o39aE-07 
l.%lbE-08 

:'~d'~ . 
1:6D34E-08 
1.6034R-Da 
1.67422.D8 
1.67WE-08 
1 .mi4E-08 
1.65&E-Da 
1.6943E.Da 

Kz'~ . 
1:n24E-Da 
1.136lE-I 
1.73619-08 
1.1308E-Da 
1.7287E.Da 
1.507sE-Dn 
1.6822E-Da 
1.6826E-Da 
l.S793E-08 
1.6413E-08 
l&ZlE-D8 
1.m.De 
l&tlE-Da 
l.TZSlE-D8 
1.673%.Da 
1.6119E-DO 
1.6593E-08 

: *:~*~ . 
1:6384E-08 
1.6347R-Da 
1.4343E-08 
1.4336E-08 

:*tiz: . 
1:4339E-Da 

O.DDODE+OO 
3.63929-07 
2.0229E-08 
1.934%.Da 
1.9349E-Da 
1.9306E-06 
1.930&-Da 
4.85009-09 
4.m.w 

:%E . 
7.2143E- W 
8.aS7E.W 
9.128lE-W 
9.7939E-w 
l.DD92E.Da 
l.DW2E.08 
l.D%SE-00 
1.09341-08 
l.O284E-08 
l.l%aE-08 
1.19611-08 
l.l407E-Da 
1.2125E-08 
1.2215E-Da 
1.2944E-08 
1.2423%.08 
1.3347E-Da 
1.3027E-08 
1.30272-08 
1.30611~Da 
1.26D9E-08 
1.26092-08 

: *::YE:: 
1:1933E-08 
l.l978E-08 
1.20631-08 
1.2096E-08 
1.2WSE-08 

8*E 
0:020 
0.027 
0.027 
0.029. 
0.029 
0.119 
0.119 
0.125 
0.140 
0.151 
0.169 
0.m 
0.193 
0.203 
0.203 
0.228 
0.231 
0.263 
0.309 
0.309 
0.319 
0.33a 

0.402 
0.402 
0.421 
0.430 
0.430 

x2 
01467 
0.476 
0.493 
0.49a 
0.498 

EY 
0:026 
0.033 
0.033 
0.035 
0.035 
0.035 
0.035 
0.040 
0.056 

8% 
o:w1 
0.109 
0.118 
0.118 
0.143 
0.146 
0.179 
0.220 
0.220 
0.231 
0.250 
0.259 
0.278 
0.286 
0.304 
0.313 
0.313 
0.331 
0.341 
0.341 
0.374 
0.3% 
0.389 
0.398 
0.415 
0.420 
0.420 
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TABLE 5 (Continued) 

Heath Steele Waste Rock Covers 

220467 28654 1.10 7.4161E-05 6.26lfE-OS 1.50958-08 1.274R-08 1.4336E-08 1.2104E-08 0.498 0.421 
22lS40 29707 1.10 T.LIu)E-OS 6.3144E-OS 1.5211E-08 1.2853E-08 1.444&-08 1.2206E-08 0.520 0.440 
221891 30058 0.90 7.3857E-OS 6.3239E-OS 1.5033E-08 1.2872E-08 !.4277E-08 l.WSE-08 0.520 0.446 
221891 30058 1.00 7.26loE.05 5.9746E-05 1.4779E-08 1.2161E-08 1.4036E-08 l.l549E-08 0.512 0.421 
226291 34458 1.00 6.5l%E-OS 5.3%8E-OS 1.3384E-08 l.OW3E-08 l.ZIllE-08 1.03551-08 0.531 0.433 
2213W 35511 1.35 6.4346E-05 5.2425E-OS 1.3097E-08 l.O671E-08 1.2439E-08 l.O134E-08 0.536 0.436 
227862 36029 1.70 6.3699E.OS S.ldboE-05 1.2%6E-08 l.oMoE-08 1.2313E-08 l.O029E-08 0.538 0.438 
228843 37010 1.70 6.2483E-OS 5.WloE*O5 1.2718E-08 1.036tE-08 l.zOttlE-08 9.8412E-W 0.542 0.442 
229273 37440 1.80 6.1988E-OS f.O503E-OS 1.2617E-08 l.O28OE-08 1.1983E.08 9.742&-W 0.544 0.443 
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TABLE 6 

Yukon Soil 

YLKW SOIL: FILE NAME: PYUX6CAS 
DATE STARTED: JAN 15TH, 1991 

CELL No: SOIL PEWTER CELL 

AREA (cd2): 80.12 
IEiGHT Of SANPLE (w): 1071.82 
HEIGHT Of SAWLE tm): 0.0650 
DIAMETER Of SMPLE (I): . 0.1010 
VOLW Of ME t&3): 0.0005 

PERMEANT U!XD: CALCIUI SULPHATE 

*~....*.............*..*****..*** 
IYf OfL CELL HYDR 

PRESS PRESS PRESS GRAD 
(psi) (pd) (Pi) 
(km (kP8) (WI) 

3***......***...***.. -...**-.....l.. 

ii: . %?l 
40.00 15.14 
2B.6 

TINER ELPSO INfL CUTFL 
trm RATE RATE 

miw (his) (cr^3/S) (cr*S/S) 

451146.0 
452156.0 
452391.0 
452539.0 
453595.0 
455025.0 
455025.0 
4554n.o 
4593n.o 
4593n.o 
459aw.o 
461201.0 
462318.0 
462743.0 

zx 
465297:o 

E?X 
466555:o 

%E8 
47006iO 

0.0 o.oowE+oo o.moE+oo 
1010.0 4.6279E-G4 3.4406E-04 
1245.0 4.34&E-04 3.393&E-04 
1393.0 C.ZOSOE-04 3.3561E-04 
2449.0 3.5635E-04 3.OW-04 
33W.0 2.90%E-04 2.59WE-01 
3829.0 2.98%E-04 2.5909E-Ob 
4327.0 3.09G3E-01 2.7444E-04 
G227.0 2.mOE-04 2.8534E-04 
8227.0 2.776OE-04 2.8534E-04 
8743.0 2.84906-06 2.9462E-01 

10055.0 2.9%&Z-04 2.9786E-04 
11172.0 2.8704E-04 2.9135E-04 
11597.0 2.8367E-04 2.8757E-04 
12505.0 2.7561E-04 2.93GGE-04 
12505.0 Z.T%lE-04 2.93ME-04 
14151.0 2.853&-04 3.oo66E-04 
14396.0 2.8544E-04 3.0072E-04 
14396.0 2.8544E-04 3.0072E-04 
15409.0 2.856BE-04 2.9911~G4 
15400.0 2.856a-04 2.w12E-04 
18293.0 2.89326-M 2.9957E-04 
19717.0 2.8192E-04 3.001&-04 

UATER COYTENT INITIAL 
3***~****************************** 

TARE NO. 
TARE YEtGJlT 53.z 
TARE+SOIL UET c-1 
TARE+SOIL DRY (~lr) z-: 
URSGHT UATER (-1 5:28 
MElGIlT SOIL DRY (-1 30.55 
UATER CONTENT (X) 17.28 

INfLO OLJTfL 
PERM PERM 

(CWS) tcws> 

TEIP TEMP 
CORR’D CWR’O 
INfLO WTFL WRE WRE CELL 
PERM PERM VOL VOL CHG 

(CWS) (WS) (INf) (OUT) (nts) 

o.wooE+oo 
yl4;5’;g 

. 
3:4659E-07 
2.93721-07 

~-~-X5 . 
21365%.07 
2.3381E-07 
y;;~-;; 

. 
2135211.07 

2.3238E-07 

o.ooooE*oo 
p33;-;; 

2:7662E:07 
2.476&E-07 
2.13551-07 
2.1355E-07 

2.40151-07 
f.m&-~; 

2:415&07 
2.4799E-07 
y?a;-8; 

. 
2:4655E-07 
y;-g 

2:474lE-07 

EE-xs . 
3:24&E-07 
Z.TtOlE-07 

2.2147E-07 
2.24416.07 
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TABLE 6 (Continued) 

Yukon Soil 
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5.2 Assessment of Hydraulic Behaviour 

5.2.1 Hydraulic, Properties of Saturated Soil Covers 

The use of the capillary barrier concept in the design of soil covers for sulphide tailings has been 

theoretically investigated by several authors (Magnusson and Rasmuson, 1984; Rasmuson and 

Eriksson, 1986; Collin, 1987; Nicholson et al, 1989). The capillary barrier is formed at the 

interface between coarse-grained and fine-grained soils. The concept involves the principles of 

unsaturated flow between soils of different textures or grain size distributions. If a fine-grained 
soil overlies a coarse-grained soil and both soils are initially dry, water infiltrating from the surface 

of the fine layer will not move into the coarse layer until the pressure head in the fine layer 

approaches zero (that is, the fine-grained soil is at or near saturation). The hydraulic properties 

which control this phenomenon are the relationships between water content, 8 and pressure 

head, U(Q) and water content and hydraulic conductivity, K(6). 

Figure 13 shows moisture storage or moisture characteristic curves for a fine sand, silt and clay, 

obtained by Ho(1979). The curve for the clay is almost linear while the curves for the silt and 

sand are highly nonlinear. The differences in the curves demonstrate the effect that soil 

properties have on the moisture retention characteristics. The shape of the storage curve 

depends largely upon the grain size and pore size distributions of the soil. The storage curves 

also indicate that the volume or amount of water retained is a function of the pore water 

pressure. As the pore-water pressure decreases (that is, becomes more negative) the silt and 

the-fine sand remain saturated until a pressure head of qa, the air-entry value is attained. The 

air-entry value is the pressure head required to overcome the capillary forces that can be exerted 

by the largest pore in the soil. The largest pores are the first to drain. As the pressure head 

becomes negative, progressively smaller pores drain until the residual water content (Or) of each 

soil is attained (Nicholson et al., 1989). As shown in Fig. 13 both the air-entry value and residual 

water content for the silt are higher than those of the fine sand. 
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Figure 13 Typical moisture storage curves for soils (adapted from Ho, 1979). 
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The moisture characteristic curve of a soil is affected by the direction of change of water content 

and takes different forms according to past history of wetting and drying of the soil. This 

phenomenon of irreversibility of the moisture content - pore water pressure relationship is called 

hysteresis (Liakopoulos, 1965; Chiids, 1967). Uncertainties associated with the determination 

of actual moisture characteristic curves for natural soils generally overshadow variations due to 

hysteresis. Consequently, most analyses of field problems ignore hysteresis. 

The hydraulic conductivity, K of an unsaturated soil is a function of its negative pore-water 

pressure state or magnitude of suction. Generally, K decreases with moisture content since 

drained or empty pores do not transmit water. The drained pores also obstruct flow and 

therefore increase the path length of the residual flow column (Child& 1967). Since drainage or 

loss of water from the soil pores occurs at the lowest suctions, K decreases sharply during the 

initial stages of reduction of moisture content. 

The hydraulic conductivity function, K(6) for a particular soil can be established from its moisture 

characteristic curve since both K and the moisture retention are dependent on the pore water 

pressure. Several techniques for establishing a K(6) function are described in the literature 

(Green and Corey, 1971; Mualem, 1976; Gillham et al., 1976). 

The method of Green and Corey (1971) uses the following equation: 

VI 

i = 1,2,...m 

where 

K(e) l = calculated conductivity for a specified moisture content or pressure 

and i denotes the last water content class on the wet end 
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= matching factor (measured saturated conductivity/calculated 

saturated conductivity) 
= parameter that accounts for interaction of pore classes 

n = total number of pore classes 

hi = pressure head for a given class of water-filled pores 

P,Y, and q = density, surface tension and viscosity of water, respectively 

9 =: acceleration due to gravity 

e = porosity 

The solution to the Green and Corey (1971) equation is implemented in computer codes such 

as the PC-SEEP package(Geo-Slope, 1987) and those developed by Collin et al.,(1990) for the 

analysis of moisture transport in soils. 

5.2.2 Column Verification and Modelling 

The concept of a capillary barrier involving a coarse-grained soil overlying a fine-grained layer 

was investigated in a laboratory apparatus at NTC. The apparatus consisted of a 1 m tall 

Plexiglas column with a 10.8 cm inside diameter. The column was instrumented with specially- 

designed tensiometer and pressure-transducer systems and electrodes for a TDR (time domain 

reflectometry) unit. The tensiometers measured the suction developed in the column as it 

drained while the TDR unit was used to measure the corresponding volumetric water content. 

The TDR unit used was a Tetronix Model 15026 Time Domain Reflectometer. The principles of 

the TDR technique for measuring water content are described elsewhere (Topp et al., 1980). 

Each tensiometer consisted of a 0.5 bar (5 m of water pressure) porous ceramic tip. It was 

designed as a compromise between the amount of porous ceramic surface area making contact 

with the soil and impediment to drainage. 

An air vent was installed 78 cm above the base of the column, 2 cm below the fine soil/coarse 

soil interface. A 0.5 bar porous ceramic plate was installed at the base of the column to permit 

water drainage but prevent air/gas flow. A Tygon tubing line was connected from the base of 

the column to an Erlenmeyer flask. The flask was used to establish the water table level and to 

collect the water that drained from the column. A schematic representation of the column is 
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shown in Fig. 14. The design and instrumentation used were adapted from Sydor (1990). A 

detailed description of the methods of installation and packing of the soil in the column is found 

in the above reference in the Waterloo report (Appendix A). 

The’column was packed with a two layer soil profile consisting of the Yukon till overlying a 

medium sand layer similar to the Heath Steele sand. The soils were initially saturated and then 

allowed to drain, keeping the water table at a distance of about 50 cm below the bottom of the 

column. This was designed to simulate the lowering of the water table in a covered tailings 

deposit under dry conditions. The water content and pressure head (suction) developed in the 

draining column were monitored at different times. A photograph of the installed column is 

shown in Fig. 15.’ 

Figure 16 presents the pressure and moisture profiles observed. The interface between the fine 

and coarse layer is represented by INT in the figures. The coarse layer drained within 7 days 

to residual saturation at a suction of -60 cm. At residual saturation, the coarse layer probably 

attained its minimum hydraulic conductivii and was not able to transmit any more suction. The- 

fine layer did not drain and after 14 days, the pressure profile was observed to be nearly parallel 

to the static equilibrium line. This meant that the hydraulic gradient across the fine layer was 

essentially zero so that there was very little flow of water from the fine layer to the underlying 

coarse layer. The moisture content profile confirmed these observations and showed further that 

the fine layer remained saturated at a moisture content of nearly 32 percent. The slight decrease 

in the moisture content at the top of fine layer was attributed to loss of moisture by evaporation. 

The column observations described above confirm the results of transient state numerical 

modelling conducted by Akindunni et al., (1990). These authors showed that a fine layer 

overlying a coarse layer will remain saturated for 50 days without the need for infiltration. These 

results suggest that an effective composite soil cover could be designed for tailings 

decommissioning. The concept is currently being assessed in field applications at the Waite 

Amulet tailings site near Rouyn, Noranda, Quebec (Yanful and St-Arnaud, 1991). This would 

provide the opportunity for assessing other factors such as the effects of freeze-thaw and root 

penetration on cover integrity. 
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The pressure head profiles observed in the column were modelled using a commercially 

available saturated-unsaturated flow model PC-SEEP, marketed by GEOSLOPE Programming 

Ltd. of Calgary: The objective of the modelling was to verify whether it was possible to predict 

thesxperimental results. If this was possible, then predictions of long-term, worst case scenarios 

could be made in potential field applications. Two levels of modelling were conducted. 

Preliminary modelling involving column conceptualization and definition of material properties 

was conducted at NTC. More detailed modelling, using the material properties measured or 

defined by NTC, was undertaken under the direction of Dr. LS. Barbour of the Geotechnical 

Group at the University of Saskatchewan. 

The NTC model did not consider the ceramic plate at the base of the column. Consequently, 

the predicted drainage was found to be much more rapid than what was observed in the 

laboratory. Subsequent modelling by the University of Saskatchewan, using the WINDOWS 

version of PC-SEEP and taking the ceramic base plate into account, indicated that it was 

possible to obtain a good prediction of the pressures within the column as long as criticaf 

aspects of the different porous media in the column are included in the model. The critical 

features identified in the University of Saskatchewan modelling work were : 

a) the release of water from the Yukon till as a result of consolidation under the 

negative pore pressures released during drainage, 

b) the impedance to drainage produced by the presence of the porous stone at the 

base of the column, and 

a the rapidly decreasing hydraulic conductivity of the sand as it approaches residual 

saturation. 

Details of modelling of the laboratory columns and the properties of the soils used are presented 

in Appendix 8. 
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5.3 Oxygen Diffusion and Flux Measurements 

5.3.1 Laboratory Column Development. 

The principal objectives of the diffusion measurements undertaken during the investigation were : 

a) to develop methods for determining the diffusion coefficient of gaseous oxygen, and b) to 

develop a methodology for measuring the low oxygen fluxes expected in saturated soil covers. 

These objectives were achieved by means of a series of laboratory experiments in special plastic 

columns developed during the study. Two different types of columns were used in the diffusion 

measurements. The first column consisted of a SO cm tall clear PVC tubing with an internal 

diameter of 10 cm. Soil was mixed with water to the desired water content and then compacted 

directly inside the column to the required density. Prior to placement of material, the interior wall 

of the column was coated with vacuum grease to prevent side wall leakage of oxygen. Top and 

base plates were bolted in place to prevent leakage. Figure 17 shows a photograph of the 

column. 

Another column developed in a separate project was used to determine diffusion coefficients. 

It consisted of a 10 cm internal diameter clear PVC with a height of 20 cm. Soil was placed in 

the column in the same way as described above. Rubber seals were sandwiched between the 

ends of the column and the top and base plates. The rubber seals were coated with vacuum 

grease prior to installation to prevent leakage. Figure 18 shows a schematic representation of 

the measurement techniques used. 

5.3.2 Diffusion Measurements and Computer Modelling 

In the first type of column (Fig. 17), oxygen was maintained at a constant concentration of 20.5% 

(atmospheric value) at the top of the column after purging with oxygen-free nitrogen gas. 

Oxygen, diffusing through the soil, was allowed to accumulate at the base of the column. 

Sampling ports with rubber septa were installed at specified points along the height of the 

column during soil packing. Oxygen concentrations were obtained by sampling the ports at 

known times, using a Teledyne Model 340 FBS analyzer incorporating a hand-held trigger with 

a syringe sampler. The analyzer required a sample volume of 2 mL and registered a stable 
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reading within 20 sets. After reading, the sampled gas was released inside the port. The 

process was repeated twice and the average concentration recorded. The analyzer was 

calibrated in the atmosphere before sampling of the next port. 

Based on the column configurations shown in Fig. 17, the following boundary conditions were 

used in the simulation of one-dimensional oxygen diffusion through the soil : 

C(o,t) = co, far all t 

WI 

The base concentration with a zero outflow velocity was calculated using the expression derived 

by Rowe and Booker (1986): 

c (r,z = He) = I 
’ f (r,z = H,&) dr 

0 86hB 

WI 
where t is the time variable. 

For the second set of diffusion tests, a finite mass of oxygen, initially equal to atmospheric value, 

was allowed to diffuse into a 10 cm thick soil layer. As in the first type of tests, the column 

containing the packed soil was purged with nitrogen, prior to the commencement of each test. 

The residual oxygen concentrations at the top- and the base were recorded. These typically 

ranged from 0.2 to 0.5%. The source concentration (above the soil layer) was continuously 

monitored with a Teledyne Model 320 P oxygen analyzer with a flow-through sensor. Gas 

leaving the column was drawn into the sensor by a built-in vacuum pump. The pump was 

operated at a vacuum equivalent to 2 cm of water during the experiments. A similar analyzer 

was installed at the base to measure the base concentrations and, also, to ensure that there was 

no pressure difference between the top and the base. 
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Several checks were conducted to ensure that the sensor itself did not consume an appreciable 

amount of oxygen which could affect the change in the source concentration. This was 

accomplished by monitoring oxygen concentration above a solid polyethylene material finished 

to the same dimensions as the soil specimens. No measurable change in concentration was 

observed over the entire lengths of the tests which lasted up to 72 hours. At the end of each 

diffusion measurement, the soil was weighed again and its gravimetric water content determined. 

This information was required to calculate both the water-filled and gas-filled porosities of the soil. 

In order. to obtain diffusion coefficients, the concentration-time data were simulated using the 

following boundary conditions : 

where 

The base was modelled with a zero outflow velocity, as in Equation [12). 

The solutions to the diffusion equation incorporating the boundary conditions presented above 

are implemented in the computer program POLLUTE, developed by Rowe and Booker, 1990. 
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5.3.2.1 MSUltS 

A transient vertical profile of oxygen concentration observed in the 50 cm tall column is 

presented in Fig. 19. Using the program POLLUTE, the diffusion coefficient required to match 

the experimental and theoretical oxygen profiles at 50% water saturation was determined to be 

6.0 x low7 m2/s. 

Figure 20 shows typical oxygen concentrations observed at the top and base of the 20 cm tall 

column. The data indicate a decrease in the source concentration as oxygen diffuses through 

the soil and accumulates at the base. At steady state, the oxygen concentration at all depths 

in the soil was equal so that there was no concentration gradient for further diffusion. Thus the 

source and base concentrations equalized at equilibrium, as shown in Fig. 20a. The same data 

have been replotted as mass versus time in Fig. 20b. The gap between the two profiles at 

equilibrium reflects the mass of oxygen occupying the pore spaces in the soil. From a 

knowledge of the gas-filled porosity, mass balance calculations were performed to ensure that 

the soil did not consume or adsorb any oxygen. Diffusion coefficients were determined by fitting. 

theoretical concentration profiles to the experimental data. 

Diffusion coefficients determined for the Heath Steele till at different degrees of water saturation 

are presented in Fig. 21 a. The results generally indicated a decrease in diffusion coefficient with 

increase in water saturation, with greater decreases occurring in the 85 to 95% saturation range. 

The data also showed some scatter which could be explained by differences in the soil structure 

during moulding. The diffusion-coefficient water saturation relationship is further illustrated in 

Fig. 21 b, which also shows that the rate of decrease of the source concentration decreases with 

increase in water saturation. These diffusion coefficients may be too high, especially at high 

water contents. Oxygen uptake as a result of increased soil microbiological activities at these 

high water contents may be important. Further testing is in progress to define and estimate 

biochemical actlvity factors for the Heath Steele till. 

56 



t 1 l.,W 

MC TEtWG 
VALVC 

al ;r4 
r 

Figure 19 A schematic representation of oxygen diffusion measurement using a finite mass 
of source oxygen. 



22.5 

20.0 

- 17.5 

2% 
15.0 . 

ii i 
0 12.5 
0 

6 10.0 

cl 

z 7.5 
0 

5.0 

2.5 

0.0 

OXYGEN DIFFUSION IN TILL OXYGEN DIFFUSION IN TILL 
(s = 22.6 w) (s = 24.4 %) 

12.0 

SOURCE 

;:\ 

0, = 4.50 cm’/min 
n n = 0.246 = 0.246 

*---a. *---a. 0, -.-a = cL...a cL...a --- 4.50 t=-, cm’/min - -.-a --- t=-, - 

I -’ I -’ c --*------- c --*------- 

l Experimental Data l Experimental Data 
- Theoretical Best Fit - Theoretical Best Fit 

I”“I” 
----x-x 

-m-r-r-m -m-r-r-m 
0 25 50 125 125 150 150 175 175 

TIME (min) 

a) 

- 
In 

V 
10.0 

Z 

E 
3; 8.0 
0 

k 6.0 

TT-f”’ T-r-q-T 
0 25 50 

D, = 4.55 cm2/min 
n = 0.24 

b) 

TIME (min) 

Figure 20 Variation of source and base oxygen concentrations arid masses in diffusion cell 
with time. 



OXYGEN DIFFUSION IN TILL 

3 

1 

0.1 

l 

.  .  
.  

.  

SATURATION (w) 

220.0 

. 
g 18.0 
E 

2 14.0 

8 5 12.0 

isi 
10.0 

8.0 iI\-. l Experimental Data 
S = 22.6% - Theoretical Best Fit 

I~rT-r-r, r-l-l-q-rr-r-r l--T-t-T .‘7- r-l-r, , rrr~ 
0 100 200 300 400 500 600 700 800 900 

TIME (min) 

b) 

Figure 21 Variation of diffusion coefficient of Heath Steele candid&e till, HS-C, with percent 
moisture saturation. 



5.3.3 Demonstration of Low Oxygen Fluxes 

5.3.3.1 investigation of Oxygen Sinks 

The demonstration column concept was developed as one aspect of the investigation to verify 

the reduction of oxygen flux through near-saturated candidate cover materials. The column was 

intended to allow actual measurements of oxygen flux through a cover layer and hence show 

that a significant reduction of oxygen flux could be realized by maintaining a high degree of 

saturation in a fine-grained layer. Such a column was conceptualized to require an oxygen sink 

to simulate uptake of oxygen by reactive sulphide tailings at the base of a cover. The sink was 

also required to be quantitative and allow measurement of the uptake of the oxygen over time. 

The flux of oxygen expected in the column was estimated to be of the order of 8.0 x 10’ mg/hr 

and therefore required a very careful and accurate measurement. 

Various oxygen sinks. were investigated by the University of Waterloo team. The most 

extensively-studied was a ferrous sulphide slurry. in laboratory experiments, this slurry was- 

tested for changes resulting from oxygen uptake. Initial test runs showed pH decline and 

increasing specific conductance with time when the slurry was exposed to the atmosphere. The 

results were consistent with the oxidation reaction. However, subsequent measurements of 

sulphate concentrations to confirm sulphide oxidation showed a deficit in the reaction 

stoichiometry. The problem was identified to be the incomplete conversion of ail the consumed 

sulphide to sulphate due to the formation of an intermediate elemental sulphur phase. 

Consequently, the method was terminated. 

An electrode method was reviewed and found to be plausible but would require significant 

development time and cost. The final option which was pursued and adopted was the analysis 

of low level oxygen in a gas stream at the base of the column. This concept would involve the 

flow of oxygen-free gas (nitrogen) at the base of the demonstration column to create a zero 

concentration boundary. This would be followed by an analysis of the oxygen in the nitrogen 

caused by diffusion through the soils. This method depended on low level detection of oxygen 

in the gas phase and it was concluded, after extensive investigation, that the Teledyne 

Model 360 WAM trace oxygen anaiyzer would be suitable. This instrument was purchased and 
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calibrated for actual measurement. However, as explained later, it was found that the use of the 

nitrogen stream at the base of the column would not provide detectable concentration of oxygen 

for a long time. The method was therefore modified as described later. 

The essential features of the demonstration column are shown in the photograph in Fig. 22. It 

consisted of a 10 cm diameter (ID) 40 cm tall Plexiglas column with removable (but tightly-fitted) 

top and base plates (3 and 6 cm thick, respectively). The column was instrumented along its 

height with a set of 3 mm diameter stainless steel rods for the measurement of volumetric water 

content by the time domain reflectometry (TDR) technique (Topp et al., 1964). The base plate 

incorporated a 6 mm thick perforated plastic disc whose purpose was to allow a rapid and 

efficient mixing of gas reporting to the base of the column. 

In the laboratory demonstration work, the column was wet packed with sand HS-D in lifts of 

approximately 1.5 cm to a final height of 25 cm. A fine mesh polyester screen was then placed 

over the coarse sand. Lifts of moistened till material (-No. 4 mesh Heath Steele till, HS-C) were 

next compacted on top of the polyester screen until the desired final height of 6 cm was attained: 

A PVC perforated disc and standoffs were placed on top of the till layer to make contact with the 

top plate of the column to prevent uplift of the soil during purging. The column was then purged 

from the bottom saturation/drainage valve with carbon dioxide (CO, gas) which was then 

allowed to vent out overnight at the air entry port (located a short distance below the sand/till 

interface). After purging, the column was slowly saturated with de-aired water until ponding 

occurred on the top surface of the till. Moisture content measurements by TDR were then made, 

a “water table’ location was set and the drainage valve opened. The moisture content was 

measured over time as the column drained. Figure 23 shows moistufe content profiles observed 

during drainage to 112 days. As shown, the upper till remained essentially saturated to 

122 days. 
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Fig. 22, Demonstration column developed for measuring low oxygen fluxes in saturated soil covers. 
Trace oxygen analyzer is shown on the left. 
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When the sand had drained to equilibrium, the drainage valve was shut off and the air entry port 

was closed. Oxygen-free nitrogen was next used to purge the column free of any measurable 

oxygen. A compressed air source was then introduced to the top of the column to provide 

constant concentration of gaseous oxygen. The base of the column was continuously flushed 

with oxygen-free nitrogen gas at a flow rate of about 90 to 100 cm3/min and a pressure equal 

to the pressure at the top of the column. Any oxygen that diffused from the top of the column 

through the soils into the base of the column would be flushed out in the stream of nitrogen gas 

and the concentration measured on a trace oxygen analyzer (Teledyne Model 306 WAM) with 

switch selectable ranges up to 100 ppm of oxygen. A minimum gauge pressure of 7 kPa and 

a maximum of 1000 kPa is required to provide reliable measurement on this analyzer. However, 

the manufacturer recommends an optimum pressure of 35 kPa. Continuous flushing of oxygen 

was thought to simulate oxygen sink (similar to the presence of reactive sulphide tailings) at the 

base of the column. 

Computer modelling conducted along with the column installation and testing later showed that 

the approach described above would extend measurement times to years instead of months: 

Continuous flushing of nitrogen at the base was therefore eliminated in subsequent modifications 

of the set up. The final experimental system considered to provide reliable and measurable 

estimates of oxygen concentrations at the base of the sand was one that incorporates an 

ultraclean Teflon sampling bag, attached to the base of the column, as shown in the photograph 

in Fig. 19. The bag is filled with oxygen-free nitrogen and then opened to the base of the 

column to permit periodic sampling of a known volume of gas (mixture of oxygen and nitrogen) 

without creating a negative pressure. From computer model predictions involving the use of 

input values of measured soil diffusion coefficients, water contents and porosities, measurements 

of oxygen concentrations at predetermined arrival times can be followed. The ffux can then be 

determined from the concentrations. 

6. PREDtCTtON OF COVER PERFORMANCE 

6.1 Development of Oxygen Ditfusion Model 

As part of the project requirements, a computer-based model was developed for simulating 
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oxygen transport through cover materials. The model is based on the solution to the transient 

diffusion equation or Fick’s second law (described by Equation [2], Section 2.2), given by Crank 

(1975) is used. For a single layer cover on sulphide-rich tailings, the following boundary 

conditions may be applicable: 

a) 
b) 

c) 

Constant source oxygen concentration, Co. 

Initial oxygen concentration is zero throughout the cover of thickness L. 

Oxygen concentration at the base of the cover is assumed to be zero at all times to 

simulate rapid oxygen consumption by sulphide minerals in the tailings. In other words, 

the oxygen is consumed as fast as it is transported through the cover. 

The solution for the flux at time t, using these boundary conditions is given by Crank (1975) as 

I follows: 

P21 

The solution for the series is implemented in a computer program developed under the project 

by the University of Waterloo participants. 
. 

The flux of oxygen through a multi-layered cover system was calculated using a steady state 

diffusion model. The flux is a direct indication of the potential maximum rate of oxidation of 

sulphide minerals that may occur below a cover. For practical purposes, it is assumed that the 

time-dependent nature of diffusion in this composite cover system can be ignored. The mass 

flux F for steady state diffusion is described mathematically by the equation: 
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1231 

For a multi-layered system, the flux can be equated at the interface for any two adjacent layers 

with the resulting general equation: 

P41 

where i represents the i th layer. Evaluating the fluxes in this manner results in a system of 

equations (equal to the number of layers minus one) which can then be solved simultaneously. 

It is assumed that a constant source oxygen concentration exists at the surface of the cover, 

equal to atmospheric value, and that the concentration at the base of the deepest layer is zero. 

The solution of the resulting system of independent equations, using a decomposition matrix 

routine, is also implemented in the University of Waterloo model mentioned above. 

6.2 Oxygen and Acid Fluxes 

As already mentioned, the demonstration column can be used for estimating oxygen fluxes. If 

the diffusion coefficients of the soils are precisely known, the fluxes can be calculated from the 

computer model. The flux can also be obtained from direct measurements using the apparatus 

shown in Fig. 22 without the need to precisely know the diffusion coefficients. The oxygen 

diffusing to the base of the column can be collected in a nitrogen atmosphere (say with the 

Teflon bag shown in Fig. 22) and then analyzed either on a gas chromatograph or with the trace 

oxygen analyzer, also shown in the photograph. 



Figure 24 shows predictions of the base oxygen concentrations in the demonstration column 

using diffusion coefficients measured and estimated from empirical equations and the computer 

program, POLLUTE. The data indicate that attempting to measure the low level of oxygen in a 

stream of nitrogen (with a flow rate of 100 cm3/min) is essentially impractical. For no flow 

conditions, the concentration of oxygen, as expected, is a function of the size of the collection 

bag. 

The column is being tested with the 0.5 L bag. The concentration of oxygen expected at the 

base is only 80 ppm in 100 days and about 600 ppm in a year. The flux of oxygen through such 

a composite cover was calculated to be 5.7 x lo” mg/cm*/day with POLLUTE and 5.37 x 

10m5 mg/cm*/day with the Waterloo model. Parameters used in the models are presented in 

Table 7. 

The overall pyriie oxidation equation can be obtained by adding Equations (3) and [5] to yield : 

Fes;(s) + 15/4 OS@) + 7l2 40 (4 - FWW, (s) + 2H,SO, (aq) 

P51 
This equation implies that 1 mole of gaseous oxygen will oxidize 1 mole of pyrite in the presence 

of water to produce 0.53 mole of sulphuric acid. Therefore the maximum acid flux predicted 

from the oxygen flux observed in the demonstration column is 3.45 x 10’ moles/m*/a or 

0.338 g/m*/a of sulphuric acid (H2S04). In lysimeter tests conducted under a different project 

at NTC, the maximum add flux estimated from a tailings deposit without a cover is 1200 g/m*/a 

of H2S0,. The steady state flux calculated for the uncovered tailings deposit at Waite Amulet 

using laboratory-measured diffusion coefficients is about 170 g/m*/a of H2S0, 

Figure 25 presents oxygen fluxes computed using the Waterloo model. Two important 

conclusions can be drawn from the plots: (i) the most beneficial cover will be the one with a very 

low diffusion coefficient (c 1 .O x 10am2/s), (ii) for covers with low diffusion coefficients (~2.5 

x 10 -7m2/s), only a thickness of 1 m is required to provide the maximum reductions in oxygen 

fluxes, (iii) a thickness of about 2m is required for a single cover with a higher diffusion coefficient 

(about 1 .O x10em2/s) to provide maximum benefits. 
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TABLE 7 

Parameters used for Modelling of Demonstration Column. 

Till Layer Sand Layer 

Thickness of Soil (cm) 

Air-filled Porosity 

Diffusion Coefficient 

(cm2/W 

Water Saturation 

Boundary Conditions 

Top . . Constant source (Co = 231,632 ppm) 

Base . . Fixed outffow velocity (equal to zero) 

Initial Concentration : 2.5 ppm 

Darcy Velocity : 0 

6.3 Cover Design Considerations 

A few practical concepts for designing high performance covers can be developed based on the 

results of this investigation. The initial requirements will be the identification and selection of 
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suitable materials and knowledge of their diffusion coefficients. From the preceding discussions, 

it can be stated that the best cover system will be one consisting of soil layers with large 

contrasts in textures and grain size distributions. Appropriate layering will be required to ensure 

that, upon drainage of the system, the finest layer will remain saturated. In general, the best 

material for the fine layer will be one which is able to withstand large suctions without drainage 

(for example, tills and clays). However, as mentioned shortly in this section, clays with high 

piasticities may not be suitable because of potential cracking upon freezing. The diffusion 

coefficient is dependent on the moisture content, which is in turn dependent on the porosity and 

other physicei parameters such as the tortuosity. Diision coefficients can be determined using 

the equipment described in this report. A parallel evaluation of the grain size, moisture drainage 

and retention characteristics will also be required. Reliable relationships between diffusion 

coefficient and other more easily measured properties, such as moisture content or saturation, 

could also be used in place of column measurements. Ongoing work at the University of 

Waterloo is designed to develop one such relationship. Short-term (weeks) drainage 

characteristics of any appropriately layered system of materials can be assessed in a laboratory 

column using methods described in Section 5.2.2. Long-term (months) predictions can be 

obtained from saturated-unsaturated flow modelling. A few computer programs (for example, 

PC-SEEP) are available for this purpose. 

From the results of evaluation of drainage characteristics, critical moisture contents and 

porosities can be established for flux calculations. Moisture fluxes from the fine layer into any 

underlying coarse layers, although small, should be considered and quantified, especially in the 

region where the hydraulic conductivity - suction curve flattens out. Maximum acid fluxes can 

then be calculated to give information on cover performance or effectiveness. 

An important component of the design evaluation will be an assessment of the freeze-thaw 

behaviour of potential cover materials. Freeze-thaw evaluation of one of the candidate tills, 

HS-C, showed a frost heave of 15 to 20 mm on a 100 mm thick sample after only 2 cycles. 

Scanning electron photomicrographs of the sample taken at the end of the freeze-thaw cycles 

revealed the formation of ice lenses in the samples. The hydraulic conductivity, K, of the sample, 

however, did not change significantly after 8 freeze-thaw cycles. The K value increased only 

slightly from 2.9 to 3.2 x lo’7 cm/s. it appeared the sample heaved upon freezing and thawing 
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without a significant change in the volume of void spaces. Water intake into the sample was 

about 5 mL at the end of the first freezing cycle, compared to about 16 mL at the end of the 

second freezing cycle. 

The water intake characteristics of the soils noted above support the observation of Konrad 

(1989) that soil samples compacted at a water content of about 2 percent higher than optimum, 

unless saturated by a back pressure technique, will absorb water during the first freezing cycle 

to attain full saturation. This may explain why, in the soil under investigation, the total frost heave 

during the first freezing cycle was less than the total frost heave at the end of the second cycle. 

A similar behaviour can be expected in an actual field cover application since the soil will not be 

fully saturated. it should also be mentioned that freeze-thaw effects vary with soil type. 

Chamberlain and Gow (1979) found that soils with high plasticity may develop shrinkage cracks 

during freezing. The development of these cracks will resutt in changes in internal volume. The 

amount of shrinkage is a function of the water content and degree of saturation (Penner, 1969). 

Less plastic soils, such as clayey silts, do not develop shrinkage cracks upon freezing (Konrad, 

1989). The soils investigated in the present study are ail sandy silts of low plasticity (with clay 

sized fraction of only 5 to 14 percent) and are not likely to crack upon freezing. 

it would seem that the best materials for a saturated cover will be a silty soil with a clay sized 

fraction of only about 20 percent. However, the effect of frost heaving has to be evaluated 

carefully. The depth of frost penetration and the freezing index for the area of application should 

be taken into account in the design and construction. 

7. SUMMARY AND CONCLUSIONS 

A contract to develop a laboratory apparatus for evaluating the effectiveness of engineered 

covers for reactive tailings was awarded to Noranda Technology Centre (NTC) by Supply and 

Services Canada in 1989. The project was jointly undertaken by NTC and the University of 

Waterloo in a subcontract with Noranda. 

The investigation involved the development of laboratory methodologies through the 

measurement of pertinent standard material properties, design and construction of columns and 
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sampling and characterization of candidate cover materials from the vicinities of two active 

Canadian mine sites. A computer program was developed in the course of the investigation to 

simulate oxygen diffusion through various cover materials. Another computer program which 

is commercially available and more versatile than the one developed under the project was 

adapted to model the experimental schemes investigated. Based on the results of the 

investigation, the following is concluded : 

1) 

2) 

31 

4 

5) 

6) 

Oxygen transport through fine-grained soil covers on reactive tailings is mainly by 

molecular diffusion through gas-filled pores. The rate of transport is controlled by the 

diffusion coefficient. 

The diffusion coefficient, D,, of natural soils decreases with increase in the degree’of 

water saturation. 

The flux of oxygen through covers placed in their nearly saturated states can be expected 

to be very low and would lead to reduced acid production. 

Hydraulic conductivities of compacted candidate soils were observed to be of the order 

of 2 x 10s7 to 2 x lo8 cm/s at hydraulic gradients of 15 to 60. 

Any evaluation of potential cover materials should include an assessment of hydraulic 

behaviour (motsture retention and drainage characteristics). In laboratory column 

investigations, a saturated candidate till underlain by a medium to coarse-grained sand 

layer maintained its moisture content up to 100 days. Observed pressure head profiles 

showed time-dependent drainage to residual saturation. Saturated and unsaturated flow 

modelling confirmed the laboratory behaviour. 

A computer-based oxygen diffusion model developed under the project can be used to 

calculate fluxes for various cover design scenarios. 
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7)’ A demonstration column has been developed for measuring the low oxygen fluxes 

.expected in nearly saturated soil covers. The acid flux predicted from the oxygen flux 

determined in the column was about 0.338 g/m2/a of H,SO, 

8) Freeze-thaw evaluation of candidate soils should be part of any design scheme. For soils 

with significant silt contents, the depth of frost penetration in an actual field application 

should be assessed. Soils with very high clay contents may not be suitable because of 

potential cracking upon freezing. 
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INTRODUCTION 

This is the final report of an investigation contracted as a 
.research project to the University of Waterloo 
Technologie rn February 

by Noranda 
1989. Drs. R.W. Gillham and R.V. 

Nicholson were the Principal Investigators of the project. A copy 
of the proposal 
Noranda is 

submitted by the University of Waterloo to 
included in Appendix 1. 

The primary ob’cctive of this investigation was to experimentally 
verify the ro e of near-saturated porous granular materials as j 
barriers to oxygen diffusion. This involved the measurement of 
diffusion coefficients in granular materials near saturation and 
the demonstration that oxygen flux was subsequently limited by a 
layer of such material. 

The primary objective was only partially achieved. The 
measurement stud 

Y 
is in progress due to long delays resulting 

from experimenta problems. The demonstration study remains 
incomplete due to the lack of a sufficiently sensitive method to 
measure low oxygen fluxes that are expected for near-saturated 
materials. 

The major components of the investigation are described in this 
report with a brief description of the .attempted experimental 
techniques,.model development and ongoing work. 

BACKGROUND 

Reactive sulphide mine wastes that are exposed at the earth's 
surface can produce acid mine drainage. Oxidation by atmospheric 
oxygen has been identified as the ultimate ,cause of the 
acidification process. A large number of remedlatlon schemes that 
have been proposed for abatement of AMD are based on the 
isolation of wastes from oxy en. 

P 
Flooding and encapsulation of 

wastes in impermeable materia s represent two possible approaches 
to AMD abatement. Alternative1 

K 
fine-grained granular materials 

such as natural silts or desulp &zed tailings may be used as an 
oxygen barrier with appropriate layering (Nicholson et. 
a1.,1989). The key to the use of a fine-gralned layer over the 
wastes, is the control of the water content that must remarn near 
saturated values even when the water table occurs at depth. 

The hydraulics of controlling high watcr.contents by afelT;;Q;e 
textural layering has been discussed by Nicholson et. . 
Hi:;, and has been demonstrated in the laboratory by Sydor 

numerical 
The results reported by Sydor (1990) confirm the 

simulation of time-dependent drainage in a layered 
system described by Akindunni et. al. (1991). Both the laboratory 
and modellin 
saturation wil i! 

results suggested that water contents near 
be stable for significant periods without further 

recharge and that under the appropriate conditions, the water 
content of the cover will be Independent of the depth to the 
water table. 

2 PROJm8381\FINREPT.DOC 
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It is well known that water content affects the diffusion of 
gases in soils. There is an abundance of literature that 
addresses the dependence of the diffusion coefficient of natural 
soils on the relative saturation. With few exceptions, however, 
these studies apply to the movement of 

i! 
ases in moderate- to 

well-drained soils related to the agricu tural concern for root 
aeration of crop roots. 
developed 

For the most part, empirical models were 
to describe experimental data in soils that exhibited 

water contents far less than 80 percent of full saturation. SO 
that although it was known that increasing water content leads to 
lower diffusion coefficients in soils, there was little 
information on porous materials that approached saturation. In 
order to apply the concept of moist covers to the abatement of 
sulphide-mineral oxidation more appropriate models are required. 
These models must account for the very significant changes in the 
diffusion coefficient for small differences in the water content 
in the upper range of saturation. 

Very few data are available for diffusion experiments at high 
water contents. It is recognised that these data are important to 
verify the appropriate models. The limited number of data and 
lack of more relevant models for near-saturated porous materials 
led to the initiation of this investigation. 

PURPOSE AND SCOPE OF THE STUDY 

The purpose of this investigation was to verify the reduction in 
oxygen flux for laboratory simulations of granular covers 
sulphide tailings. The study was divided into three areas 

ov;; 

investigation: 

1. Diffusion measurements .in granular porous 
materials as a function of water content in 
the range of near-saturation: 

2. Development of a.column to demonstrate the 
effectiveness of a moist layer in reducing 
the flux of oxygen. 

3. Develo ment of a practical mathematical model 
to ca culate P the flux of oxygen through a 
cover layer. 

The diffusion measurements stud required the development of a 
method that would be sufficient y sensitive to detect fluxes on f 
the order of those expected through a water column. This 
necessitated the use of a transient method in contrast to the 
steady-state methods used by other investigators for lower water 
content conditions (e.g. Reardon and Moddle, 1985). Because 
diffusion was expected to limit mass fluxes to very low levels, 
it was also necessary to use tracers that have sensitive 
detection limits. The rationale and a brief chronology of the 
diffusion measurement study is given in the following sectrons. 
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Preliminary concepts of a demonstrationl;;iy had been presented 
In a previous report (Siwik et. al., . Although the main 
components such as an oxygen sink and detectors were identified, 
no methods had been tested and development of such methods was 
necessary for this investigation to proceed. In effect, the 
oxygen sink that would simulate tailings below the cover was the 
key to the development of a demonstration column. The oxygen sink 
specifications 
phase 

included a rapid uptake of oxygen from the gas 
and a significant change in a measurable property for low 

oxygen fluxes. The rationale and a brief chronology of the oxygen 
sink experiments is given in the following sections. 

The purpose of the modelling activity was to develop a model that 
would perform 
descri tion 

flux calculations through proposed covers. The 

the fo P 
of the model and other documentatron is provided in 

lowing sections. 

DIFFUSION MEASUREMENTS STUDY 

Rationale 

The reduction in diffusivity of any gas through a material is 
largely the result of specific properties of the material itself, 
such as air-filled porosity, tortuosity and,the extent of blocked 
pores. Thus, if the ratio D/Do is measured for one gas which does 
not react with the material (where D is the effective diffusion 
coefficient through the material and D, through air), it can be 
used to approximate the diffusion coefficient of another gas 
through the same material: in other words: 

De = D,, (D./D,, 1 

4 = effective diffusion coefficient.of gas B 
Ob 

D. 
= diffusion coefficient of garg B in air 
= effective diffusion coefficient of gas A 

D 00 = diffusion coefficient of gas A in air 

Reardon and Meddle (1985) developed a sensitive steady-state 
conducmetric technique whereby D/D, values ‘were measured using 
carbon . dioxide as a tracer: It was originally anticipated that 
this method would be used in the current study. 

Principle of the Cq method 

The ranular sample with a known moisture content,; is packed 
into a cy 9 indrical Pyrex sample holder. A gas chamber is attached 
to one end of the sample holder and a Cot/N2 mixture is circulated 
through this reservoir to maintain a constant Cq partial 
pressure. The other end of the sample holder is connected to a 
Pyrex reaction vessel containing a NaOH solution. The diffusion 
cell is then immersed in a constant temperature bath at 25 OC. 
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As carbon dioxide diffuses through the inert porous material 
and into the NaOH solution, the electrical conductance of the 
latte decreases ions that are rep ace p,= $"bSh~e~CE~~~~c~fv~~~c~gh~~d @;9Yyti”e OH’ 

Following the calibration. of the drop in electrical 
conductance as a function of COI intake, the diffusive flux of 
carbon dioxide can be easily monitored. After an initial period 
of evaluation, it was determined that this uethod is appropriate 
and convenient when the diffusion coefficient of the test material 
is two orders of magnitude larger than that throu h 

‘1 
water. The 

diffusion coefficients of qa;ysln water are very ow. They are 
intheorderofl.O*lO-1 . Therefore, under high degrees 
of saturation, the transient period of diffusion can be very long. 
It was estimated that the transient period for the experimental 
set-up of interest might extend-for ais long as six to seven weeks. 
$eeg02 abauxre u~$e~,;~efe coRdltlons re on&h order of 1. ORlO-@ ul w e her &e me 08 1s su flclently 
gensitive to detect such small fluxes. 

Since the Reardon and Moddle technique was judged unsuitable, 
a new tracer and method were required. 

A transient measurement technique was required to study 
gaseous diffusion in near-saturated porous materials to achieve 
reasonable experimental times. 

A transient measurement involves the establishment of 
concentration gradients of a tracer from one end of a sample to 
another. Before steady-state is established, the materral is 
sampled for the tracer and the observed concentration profile is 
used to compute the diffusion coefficient of the test material. 
The diffusion measurements were designed to be made in 
a cylindrical column, holdin the test sample along which samples 
could be collected at a speci 9 ied time. 

Choice of Tracer 

The choice of an appropriate tracer is critical in the context 
of these experiments. The characteristics of an ideal tracer 
include the following: 1. low concentration in the atmosphere to 
avoid contamination of the material, 2. chemically stable, 3. 
similar physico-chemical 
solubilit 

v 

properties to oxygen (i.e. b;,,wat;; 
and diffusion coefficient in the same 

magnitude and 4. high sensitivity to detection (i.e. very low 
detection limits). 

A literature review was undertaken and four broad groups of 
gaseous tracers were first examined: 
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FIGURE 1 Cross-section through the diffusion cell 

A) top plste b) q88 inlet Cl g88 outlet 
0) head spree E) handle F) stsinless-steel plstr 
Gl stsinlcss-steel screen HI barrel 
.I) bolt for sampling port J) bottom plate 
K) COa inlet L) rod insertion holes 
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FIGURE 3 Cram-rection through the Coring 8qUipMnt. 
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cl plunqmt @quippad with viton o-tin9 
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Radioactive gases 

LL:hough th:fanalysis for radionuclides is straightforward, 
use such tracers in gaseous form was rejected 

because of the danger involved in their handling 
accidental breathing due to unexpected leaks). 

(e.g. 

Stable isotopes 

There is a wide variety of stable isotopes, some of which 
are very close to atmospheric oxygen in terms of their 
physical-&;;ical properties. Unfortunately, Fhe cost of '2: 
tracers of the analyses were considered to 
unreasonably high and beyond the budget for this project. 
These analyses and need for sophisticated and costly 
equipment is not convenient for routine use, although 
limited research, ma be appropriate especially if othe 
III;:II;~ of measuring 1 ow fluxes of oxygen are- not found to be 

. 

Noble gases 

The use of noble gases has several advantages. The 
concentrations of these gases in the atmosphere are low and 
they are stable. The physical-chemical properties.of argon 
are close to those of ox gen. 
showed, however, that x t e 

Preliminary analytical work 
detection limit that we could 

achieve on our gas chromatographs was not low enough to 
detect concentrations expected with the low flux of gas 
through near-saturated materials. 

Organic compounds 

Consideration was also given to a class of organic liquids 
known as “solvents”. This 
is ver 

r 
large and hence 9 

roup of liquid organic compounds 

range 0 
di ferent solvents display a ~2; 

physical-chemical properties. In addition, 
can be easily be detected by gas chromate raphy and the 
detection limit for these compounds is very s ow (a few ppb). 
The solubility of most solvents in water is generally low and 
the va our 

trl 
pressure of some of these compounds is fairly 

high, us it is easy to produce vapours of these compounds. 

Trichloromethane (chloroform) and trichloroethylene (TCE) 
were selected as tracers for the transient diffusion 
experiments. The 

f 
are volatile, making vapour production 

simple, and ana yses of these compounds in the aqueous 
phase, usin 

4 
a gas chromatogra h 

water solubi t 
is straightforward. The 

ity at 25 ‘C is 7 00 and 1100 ppm respectively. 
A mixture of these two solvents was prepared and air was 
bubbled through it to generate a gas mixture saturated with 
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respect to these two tracers. 

The proposed testing required a new desi n for a diffusion cell. 
The design Of the apparatus allows samp ing of the aqueous and 9 
gaseous phases of the porous medium after 
diffusion experiment. 

a transient gaseous 

The diffusion cell consist of three major parts (Figure 1). The 
overall length is 22 centimetres and the dimension of the widest 
part is 14 centimetfes: The zero-flux boundary is first attached 
;;ez;e barrel by friction us1ng.a vrton q-ring. A thin stainless 

screen 
escaping. 

revents the silt material in the barrel from 
The L se 

and for R 
late contains an access port for CO* flushing 

saturating.t e sample. 

The barrel of the cell is 15.5 centimetres long with an I.D. of 5 
centimetres. It contains 10 sampling ports distributed at right 
angles to one another alon 

Plexiglas P 
the length of the cell. 

equipped with viton 
During the 

experiment, bo ts o-rings will 
provide a complete seal between the interior of the barrel and the 
atmosphere. A second stainless steel screen is secured to the top 
of the barrel. This holds the porous material in place, below the 
tracer input end-cap. 

The end-cap at the input boundary is equipped with a 5 millimetre 
deep gas reservoir and a movable plate to isolate the sample from 
the tracer until the experiment is set to begin. Inlet and outlet 
holes are drilled on op 

r 
site sides of the gas reservoir. When 

the handle is down, a t in stainless steel plate, attached at the 
lower end of the vertical handle, rests on a viton o-rin 
sits above the top-stajnless.steel screen. - - This allows- 
of the gas reserv?ir with tee chloroform-TCE vapour until a steaay 
input concentration is achieved. At time zero, the handle is 
raised. This causes the material to be exposed to the vapour and 
allows the diffusion process to begin. Note that viton o-rings 
provide air and water tight seals where required. 

. osed Methgds and 

After a specified time interval which allows a concentration 
profile to develop in the sample, the column is cored (Figure 2). 
While the cell rests on its srde a bolt on the side facing up is 
removed and a thin wall stainless tube is pushed through the silty 
material until it makes contact with the bolt on the opposite side 
of the diffusion cell. This second bolt is then removed to allow 
penetration of the coring device. The material is then extruded 
from the latter using a stainless steel plunger equipped with a 
small viton o-ring at the bottom. The material is extruded into a 
hypovial containing pentane. The pentane acts as a strong sink 
for the chloroform and TCE present in the aqueous and gaseous 
phases in the core. The pentane is subsequently analysed for both 
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compounds. This provides the concentration of the tracers in the 
column. Coring and soil extraction is performed on the 10 
sampling ports. . 

Construction of the cell was undertaken at a time when inorganic 
tracers were expected to be used. Thus the initial cell was 
constructed of Plexiglas. Nevertheless, previous tests had shown 
Plexiglas to be inert to dissolved concentrations of the organic 
tracers that were selected, and thus the initial trials proceeded 
using the Plexiglas cell. These tests showed that at the high 
concentrations present in the vapour phase, the Plexiglas was 
seriously degraded. Subsequent to these tests, a second cellTm; 
been constructed of stainless steel and brass components. 
cell was completed only recently and tests have yet to be 
initiated. 

Porous Materials 

During initial testing, it is desirable to use inert porous 
materials. For this reason, quartz sand and silt mixtures have 
been selected. A mixture of 70% (dr weight) medium sand and 30% 
fine silt provides a material t at displays ifl the physical 
properties required for this study (i.e. a heterogeneous grain 
size distribution and an air entry pressure greater than 15 
centimetres of water corresponding to the length of the column). 

Vapour Generation System 

Several vapour generation systems were evaluated, exhibiting 
different degrees of success. The system that has proven most 
convenient consists of 3 glass reservoirs with stainless steel 
lids that are connected to one another by stainless steel tubing 
(Figure 3). 

Air is bubbled through the reservoir containing de-ionized water. 
This ensures saturation of the air with water. The humid air is 
then bubbled through the gas reservoir,of the diffusion cell. The 
gas mixture then asses through the third glass 

f: 
reservoir, which 

1s equipped wit a sampling port for analysis, before being 
recirculated through the system. 

Gas Analysis 
A considerable. period of time was devoted to the analysis of the 
chloroform-TCE air mixture. Various attempts were made to 
establish calibration curves for chloroform and TCE. Finally, 
li uid chloroform and TCE standards (in pentane) were prepared 
an 1 different alliquots of the standards were injected into 
several l-litre amber bottles. After allowin enough time for 
complete volatilization of the compounds, SO? ml of gas were 
withdrawn from the bottles with a 1 ml gas-tight syringe 
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?IGURB 3 Schematic dlagraa Of the OXQeXiUnt~l Wt-UQ. Mr 18 
tltrt bubbled through a 500 ml ambet bottle partially 
flllad with water l nd subsequently through l 125 ml 
l nber vial contalnlnq l chloroform and TCB mixture. 
The vapour Is then clrculatrd ln the headapaco oi tho 
diffusion cell ulch 1s restlnq on its aide. It 18 
connected to 8 small pa8 re8arvolr rcqulrod for 
sanpllnq of the gas phase. 
constantly 

Tho same gas rlxtur:ma:: 
rcjuvinated and rrclrculattd by a 

pcrJstaltJc pump. The equipment 1s lmmcrsed Jn a 
water bath at 25 -c. 
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(pressure-lock) and 
chromatograph 

subsequently 
through a sampling loop. 

in jetted into a 9s The peak areas on the 
chromatograms (GC) were used to produce calibration curves. 

.:Ft gas reservojr if sampled by withdrawing an aliquot of*gas (20 
and In-Jectlng it in a l-litre amber bottle. of 

this diluted sam le 
An aliquot 

concentrations of ri 
is then injected into the G.C. and the 

calibration curves. 
0th compounds are found by comparison with the 

Due to the drift of the gas chromatograph, 
calibration curves must be prepared daily.(ree F$re qi) 

Sample Preparation 

The porous 
packing it 

material is oven-dried at 110 *C overnight before 
in the diffusion cell. The bottom and top plates are 

removed from the barrel to facilitate handling, The top end of the 
barrel is W~~~rarily closed by applying masking tape to the top 
stainless screen. The barrel 1s then weighed. It 1s 
subsequently filled through the bottom end with the oven-dried 
sand-silt mixture by 1 centimetre lifts. The barrel is weighed 
after the addition of every lift. Each of these is packed 
tightly using a 2.54 centimetre diameter PVC rod. The surface of 
the material is "hatched" with a fork prior to the addition of the 
following lift. This is performed in order to enhance contact 
between adjacent lifts. The material must be packed tightly in 
order to avoid horizontal fracturing upon wetting. 

Once the material is packed in the barrel, 
removed and both 

the masking tape is 

t/i 
lates are attached to it. Carbon dioxide is then 

circulated in e porous medium to remove air from the pores. 
Because CO, is much more water soluble than air, the latter step 
ensures that all pores become water saturated upon wetting. 

To saturate the sample, de-ionized water is de-aired for at 
least three hours. A piece of five-millimetre diameter Tygon 
!%';l? lfiftstu~~gef!'P~~~~dc~~ERltff~~rt~i~~ !a% %e$!?on% 
the bottom plate. At this point, the water level in the erlenmyer 
is brought at the same height as the bottom of the barrel. This 
causes hydraulic contact with the bottom of the porous material 
column. 

By capillarity, the water rises in the material until all the 
pores are filled with water along the entire length of the barrel. 
(Note that the air-entry pressure of the material 1s < -16.5 
centimetre of water.) 
complete saturation of 

Although this first step ensures the 
the material, the erlenmyer 1s nevertheless 

slowly elevated by small increments until the water level in it is 
at the same height as the top of the diffusion cell. The 
system is then allowed to equilibrate for twenty-four hours, after 
which the erlenmyer is brou ht back down to its original level to 
cause the drainage of any " 9 ree-water" if present. The system 1s 
allowed to re-equilibrate for forty-eight hours.and the cell and 
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the material are then ready for connection in the 
generation system. 

vapour 

Data Analysis 

Following transient diffusion experiments, cores taken through the 
diffusion cell will be analysed for their chloroform and TCE 
concentrations. The relative concentration of both compounds 
(C/C,) will be plotted against distance from the C, boundary. 

Our goal is to obtain a value for the effective diffusion 
coefficient of both compounds under the different sets of - 
established conditions of interest. An analytical solution ofpZe 
diffusion equation can be compared to the data with a least square 
fit routine, giving a value of D,. 

Once the D, values are obtained for experiments carried out 
on different materials at different moisture contents, validat 
of existing models concerned with the prediction of effect 
diffusion coefficients as a function of moisture content will 
under taken. 

,ion 
.ive 

be 

DEMONSTRATION COLUMN STUDY 

The purpose of the demonstration column was to show that a moist 
layer of granular material could indeed significantly reduce ;,“= 
flux of oxygen in a simulated tailings cover ex 

I? 
riment. 

proposed study included a cylindrical column for t e cover layer 
and the underlying coarse sandy layer. Some form of oxygen sink 
was required at the base of the column where tailings would 
normally consume this gas as oxidation of sulphide minerals 
proceeds. Not only was it necessary to deplete the oxygen but it 
was also necessary to monitor the rate of gas consumption that 
would reflect the flux of oxygen through the cover layer. The 
specific focus of this part of the study. was therefore to develop 

appropriate methodology for the oxygen sink for use in 
Zmonstration column. 

the 

Rationale 

Two app;pzhes wet? originally considered for the design of. an 
oxygen chemical consumption and electrical consumption. 
The chemical process is based on the oxidation of a substance 
(reducing agent) by oxygen in the gas phase while monitoring 
alterations in the system due to the loss of the reducin 

P 
.agent 

or the increase in the oxidation products. The electrica method 
is based on the reduction of oxygen at a platinum surface that 
has a voltage applied across it. Because the chemical methods 
appeared more straight forward, this approach was examined first. 
A number of reducing agents were studred for their potential 
application as a quantitative oxygen sink. 
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The ideal method would be one which could be monitored in-situ 
during the experiment. This implies the use of an electrode 
measurement or other detector that 
Alternatively, 

provides signal. 
the solution containing the chemical s?nk could be 

sampled and analysed at a later time to determine the changes due 
to oxidation. Methods amenable to electrode measurement were 
investigated first. 

Ferrous Sulphide Slurry 

A slurry of amorphous ferrous sulphide was-prepared by combining 
ferrous ammonium sulphate and sodium sulphide. The product is 
known to be highly reactive with oxygen and is used to maintain 
anaerobic conditions in biologic experiments. The slurry was 
first tested b 

K 
measuring the change in specific conductance of 

the solution p ase in order to monitor the increase in sulph;;: 
concentration resulting from oxidation of the sulphide. 
electrical’ conductance increased with time when the slurry was 
exposed to air but exhibited substantial drift when the system 
was closed off to air contact. A number of experiments were run 
with similarly uninterpretable results. 

The same method was then used as an oxygen sink but samples yere 
collected over time to analyse for sulphate concentration. 
Sulphate is the 
yf;;E;nw P 

roduct of oxidation of ferrous sulphide. The 
samp ing and analysis showed that the residual fine 

sulphide particles could not be removed from the \?ater 
sample even when filtering with a 0.1 micron pore-size Ci+ter 
membrane. The particles that passed through the filter 
after sample collection and caused s oradic results 

;;;dl;;t 

sulphate concentrations. After a n UmL 
these problems, with no success, 

r of attempts to solve 
the ferrous sulphide method was 

abandoned. 

Ferrous Chloride Solution 

Ferrous iron oxidizes rapidly in solution when the pH is 
maintained at a value above approximately 4. The next attempt at 
the oxygen sink was therefore to use ferrous iron in ?oluflon as 
the reducing agent. The proposed method for monltorlng the 
pro ress 

9 
of the oxidation was based on the conversion of ferrous 

to erric iron and the redox potential that should increase as the 
ferric concentrations increase and the ferrous decr?ases. Even if 
ferric hydroxide preci itates,during the production of ferr+c 
iron, the redox potentia P will increase to reflect the decrease in 
the more reduced member of the redox couple, and without other 
interferences, the observed potential can theoretically be 'used 
to compute the concentration of the ferrous iron. 
A number of experimental runs were attempted, first at high total 
iron concentrations and pH values of about 6. These conditions 
produced a precipitate which appeared to be hydromagnetite, even 
though magnetite is known to be a high temperature mineral. rn 
an attempt to prevent the formation of this solid which 1s 
composed of both ferrous and ferric iron, the concentration of 
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iron ias reduced in increments to l/1000 times the original 
concentration and the pH was lowered to values close to 4. All 
such runs resulted in the formation of. the solid and no 
interpretation of the rate of oxidation from the redox data was 
possible. Sampling and analysis was not attempted because of the 
unknown loss of both ferrous and ferric iron from solution. This 
method was also abandoned. 

Chromous Sulphate Solution 

Chromous ions reduce oxygen in a manner similar to that of 
ferrous iron. A surve 
formation of solids wou d not be significant in the chromous- f 

of the literature suggested that the 

chromic system. A number of ex erimental trials were conducted 
in a manner similar to those wi JI the ferrous chloride. Again it 
was anticipated that the changes during oxidation 
monitored with the redox potential. These experiments, 

co;kRvk; 

exhibited similar results to those using iron. A solid formed 
during the oxidation process and the electrode potentials .were 
uninterpretable. 

Platinum Electrode Reduction 

The platinum electrode method was reconsidered after. abandoning 
the chemical methods described above. The process of oxygen 
reduction at a latinum electrode surface has been applied in 
other experimenta P designs. After a more thorough review of the 
literature and discussions with electro-chemists at both the 
Universit 
that the 1 

of Waterloo and Noranda Technologie, it was concluded 
eve1 of time, effort and resources required to perfect 

this method for the demonstration would be beyond the those 
available in the project. 

After repeated attempts to develop an oxygen sink, without 
success, the work plan was reeva!uated at a,jolnt meeting with 
",;;;;:a Te;&&ologie and the.Sclentrfic Authority from Envir;;;;;; 

. 
recommendations 

principle investigators were asked to 
for further work. Two were 

discussed: use of organic vapours in place of 
possibilities 

ox gen to determine 
net fluxes through the cover and the use of a K ighly sensitive 
oxygen meter to detect o 

"r 
gen in a constantly flushing stream of 

nitrogen gas at the base o the colu.mn. The or 
was recommended because of the probable difficu s 

anic vapour method 
ties with pressure 

control and consequent gas advection as an artifact of the gas 
flow method. An initial proposal for additional funding ($600?) 
was approved and preliminary work on the organic vapour method was 
started. 

Subsequently, due to timing constraints and limited resources, it 
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was agreed that work on the organic vapour method be stopped 
and that the demonstration column work continue at Noranda. Dr. 
Nicholson met with Noranda personnel in Montreal (mid May 1990) 
delivered the demonstration column (see Figure 5) prototype witA 
all necessary parts and agreed to meet and provide 
required and requested by Noranda Technologie. 

advice as 

DIFFUSION MODEL 

The completed model is relatively simple but is effective ’ 
simulating the process of diffusion through layered material:? 
Both transient behaviour in a single layer and steady-state 
behaviour in multi-layered media are considered. A minimum of 
parameters were used to maintain simplicity. The code was 
designed in modular form to simplify future modifications. 

The model develo 
!r 

d in this investigation had two purposes. The 
first was to slmu ate the time-dependent flux behaviour of oxygen 
through the cover layer in the demonstration column. Transient 
calculations are necessary even for thin layers of material in the 
columns when the water content of the layer a proaches saturation. 
Materials with less moisture, and that exhi rt hi her E diffusion 
coefficients, may attain steady-state in a reasonab e experimental f 
time frame. However, the most effective covers are those with low 
diffusion coefficients and the time required to approach steady- 
state would be inappropriately long. The transient model will 
allow the determination of the diffusion coefficient of the cover 
by comparing the observed flux over time in the column to the 
computed values. Although more sophisticated 
techniques can be applied, 

curve-fitting 

precise. This type 
the comparison is quick and relatively 

of computation also provides a ‘hands-on’ 
familiarity with transient diffusion behaviour. The second purpose 
was to compute the flux of oxygen through multi-layered media to 
aid in the design of composite covers for remediatlon schemes on 
reactive wastes. For practical purposes, this is a steady-state 
problem and it is possible to ignore the time-dependent nature of 
diffusion in the layered media. 

Once the diffusion coefficient of a soil or other geologic 
material is known, the diffusive flux of oxygen through the layer 
can be computed. The flux is a direct indication of the potential 
rate of oxidation of sulphide minerals that may occur below a 
diffusion-barrier layer. The maximum possible flux occurs when 
the sulphide wastes consume the oxygen at the base of the barrier 
as fast as it is transported through the upper layer. In t:;k 
case, the oxygen concentration at the interface between 
wastes and the cover ap roaches 
uses this approach. R 

zero. The model described here 
T e fluxes calculated in the model can 

therefore be related to the maximum possible rates of oxidation 
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below the simulated cover. 

,Comaonents ,Comaonents 
The model. consists of two separate computations: The model. consists of two separate computations: transient transient 
diffusion through a single layer and steady-state diffusion diffusion through a single layer and steady-state diffusion 
through multi-layered media. through multi-layered media. The program is interactive and The program is interactive and 
prompts prompts the user for required data after selecting the type of the user for required data after selecting the type of 
calculation desired. calculation desired. The transient problem is addressed first, The transient problem is addressed first, 
with the option to bypass this step and with the option to bypass this step and roceed to the steady- roceed to the steady- 
state problem. state problem. The data are printed to t e screen to verify the The data are printed to t e screen to verify the f: f: 
accuracy of the input.. accuracy of the input.. 

Transient Diffusion Through a Single Layer 

The computation of this process is based on a solution to 
transient diffusion through a finite slab presented in Crank 
(1975). The concentration of oxygen at the u per boundary is 
assumed to be atmospheric (default) but can L set at other 
values as part of the prompted input to the program. The 
concentration of oxygen at the base of the layer is assumed to be 
zero following the rationale presented above. 

The equation describing transient diffusion is given as; 

a, D- 3% 
at dXZ 

(1) 

where C is the concentration of the diffusing $T;;nce [MlL'l, D 
the diffusion coefficient of the medium 

Zstance IL] and t is time IT]. The following bo:dai! 
the 
and 

initial conditions apply to this problem. 

C=Constant at x=0 (top boundary) 
c=o at x=L (bottom boundary) 
c=o for Outa (throughout the layer) 

The solution to this equation with these boundary conditions is 
given by; 

(2) 

The program requests the following information from the user. 

1. Thickness of the layer - this is given in metres. 

PROJ_8381\FINREPT.DOC 
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2. The effective diffusion coefficient of the layer - 
in mz/s. This value would be obtained from 
measurements or other estimates. 

3. The total time over which the calculation is to be 
made - in hours. 

4. The name of the listing file for output. This name 
should be allowable in DOS tie. up to eight 
characters with a three character extension after 
a period) 

The oxygen concentration at the surface is requested but the 
default setting is atmospheric (20.9% by volume). 

All values are read in general format but must be supplied with 
appropriate decimals for real numbers. If exponential input is 
used, the decimal should be used in the pre-exponential part. 

The output file contains the input values, 
for comparison tie. 

the steady-state flux 
the maximum possible value) and an array 

containing the time in increments (of one-fiftieth of the total) 
with the corresponding flux expressed as a total in kg/m'/s and 
as a percent of the steady-state flux. 

Steady State Diffusion Through a Multi-Layered Sequence 

This computation is based on the steady-state diffusion through a 
finite layer. The layers are stacked one upon the other and can 
have variable thickness and any specified diffusion coefficient. 
The concentration profile through the sequence is calculated by 
equating the flux from each consecutive pair of layers at the 
interface between them. 

Steady-state diffusion is described mathematically by the 
following equation: 

F = -D x 
ax (3) 

where F is the mass flux CM/L’TJ and other parameters are as 
shown above. The flux can be equated at the interface for any two 
adjacent layers with the resulting general equation: 

($.+($ - t,, + (5)cw, = 0 (4) 

where the subscript is the notation for any layer. This provbz=y 
system of equations (equal to the number of layers minus 

thich can be solved simultaneously. 

1s PROJW8381\FINREPT.DOC 
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The boundary conditions are 
concentration 

represented by a constant 
at the surface and a concentration of zero at the 

base of the deepest layer. 
independent 

This results in a system of 
equations (number of layers minus one) which are 

solved simultaneously using a decomposition matrix routine. The 
flux is calculated for the top layer only using Fick's first law. 
This is possible because steady-state is assumed and hence the 
flux is identical in all layers.The model thus provides the 
oxygen concentration profile in addition to the flux through the 
sequence of layers. 

The program requests the following information from the user. 

1. The number of layers - up to 20 layers can be 
selected or the program can be easily modified to 
allow more layers. 

2. The thickness and diffusion coefficient for each 
layer (in metres and m2/s respectively), one layer 
per line starting at the top of the sequence. 

3. Ttr, (DOS compatible) name for the output listing 
. 

All input data are printed to the screen to insure accuracy. 

The output file contains all input data in addition to the total 
flux of oxygen through the layered sequence and the oxygen 
concentration profile. 

. . 
Code Lll 

The code is listed in Appendix 2 along with a problem example 
illustrating the transient and the steady-state modes of output. 
The source code and an executable version of the program are 
provided on the enclosed disk. The program was written in FORTRAN 
77 and compiled with MICROSOFT Fortran. A math co-processor was 
used to compile the executable version but is not necessary to 
run the program which can be recompiled easily without it. 

RELATED WORK 

During this study, two related ieces of research were also being 
conducted. The first was a P aboratory column experiment to 
investigate the hydraulic behaviour and controls 
layered porous media (S dor, 

in texturally 
1990). The second was a modelling 

study which involved t e numerical Timulatlon of ii time-dependent 
water drainage in layered porous media (Akindunn et. al., 1991). 
Both of these studies were based on concepts aqd preliminary 
studies of the principal investigators of this prolect (Nicholson 
et. al., 1989.1990). 

16 PRCJW8381\FINREPT.DCC 
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The original concept of moist Fevers actin 
based on the premrse that a fine-grained 9 

as oxy en barriers is 
I! ayer wl 1 not readily 

drain to equilibrium when it is located over a coarser material. 
If drainage is poor or ver 
fine cover will remain near y saturated for significant periods f 

slow then it is possible that the 

of time. Until now, to the .authors knowledge, this concept has 
not been demonstrated or the controls investigated. The purpose 
of the laboratory study was therefore to observe the drainage of 
an initially saturated two-layered system when the water table 
was lowered from the surface to some depth below the base of the 
cover. 

The experimental system included monitorin of pressure head and 
moisture content at close1 

I 
spaced interva s within the cover and P 

underlying sand periodical y over a two week period. The results 
confirmed the original hypothesis and also showed that the 
material selection could be based on straightforward measurements 
of physical properties of the two materials. The complete repor.t 
is included as Appendix 3. 

An existing numerical model, which simulates transient flow in 
one dimensron in the vadose zone, was modified to *include a 
change in water table elevation and the subsequent dralnage in a 
layered sequence of porous media. 
paramete;;dsuch as hydraulic 

.Values for the. physical 
conductivltles and porosltles of the 

cover base materials are provided as in ut. 
P 

The 
characteristic drainage curves that represent the re ationship 
between pressure head and water content -are also required, 
al though on1 

3i 
the main drainage curve for each material 1s 

necessary. T e model then computes the changing conditions over 
time as the the water table is moved from the cover surface to a 
specified depth below the cover. 

The results again confirmed the original premise that drainage of 
the upper fine-grained la er occurred very slow1 

s z 
and that It 

remained fully saturated or periods in excess o 
certain contrasts in grain 56 df:z for size between the cover the 
underlying material. The results also suggest that the drain;zilzf 
the cover layer is independent of the depth t? the water . 
These results are important in that they provide strong evidence 
that maintaining covers with high water contents is quite feasible 
and that the choice of materials for the cover can be based on 
some relative1 

f 
simple measurements. 

Akindunni et. 
A copy of the paper by 

a .(1991) is included as Appendix 4. 
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SUMMARY 

This study and related work have produced a number of positive 
and relevant results. The slow diffusion expected in near- 
saturated materials and which has led to most of the experimental 
difficulties is a positive attribute of tailings covers . The 
related work has shown that the hydraulic conditions to revent 
drainage of 
materials 

fine-grained covers can be achieved b P 
with appropriate properties. s T 

se ecting 
Without this 

it would not be appropriate to use covers as diffusion 
ow drainage 

barriers. 
In addition, the numerical modelling has provided support to the 
concept and allows simulation of the process without performing 
costly and time-consuming experiments on all candidate materials. 

The attempts to develop an oxygen sink for the demonstration 
column resulted in failure (and a great deal of frustration!. This 
&;f, not imply that the concept of.the diffusion barrter +s not . on the contrary, rt points to the difficulties 
measurement when such low fluxes of oxygen are 

in 
expected. The 

diffusion measurements in high moisture-content materials is 
ongoing and will continue outside of the formal subcontract 'with 
Noranda Technologie. When results are obtained from these 
experiments, they will be reported to Noranda. 

A model which computes diffusion both for transient conditions. in 
a single layer and steady-state conditions in multi-layered media 
was developed. The model is appropriate to evaluate the diffusion 
data when they are obtained from the demonstration column 
experiments at Noranda and to aid in the design of composite 
covers. 

CONCLUSIONS 

The difficulty of developing an oxygen sink was greater than 
originally anticipated. It may be possible to apply the gas 
flushing techni e to measure the oxygen flux through a cover 
layer in the ir cmonstration column. However, the resources 
required to achieve this may be better applied to the initiation 
of field experiments. The concept of near-saturated covers above 
the water taM;dFt; been supported by the re:;;;d :;pratory and 
modelling It 1s also known 
coefficient of moisi porous materials is quite low. 

diffusion 
What remains 

to be completed is a refinement of the relationship between 
moisture content and the diffusion coefficient in the near- 
z;:yated range. This work is on oing at Waterloo. 

3 
Field trials 

be used to better. eva uate the effects of 
gre:E variability of conditions expected at mine sitefr while using 

existing models to evaluate the relative effectrveness of covers 
in reducing oxygen accessibility in tailings. 

18 PROJW8381\FINREPT.DOC 



A-24 REV.901127 

REFERENCES 

Akindunni, F.F., Gillham, R.W. and Nicholson, R.V., 1991. 
Numerical simulations moisture retention 
characteristics 

to investigate 
in the design of oxygen-limiting covers for 

Akindunni, F.F., Gillham, R.W. and Nicholson, R.V., 1991. 
Numerical simulations to investigate moisture retention 
characteristics in the design of oxygen-limiting covers for 
reactive mine tailings. wtted Can. Geotech. J.. Ju reactive mine tailings. atted Can. Geotech. J.. Ju 
1990). 1990). 

Nicholson. R.V., Gillham, R.W., Cherry, J.A., and Reardon, E.J., 
1990. Reduction of acid generation in mine tailings through 
the use of moisture retaining cover 
barriers. Reply: 

layers as oxygen 
Can. Geotech. J.. 27 402-403. 

Nicholson, R.V., Gillham, R.W. and Reardon, E-J., 1989. Pyrite 
oxidation in carbonate-buffered solution:,2. Rate control by 
oxide coatings. . Reply: Geochim.. Acta. 54. 395- 
402. 

Nicholson, R.V., Gillham, R.W., Cherry, J.A., and Reardon, E.J., 
1989. Reduction of acid generation in mine tailings through 
the use of moisture layers as oxygen 
barriers. Can. 

Reardon, E.J. and Moddle, P., 1985. Gas diffusion coefficient 
measurements on uranium mill tailings: Implications for 
cover layer design. Urwm. 2: 111-131 

Siwik, R.S, Nicholson, R.V. and Smith, J., 1987. Development ofo; 
laboratory methodology for evaluating effectiveness 
engineered covers for reactive tailings. Report to the 
National Uranium Tailings Program, DSS 15SQ.23317-6-1737 

Sydor, R., 1990. Moisture control in porous media by selective 
layering. Unpublished B.A.Sc. Thesis, University of n 
Waterloo, Waterloo, Ontdrio, 66 pp. 

19 PROJ-8381\FINREPT.DOC 



ii-25 
REV.901127 

APPENDIX 1 

UNIVERSITY OF WATERLOO PROPOSAL 
TO CENTRE DE TECHNOLOGIE NORANDA 

20 PROJB8381\FINREPT.DOC 



APPENDIX B 



A-26 

UNIVERSITY OF WATERLOO 

WATERLOO RESEARCH INSTITUTE 

Development Of a Laboratory Procedure for Evaluating the 

Effectiveness of Reactive Tailings Covers 

WRI AWARD # 1474101 

TECHNICAL CONTACT: 

ADMINI STRATION: 

NOVEMBER 16, 1933 

R.W. Gillham and 
R.V. Nicholson 
Earth Sciences Department (WCGR) 
University of Waterloo 

Barry Hayward 
Contracts Manager 
Waterloo Research Institute 
University of Waterloo 



A-27 
Contractual Agreement with the 

Centre de Recherche Noranda 

for the 

Development of a Laboratory Procedure for Evaluating the 
Effectiveness of Reactive Tailings Covers 

1.0 Inttoductlon 
The University of Yaterloo proposes to conduct research on the evaluation 
of properties controlling oxygen transport through moist geologic 
sediments. This research will be conducted as a subcontract to the 
Centre de Recherche Noranda. The project ulll be directed by Drs. R.W. 
Gillham (WCGR) and R.V. Nicholson (Earth Sciences) utiliring available 
facflities at the University of Waterloo. Work on the project will be 
completed by a graduate student (MC) and a techniclan selected by Drs. 
Gillham and Nicholson. 

2.0 Tech&al Scope 
This research investigation will comprise laboratory testing and computer 
modelling to evaluate the charactertstic properties that control the 
diffusion of oxygen through mist unconsol4dated geologic sediments.. It 
is anticipated that a specialired laboratory apparatus will be required 
to conduct the laboratory testing and this device will be constructed and 
tested as part of the investigation. 

2.1 Laboratory fnvastigatlon 
A procedure and appropriate device will be required to measure the 
effective diffusion of oxygen through moist sediments. The development 
of a suitable apparatus will represent a significant time and budget 
committment in this investigation. Other laboratory testlng will also be 
required, however. This will include but not be limited to the 
following: 

-characteristic moisture drainage curves 
-grain size distribution 
-moisture content measurements 
-porosity measurements 
-bulk density and 
-permeameter testing (hydraulic conductivity) 

It Is these and other fundamental parameters and characteristics which 
will be related to the oxygen diffusion behavlour and used to predict 
oxygen transport through selected materials. 
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2.2 Mathematical Modclllng 
A model will be developed to simulate the diffusive transport of oxygen 
through moist geologic sediments. The model will be based on time 
dependent fickian Diffusion with fundamental measurable properties as the 
control1 trig parameters. The model will be verified by comparing results 
to analyttcat solutions applying simple limiting conditions. Validation 
will be performed using the results from the diffusion experiments. 

2.3 Testing of Candldatt Cover Uaterf:als 
The lnvestlgatlon by the Yaterloo research group is expected to result in 
the develop#nt of a prototype of an oxygen diffusion apparatus. The 
plans for this device will then be used to construct a few working models 
at the Centre de Recherche Noranda. The study team at Waterloo will 
advise on the constructfon of these devices and on the testing of 
candidate materials that will be conducted in the Notanda Laboratories. 
The Waterloo study team will assist Noranda with the acquisition of the 
fundamental physical data for the candidate materials. 

2.4 Antklpated Results 
The results of this research project will l ncanpass the following: 

1. A prototype experimental apparatus capable of testing the diffusion 
of oxygen through moist unconsolidated geologic materials. 

2. A Computer code to sinulate the diffusion of oxygen in materials 
noted above. 

3. Data on the fundamental physical properties and characteristics that 
control oxygen diffusion In selected test materials. 

3.0 Reporting 
Reports on progress In this project will be submitted at the end of each 
phase of work shown In the origlnal proposal to DSS (Table 1 dated 
October 4, 1988) or approximately on a quarterly basis. A major progress 
report will be submitted ten (10) months after Initiation of the project. 
A final report will be' sub@tted to the Centre de Recherche Noranda upon 
completion of the project (expected Uarch 30, 1990). All information on 
the experimental procedures, data and computer codes, developed during 
this Investigation will be documented In the final report. The report 
submitted by the UnIverslty of Waterloo under the conditions of the 
contract will be self-contained and will be appropriate to include as an 
appendix to the final report that Notanda intends to submit to the 
Department of Supply and Services. 
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4.0 Scheduling 
The schedule shown in Table 1 of the original proposal submitted to DSS 
(dated October 4, 1988) Is appropriate for the relative timing of study 
activities. It Is anticipated that the project will be initiated in 
January 1989. This will shift all activities in Task 1 (Laboratory 
Studies) by two to three months. The activites in Task 2 (Modelling) 
should not be significantly affected by the later starting date. 

5.0 Budget Sumnary 
The estimated cost of this project Is $112,000.00. Thls includes 
$90.000.00 in professional time (R.W. Glllham, R.V. Nicholson, 1 graduate 
student and 1 technician) over the 16 month period of the study. 
Disbursements are expected to account for $22,000.00. The costs are 
sumnarited in Table 1. 
The Professional fees are based on the (DSS approved) university rates 
which include an addItiona 65% on basic salary and benefits. Time for 
Drs. R.W. Gillham and R.V. Nicholson Is Included as Principal 
Investigators' fees. Disbursements are charged at cost and travel 
includes a 2% handling charge. 

6.0 Method of Paylacnt 
Payment will be made not more frequently than once a month in accordance 
with the following disbursements 

Table 1. Sumnary of costs and personnel allocations for the Covers 
,Assessment Project. 

Item Description 

1. Professional time* Gillham Nicholson Graduate' Tech 

(Days) (Days) Months) (Months 1 

- Laboratory Studies 7 15 8 11 _ m 
- Modelling 5 5 Q 

Total 

(Ben & O/X lncl.) Total Professional Time 90,000 
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2. Disbursements 

- Travel** 
- Equipment Rental (Includes computer time) 
- Supplies/Disbursements (includes equipment fabrication) 
- Chemical Analyses 

2,000 
6,000 

10,000 
4,000 

Total Disbursements 22,000 

Total Estimated Cost 112,000 

* includes 65% overhead on base salaries & benefits 

** Includes 2% overhead on travel costs 

Costs are calculated in accordance with Supply and Services Canada Directive 
#4005 date 31/05/85 covering pricing of research and developnent contracts 
with Universitfes and Colleges. 

7.0 Rights and Obligations 
All rights, title and interest In and to technical data, intellectual 
property, patents and trademarks, Inventions, acquisitions, shall and are 
hereby transferred and assigned to Her Majesty. The indemnity provisions 
set forth In this sub-contract with Noranda, shall be deemed to apply to 
the aforesaid transfer. 

. 

The University shall retafn the right to use project results for research 
and educational purposes and the client shall be furnished with copies of 
any proposed disclosure relatlng to this agreement at least ninety (90) 
days in advance of presentation or publication. If no objection is 
received within thirty (30) days the University shall be free to proceed. 
In the event written objection Is made, an acceptable version of the 
proposed disclosure shall be negtotlated, including release date, within 
the original ninety (90) day notice period. 

The University shall be free to publlsh 12 months after termination of 
this agreement. . . 

8.0 Contractor 
The University of Waterloo, Waterloo Research Institute, 200 University 
Avenue West, Waterloo, Ontario N2L 361 would be named the Contractor. 
Barry Hayward, Contracts Manager; will be responsible for the: 
administrative support services. 

The technical aspects would be discussed with Dr. R.W. Gillham and R.V. 
Nicholson but any changes to the contract must be made through the 
Contractor. 
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APPENDIX 2 

Source Code Listing of the Diffusion Model 
and Examples of Trial Runs 
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THIS PROGRAM CALCULATES OXYGEN DIFFUSION.IN TWO DISTINCT WAYS. 

(1) THE TRANSIENT FLUX THROUGH A SINGLE LAYER CAN BE COMPUTED 
WITH KNOWLEDGE OF THE LAYER THICKNESS, THE EFFECTIVE DIFFUSION 
COEFFICIENT OF THE LAYER AND THE OXYGEN CONCENTRATION AT THE 
SURFACE OF THE LAYER. THE CONCENTRATION OF OXYGEN AT THE BASE 
OF THE LAYER IS ASSUMED TO BE ZERO. THE FLUX IS CALCULATED AS 
A FUNCTION OF TIME FOR A SPECIFIED RANGE. 

(2) STEADY STATE DIFFUSION THROUGH A MULTI-LAYERED SYSTEM IS 
ALSO CALCULATED. UP TO 20 LAYERS CAN BE SELECTED (OR THE PROGRAM 
CAN BE MODIFIED TO ACCEPT MORE LAYERS). THE THICKNESS AND THE 
DIFFUSION COEFFICIENT OF EACH LAYER IS SPECIFIED. THE CONCENTRATION 

OF OXYGEN AT THE TOP BOUNDARY CAN BE SPECIFIED (WITH DEFAULT TO 
ATMOSPHERIC) AND THE VALUE AT THE LOWER BOUNDARY IS ASSUMED TO BE 
ZERO. BOTH THE OXYGEN FLUX AND THE CONCENTRATION PROFILE ARE 
CALCULATED. 

PROGRAMMED 
IN PARTIAL FULFILLMENT OF 
A CONTRACT WITH 

NORANDA TECHNOLOGIE LTD 
HYMUS BLVD 
POINTE CLAIRE, QUEBEC 

OCTOBER 01, 1990 

BY 

RONALD V. NICHOLSON I DEPARTMENT OF EARTH SCIENCES 
UNIVERSITY OF WATERLOO 
WATERLOO, ONTARIO 
N2L 3Gl 

C*R***~*R********R**%******RRRRn%**~~%~~%%~%%~~~%%%~~%~~%x~~~ 

IMPLICIT REAL*B(A-H,O-2) 
CHARACTER*32 OUTFILl,OUTFIL2 
DIMENSION TIME(100),FLUX(100),A(20,3),DE(20),DX(20~,W~20~, 

&DEPTHt2O),PCTO2(20),C(20) 
CHARACTER*60 TITLE 
wRITE(*,3102) 

3102 FORMAT(////lX,'GIVE THE TITLE OF THIS PROBLEM . . . (UP TO 60', 
6;' CHARACTERS)'//) 

READ(*,3103)TITLE 
3103 FORMAT(A60). 

WRITE(*,3001) 
3001 FORMAT(//lX,'DO YOU WISH TO MAKE A TRANSIENT FLUX CALCULATION',/ 

&lX,'FOR ANY ONE LAYER? . . . YES=1 NO=0 . . .') 
READ(*,3002) Kl 

3002 FORMAT 
IF(Kl.NE.l)GOTO 501 

502 CONTINUE 
wRITE(*,3003) 

3003 FORMAT(//lX,'GIVE THE THICKNESS OF THE LAYER IN METRES...') 
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FtEAD(*,3004) TLAYER 
3004 FORMAT(G10.3) 

WRITE(*.3005) 
3005 FORMAT(//lX,'GIVE THE EFFECTIVE DIFFUSION COEFFICIENT'/ 

&lX,‘IN SQUARE METRES PER SECOND...') 
READ(*,3006)DEFF 

3006 FORMAT(G10.3) 
WRITE(",3007) 

3007 F;RMAT(//lX,'GIVE THE TOTAL TIME FT: THE'/ 
DIFFUSION PERIOD IN HOURS... 

R.EiD(*,3008) HTIME 
XTIME=HTIME*3600. 

3008 FORMAT(G10.2) 
WRITE(*,3011) 

3011 FORMAT(//lX,'GIVE THE OXYGEN CONCENTRATION AT THE UPPER BOUNDARY' 

&10X,'IN VOLUME PERCENT . . . IF ATMOSP,HERIC VALUE IS DESIRED . ..'I 
&20X,'PRESS RETURN . ..'I 

READK3012) CPCT 
3012 FORMAT(G10.4) 

IF(CPCT.EQ.0.) CPCT=20.9 
COX=CPCTR1.309E-2 

C *** COX IS IN KG/CU M GAS PHASE *** 
WRITE(*,3009!TLAYER,DEFF,HTIME,CPCT 

3009 F;RMAT(//lX, THE FOLLOWING DATA WILL BE USED'/ 
FOR THE TRANSIENT DIFFUSION CALCULATION'// 

&lOX,LAYER THICKNESS = ',F10.2,; METRES'/ 
&~OX,'DIFFUSION COEFF = ;:;E;.;,, SQ M/S'/ 
&lOX,'TOTAL TIME = HOURS'/ 
&lOX,'OXYGEN CONCN = ',F10:4:' %'//I) 

WRITE(*,3010) 
3010 FORMAT(/lX,'IF THE DATA ARE CORRECT... PRESS RETURN'/ 

&lX,'TO REENTER THE DATA TYPE 1 AND RETURN . ..'I 
READ(*,3002) K2 
IF(K2.NE.O)GOTO 502 
WRITE(",3014! 

3014 F;RMAT(//lX, GIVE OUTPUT LISTING FILENAME FOR'/ 
THE TRANSIENT CASE...') 

READ(*,3015) OUTFILl 
3015 FORMAT(A32) 

STFLUX=DEFF*COX/TLAYER 
OPEN(6,FILE=OUTFIL1,STATUS='UNKNOWN') 
WRITE(6,3204)TITLE 

3204 FORMAT(lX,A60//) 
WRITE(6,3016)TLAYER,DEFF,HTIME,CPCT,STFLUX 

3016 FORMAT(//%lX,'TRANSIENT D!FFUSION CALCULATIONS FOR THE'/ 
&30X,'FOLLOWING CONDITIO$S&/2., 
&10X,'LAYER THICKNESS = 
&~OX,'DIFFUSION coEFF = ;J$;:; 

METRES'/ 
SQ M/S'/ 

&~OX,'T~TAL TIME = HOURS'/ 
&lOX,'OXYGEN CONCN ' Fl0'4" %'/// 
&SX,'THE STEADY STATE FLUX THROUGH THIS LAYER = ' ,E10.3, 
&' KG/SO M/S'/// 
&5x 'TIME (HOURS)',~X,'FLUX (KG/SO M/s)',~x,"PCT OF STEADY FLUX') 

CALL TRANSMOD(DEFF,TLAYER,COX,TIME,FLUX,XTIME) 
WRITE(*,3013) 

3013 FORMAT(///lX,'TRANSIENT CALCULATIONS ARE COMPLETE...'/ 
&lX,'DO YOU WISH TO SOLVE A STEADY STATE LAYERED PROBLEM? . ..'/ 
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&lX,‘IF YES‘PRESS RETURN . . . IF NOT PRESS 1 AND RETURN...'//) 
EtEAD(*,3002) K3 
IF (K3.NE.0) GOT0 503 

C 

z:: 
CONTINUE 
WRITE(*,3101) 

3101 FORMAT(//lX,'START STEADY STATE MULTI-LAYERED PROBLEM . ..'// 
6rlOX,'GIVE NUMBER OF LAYERS (2...20). . ..') 

READ(*,3017)XNLAYER 
3017 FORMAT(G1O.O) 

NLAYER=INT(XNLAYER) 
Do 30 1=1, NLAYER 
WFUTE(*,3018) 

3018 FORMAT(/lX,'IN ORDER FROM TOP TO BOTTOM, GIVE THE...'/ 
& 20X,'THICKNESS OF THE LAYER (Ml... DIFFUSION COEF (SQ M/S)...'/ 
61 20X,'ON THE SAME LINE . . . SEPARATED BY A COMMA . ..'/I 

READ(* 3019) DX(f), DE(I) 
ii19 FORMAT(2GlO 4) 

WRITE(*,3020) 
3020 FORM?iT(///lX,'GIVE THE OUTPUT LISTING FILENAME ..,'I 

&lOX,'FOR THE STEADY-STATE PROBLEM . ..'I 
READ(*,3015)OUTFIL2 
OPEN(7,FILE=OUTFIL2,STATUS='UNKNOWN') 
WRITE(*,3021)NLAYER 

3021 FORMAT(/lX,'THE DATA FOR THIS STEADY STATE PROBLEM', 
&' ARE AS FOLLOWS . ..'/I 
&loX,'NUMBER OF LAYERS = ',14,/i 
&SX,'LAYER',5X,'THICKNESS (M)',SX,'DIFFUSION COEFF’) 

DO 40 I=l,NLAYER 
40 WRITE(*,3022) I, DX(I), DE(I) 
3022 FORMAT(8X,I3,8X,F10.2,8X,ElO.3) 

WRITE(*,3023) 
3023 FORMAT(//lX,'IF THESE DATA ARE CORRECT, PRESS RETURN . ..'I 

&lOX,'TO REENTER DATA PRESS 1 AND RETURN . ..'I 
~wW*,3002) K4 
IF (K4.NE.O) GOT0 504 

C 
cO=O.274 
A(l,l)=O.O 
A(NLAYER,3)=0.0 
W(l)=-CO*(DE(l)/DX(l)) 
LC=NLAYER-1 
C(NLAYER)=O. 
Do 10 I=l,NLAYER 

IF (I.EO.1) THEN 
DEPTH(I)=DX(I) 

ELSE 
DEPTH(I)=DEPTH(I-l)+DX(I) 

ENDIF 
10 CONTINUE 

Do 60 I=l,LC 
IF (I.NE.1) A(~,~)=DEW/DX(I) 
A(I,2)=-(DE(I)/DX(I)+DE(I+l)/DX(I+l)) 
IF tI.NE.LC) A(I,3)=DE(I+l)/DX(I+l) 
IF(I.NE.l) W(I)=0. 

60 CONTINUE 
C 
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WRITE(7,3105)TITLE 
3105 FORMAT(lX,A60//) 

TFLUX=DE(l)*(CCbC(l))/DX(1) 
WRITE(7,1003)NLAYER 

1003 FORMAT(/lX.'THE DATA FOR THIS STEADY STATE PROBLEM', 
61' ARE AS FOLLOWS 'I/ 
&lOX,'NUMBER OF LAiiiS = ',14,// 
&SX,'LAYER',SX,'THICKNESS ~JS)',SX,'DIFFUSION COEFF’) 

DO 70 I=l,NLAYER 
70 WRITE(7,1004) I, DX(I), DE(I) 
1004 FORMAT(8X,I3,8X,F10.2,8X,ElO.3) 

WRITE(71001)TFLUX 
1001 &FORMAT(//5X,:TOTAL OXYGEN FLUX THROUGH THE SURFACE = ',E10.3, 

' KG/SQ M/S /// 
&SX,'THE OXYGEN CONCENTRATION PROFILE IS AS FOLLOWS . ..'./// 
&SX,'DEPTH (M)',5X,'OXYGEN (%)'/) 

WRITE(7,1002) 0.0, 20.9 
1002 FORMAT(4X,F10.2,7X,Fl0.5) 

DO 50 I=l,NLAYER 
PCT02(I)=C(I)*76.405 

55:3 
WRITE(7.1002) DEPTH(I),PCTOZ(I) 

STOP 
END 

C 
C X*X****R*****R**X*******RR*R*R***R**RRR*%**~****%~**%**%~~*~%***~ 
C 

SUBROUTINE MATRIX (A,C,W,LC) 
C 
C TRI DIAGONAL MATRIX SOLVER 
C 

INTEGER LC 
REAL"8 C(20),W(20),A(20,3) 

C 
C DECOMPOSITION ROUTINE 
C 

DO 250 1=2,LC 
A(I,l)=A(I,l)/A(I-1,2) 
A(I,2)=A(I,2bA(I,l)"A(I-1,3) 

250 CONTINUE 
C 
C FORWARD SUBSTITUTION 
C 

Do 300 1=2,LC 
W(I)=W(I)-A(I,l)*W(I-1) 

300 CONTINUE 
C 
C BACKWARD SUBSTITUTION 
C 

C(LC)=W(LC)/A(LC,2) 
DO 350 K=2,LC 

I=LC-K+l 
C(I)=(W(I)-A(I,3)*C(I+l))/A(f,2) 

350 CONTINUE 
C 

RETURN 
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END 
C 
C **X******************************************%**********%****~** 
C 

SUBROUTINE TRANSMOD (D,TLAYER,cox,TIME,FLux,~TIMEJ 
C 
C TRANSIENT DIFFUSION THROUGH A FINITE LAYER WITH C=O AT BOTTOM 
C 

IMPLICIT REAL*8(A-H,O-2) 
M~ffO; TIME(100),FLUX(100),HOURS~lOO) 

FLUX&O: 
DELTIMEi=XTIME/SO. 
PARM1=1.128*cox 
PARM2=TLAYER**2/4 
STFLUX=D*COX/TLAYiR 
Do 20 ~=2,51 

TIME(J)=TIME(J-l)+DELTIME 
El=O. 

DO 10 1=1,21 
11=1-l 

10 
FL%Jj=PARMl * (D/TiME(J)j**OS 

= El + DEXPt-(2 *II+1 )**2*P?RMf/(D*TIME(J))) 

PCTFLX=FLUX(J)/STFLUX*l~~. 
HOURS(J)=TIME(J)/3600. 
WRITE(6,2002) HOURS(J),FLUX(J),PCTFLX 

CONTINUE 
go002 FORMAT(5X,F10.2,10X,E~~.3,5X,Fl~.4) 

RETURN 
END 
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SAMPLE PROBLEM 

TRANSIENT DIFFUSION CALCULATIONS FOR THE 
FOLLOWING CONDITIONS 

LAYER THICKNESS = .lO METRES 
DIFFUSION COEFF = .lOOE-09 
TOTAL TIME 

SQ M/S = 45000.00 HOURS 
OXYGEN CONCN E 20.9000 % 

THE STEADY STATE FLUX THROUGH THIS LAYER = .274E-09 KG/SQ M/S 

TIME (HOURS) 
900.00 

1800.00 
2700.00 
3600.00 
4500.00 
5400.00 
6300.00 
7200.00 
8100.00 
9000.00 
9900.00 

10800.00 
11700.00 
12600.00 
13500.00 
14400.00 
15300.00 
16200.00 

~3% 
189OO:OO 

FLUX7k;;/;f M/S) PCT OF STEADY FLUX 

.256E-10 

.756E-10 

.1253-09 

.1643-09 

.193E-09 

.215E-09 

.231E-09 

.2433-09 

.2623-09 

.2653-09 

.267E-09 

.2693-09 

.2703-09 

.2713-09 

19800.00 
20700.00 

27000.00 
27900.00 
28800.00 
2! 9700.00 

.2733-09 

.2733-09 

30600.00 
31500.00 
32400.00 
33300.00 
34200.00 

.2733-09 

.2733-09 

.273E-09 

.2733-09 

.273E-09 

.273E-09 

.2793 
9.3541 

33* E; 
5918888 

;: x 
84:4900 

E*E 
94:0340 
95.6576 

;?:E 
98:3154 
98.7673 
99.0955 
99.3338 
99.5070 
99.6327 
99.7240 
99.7904 

x;#z 
99: 8990 
99.9174 
99.9308 

iK:;z 
99:9528 
99.9565 
99.9592 
99.9612 
99.9626 
99.9636 
99.9644 
99.9649 
99.9653 



35100.00 

3%t% 
37800:00 
38700.00 
39600.00 
40500.00 
41400.00 
42300.00 
43200.00 
44100.00 
45000.00 
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.273E-09 

.273E-09 

.273E-09 

.273E-09 
: ;;n;-cl; 

: 9EZ 
.273E-09 
.2733-09 
.273E-09 
.273E-09 

99.9656 
99.9658 
99.9660 
99.9661 

;z *;z:: 
99 : 9663 
99.9663 
99.9663 
99.9664 
99.9664 
99.9664 
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SAMPLE PROBLEM 

THE DATA FOR THIS STEADY STATE PROBLEM ARE AS FOLLOWS . . . 

NUMBEROF LAYERS = 4 

LAYER THICKNESS (Ml DIFFUSION COEFF 
1.00 

.lO 

3 
1.00 

.lO .lOOE-08 

TOTAL OXYGEN FLUX THROUGH THE SURFACE = .125E-08 KG/SQ M/S 

THE OXYGEN CONCENTRATION PROFILE IS AS FOLLOWS . . . 

DEPTH (M) OXYGEN (?i) 

.oo 20.90000 
1.00 19.98338 
1.10 10.46748 
2.10 9.51589 
2.20 .ooooo 
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ABSTRACT 

This thesis has application to the reduction of acid generation in mine tailings. The 

concept entails applying 8 fine-grained cover matuial to the surface of the coarser mine 

tailings. Current conceptual and numerical models suggest that the cover can remain 

oanrratedevenwithrwatertrblethatislocattdatsocnedistuwx~theOroundsurfux. 

‘he cover can nmain saurated because the coarser mat&al below, which drains rektively 

quickly from full samration to residual saaxation, develops a very low hydraulic 

conductivity and impedes drainage in the overlying layer. Oxygen diffUes far more slowly 

inwaterthaninair(ap~ximatelyfaraardeRof~mulra)aad~f~,the 

sanuated cover will significantly reduce the tate of oxygen diffM= into the railings. The 

reduced ava&Wity of oxygen in the tailings reduces the rate of oxkkicn by oxygen snd 

hence, decreases the rate of acid generation. 

A laboratory soil column experiment was conducted to confirm, in part, the conceptual and 

numerical models. SpecifMly, the main objective was to detemrine if the coarse-grsined 

layer did indeed impede drainage of the overlying fine-grained cover layer. 

Therew~txallenta~mentbetwtentbeex~nsuhsradthensultspndicted 

by the conceptual and numerkal mcxiels. The lower coarse-grained layer*,composed of 

coarse sand, drsincd rapidly to a value near residual sanuation snd the m head profile 

became nearly venial witbin 24 hours. Saturation and presswe head decreas& only very 

slightiyinthecohmmovcrthefo~owingtwoweckpuiui mpsurcheadinthe 

~~ar~e-gmhd layer appemd to be rpproachino I static conditim, which was far from 

quilibriurn,utheendoftheexperimen~ Thcpmssureheaduansm-dbythecoarse 

layer to the coar+%e sand interface was approximately equal to the ptessure head at 

which the coarse-grained sand approaches residual saturaticm. ‘W fine-grsined Borden 

iv 
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sand, composing the overlying cover mat&al, remained warly amrated during the 

experiment. 

The experimental nsults support the findings of the caxxpmal and numerical models. All 

thw approaches suggest that the cover can remain utunttd if the airatry value for the 

fine-grained cover material is greater the sum of the cover ?bkness plus the suction at 

which the coarse ma&al approaches I&U saturab (all in terms of absolute values). 

V 
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1.0 INTRODUCI’ION 

The mining of ores amaining economic minds, like nickel, zinc, lead, copper, silver, 

gold, and uranium, pmduces enormous volumes of tailings during the milling process. In 

CMadaalone,itis~thathrnvtrcAPofmiUiOLuottmDesafEailingscoveranare~ 

extent of approximately 11 Ooo ha (Nicholsa! et rt. 1989). These tailings contab 

sulphides, like pyrite, which readily oxidizc, producing acid in the process. 

An incrwe in the acidity of the downward percolating water can have a severe impact on 

the environment. Acidic water has an &cased abii to dissolve solid cons&ems as it 

inMates through the tailings. Asfilbw8menmsthesubsulf&m~stlrfacew* 

systems, there is the potential for a sevem water quality degmdatba Water from these 

systems may destroy ecosystens or become unsuitable for bmlan consumption or industrial 

and agricultutal applications. 

The rate of acid generation is closely related to bosh the avaiMlity of gaseous oxygen and 

to the rate of oxygen diffusion into the trilings. UnfMy, the majority of tailings are 

piled on the earth’s surface where there is a virmally unlimkd supply of gaseous oxygen. 

Further, oxygen diffuses quite easily through air. ‘Ibe result is a zate of oxidation in the 

upper 0.S to 3 m of the tailings piles, whue tile reid k PaoQeed (Nicholson et al., 1989). 

storing tailings undenvater is ate possible method for Educing the amount of acid 

generated Natural or man-made lakes could be used as storage sites. Relative to a& 

water has less available oxygen (i.e., dissolved oxygen) md a rate of oxygen diffusion 

about four orders of magnitude smaller (Nicholson et aL, 1989). Considering only the 

reduction of acid generation, the underwater storage of tailings is better than storing them 

where they are exposed to air. However, economic, political and other long-term 
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considerations might be pmhibkive. 

The application of a flne-grained cover layer to the surface of the tailings, which is capable 

of retaining 8 high degree of satu+m is 8u aknative approach to reducing oxygen 

availability. The cover acts as an oxygen bank because it greatly Icducc!? the inward 

diffusional transport of oxygen Wii the appropriate selectim of a coves materi& a high 

de~ofraturotioncanbemaintaind~itttiecoverissevvrlmetnsabovethewater 

tilt. 

The application of moisture-staining cover layus to ndwx ti 8vailability of oxygen in 

tailings piles has not yet been fully investigated. Reantly, Nicholson et aL (1989) 

developed a theoretical model based on the hy&aulic principles and characte13tics of 

paniallysaturatedporousmedirmd~~’r~tmd~kwr,whichdcscriktheateof 

oxygen diffusion through the cover layer. Tile model can be used to evaluate the 

effectiveness of potential cover matuiab in redudg the oxygen availability. 

Hydraulically, the model suggests that cover materials, with an appropriate texture, can 

remainsaturatodevepwithawater~b~thatislocetedrtsome~~fromtfiegro~ 

surface, The cover remdns satmted because the conrser mate&l below, drains relatively 

rapidly to residual samration. The pressure head in the drained mat&al decreases quickly 

to approximately the pnssure head at which tfre coarser mat&l approaches residual 

moisture con&n& ‘Ibe pressure head does na become subsu&Uy mom negative than this 

pressure head. Further, the &ained mat&l has a greatly reduced hydraulic conductivity, 

comspondkrgu,tfrelowmoistraeconttnt,udimpedetfunherdninagcofthesystem In 

essence, the system appmachcs a static ca&ion, which is fk from static equilibrium 

Further lowering of the water table should xut sigMcaMy affect the moisture content of 

the fine-grained cover layer because the sand can na transmit the p~ssure bead. 

2 
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Numrlcal simuhtion te&@ues have also been applied to studying moisture retention in 

cover layers. Akindunni et aL (unpublished) has developed a one dimensional, finite 

elemnt, aamrwd-UI1SatUfOtbd flow model to sardy the dtainage tbrough a twcAayer profile. 

Theresuhs~thenumericrlmodellinOsuggestthatitQhydraulicaUypossibletomaintain 

full saturation in properly deaigtM cover layA. 

Tbepurporeofthir~~~wastovedfy~eruultsoftt#~pualaadnumerical 

models with expcrir~ntal xsults from a iaboramty column experimm. Specifkally, the 

main objective was to daamine if the awe-grained layer does inked impede the 

dtainage of the fine-grain& layer. 

Water retention in porous nsdia iavolves the hydraulic prindpl# of cq~illary forces and 

flowinunsatumtedporousmedia whalstudyingthe~eofporousmtdia,itis 

importanttomc&ardrepaercunhead8tximoistwecontct% Rcssutcheadandmoisture 

content were m&toted using prwure tirausducer~omeuy and time domain 

reflectometty, respectively. The next saztion ptwents a review of these hydraulic principles. 

3 
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2.1 HYDRAULIC PRINCIPLES 

2.1.1 Soil Phase Relationships 

To describe the hydra& characteristics of a soil, several terms IVC used: porosity, 

vohlmelric moisaue coata& and degree of satumtim -Ibe pomity, 0, is the ratio of the 

volume of voids to the total unit volume of a so& The volumuic moisture (or water) 

content,e,irtheratiooftbevolumeofwatertothetotzlunirvolumedasoit The 

degree of satmtiO% s, is the ratio of the volume of water to the total volume of voids. 

Thethreetermsaremathematically&finedandinter-related: 

n=VJ% (1) 

e=vJvt (2) 

S,= VJV. (3) 

e-ns. (4) 

2.1.2 Surface Tension and Capillary Pressure 

If possible, a surface posses&# fkee energy will amuact. llmurfxeofi&uidcanbe 

conceptualized as an elastic membme or skin that attempts to tzonmx The slmching or 

4 
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tensile force quid to form this skin is called the surf@ tension, d (Streeter and Wylie, 

1981). W&CC tension or intcrfacial tension is defined as tk amount of work that must be 

done to separate a unit area of two substances. The units of surf&e tension arc force over 

length, or h4T”. 

Figure 1: The angle of contact 

Solid (S) 

The angle of cmtact, a, is defhed as the angle buweea the tangent to the fluid interface 

(at the point of contact) and the solid surface, masured through the dawr fluid (eg., water 

in an air-water-solid system). Figure 1 shows a for a solid-liquid-gas contact. Its 

magnitude can be calculated fron! the equilibrium nlati~p for the three surface tension 

vectox aLo for liquid-gas, a,, for solid-liquid, and a,,, for gas-solid surfaces, respectively. 

This rdationship, called Yomg’s equation, is: 

%e=+%=%# (9 
or 

COSU-(Ut3S-U&UUJ (6) 

Young’sequationrtrtesthu~LdeAMd~thentioof~encrOynleasedinforminga 

unitanaofinttrfacebenkreenasolidSmbaliquidL,insteadofbetweenasolidSanda 

fluid G, to the energy required to form a unit ma between the liquid L and the fluid G 

(Bear.1972). Ifaislessthan9oo,drefl~L~towathesolid Inthiscase,the 

adhesion forces between the liquid and the solid arc greater than the liquici’s cohesive 

forces. 

5 
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Asaconrequerraofthcaw~ofthe 

liquid surface, the pressure is gmiter on 

the concave side of the iumface. The 

pressure diffmna, called capillary 

pressure, pn can be calcuhd for the 

sphericalinmf&xshminF~2: 

2=-tPl-p3* m 
or 

P.--/r (8) 

Thisequationstatexthattheapiuary 
d 
Pgt92: Capilhy pmsun in a water 
roPa 

pressuxe, p* is dimxly proporcionat to the 

1 

surface tension, a, and inmly pmportiml to the radius of cuwatm, r. 

Apracticalapplicatimofequation8isto 

dCttrminethehCightWaterWillrisehthC 

capillary tube ahown in Fii 3. A 

capillary tube is a hollow opamded tube 

withaflnebore. Whenitisfbtplacedin 

a container of .water, the water level .in the 

tubecanbeexpmdtoriseonlytolevel 

cm-Y- 

+9 

. ’ . . . . . ..I L eve’ A. 

A, if surface tedat t =fjk-- L 
Figure 3: A capillary tube 

Considering srafra tens@ the water (modified from Bear, 1972) 

surface in the tub will hwe 8 comaw 

upwards spherical amiscu8 with a pnssun difknce uro~s & According to equation 8, 

tllCWaterbdOWthC xxdscushasapnss\tnW/r lessthantheaw~~~phericpre~~ureabove 

it. Since the pre~tn on the water surface at A, outside the tube, is atmospheric (ie., 

greater), water will be forced up into the tube. Equilibrium will be established when the 

hydrostatic pressure, of the column of water in the tube, balamxs the pressure difference of 

6 
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20/k. At equilibrium, the pressure at level A will be clmaospheric both inside ad outside 

the tube. ?he height of rise, h, can be computed from Fii 3: 

h&jJg = 2ltmxsa (9) 
or 

h, = 2ocwwqx (10) 

Equationl0tcdledthecapiWyriSefurmula. Usingduesfarwateru20°C,equation 

10 becomes: 

h, = 0.149/r km1 (11) 

A simplified-system of capWry tubes, of vakn~ bore sizes, an be used to model the 

distribution of port sizes in a homogeneous soil it satic eqdibdm (ie., no flow). 

Assuming no flow, the water level in the container will col~qad to the water table in the 

soil section. Both are at ltmospheric pmssure or zero gauge pmssure. The height of the 

meniscusof~ewidestcapillarytubecomgpadstotbebeightd~crpiUayfringeinthe 

soil section. Above the capillary fringe, the degree of don in the soil continues to 

decreaseuntilaminimumvalueisattain& l’bisismalogousto succesdvely rmakr tubes 

vadose ulllc* is negative. Below the water table, which is called tk satlmed mm 

pressure is po6idve. 

impliesthatporesintberoilucsufficientlysmrllindiametertoretainwateruptothetop 

of the soil se&u In d@r words, some water remains immobk in the smallest pores in 

the soil. The irreducible water contcn~ 8* corresponds to S, 

7 
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IftheSOilpor#andtubesw~iniriallyfilltd~Wataandthen~Owltdtodrain,each. 

capillary tube would drain to its respective h, This indicates that a capillary tube or soil 

pore will drain if the radius of curvature, of the water m, can not be made 

sufficiently small to bdancc the applied negative px3suxe. Tbe pressure, v,* at the top of 

the capillary fringe, is called the air entry ptcssure or bubbling pnssure. ‘Ibe air mtry 

pnssureistht~uwhichthelagestcapillarytube,orroil~,drainsafwaterand 

EUswithair. Inadrainedcrpillaytubeor~port,rfitmofw~willrwnainstongthe 

wallofthetubeortbeg&sformingtbepore. nlisGlmofwaterisconsideredintheS, 

and 9, tams. 

Giliham (1984) used the capilky rise 

formula (equation 10) to colxekre tile air lo: 

entlyplWsureofrsoiltotbegninsize s:“, -.-.-.-. 

(see Figure 4). The capillary radius, r, was 4 ,,+. 
‘b 

assumed to correspond to the lar@st pan 
i 

IO l 

radius and to twice the grain diameter. 

The height of rise, h, was then itWpt’~ted ’ 

as the yf, value. The equstion indicates 

that silts (62 to 4 milxal paxticld might 
Figure 4: Capilky rise for diffct~ soi 
materials (modified from GillhU& 1984) 

have v, values ranging from 1 m to 2 m. 

~imilarly,sands(63~t02mm)inighthave~,vaiues~~fromlcmto100c~ 

In summaryt ilno-grdmd materials remain fmuated at gmter hiights above the water table 

than do coamer gniaal mat&a&i. ‘Ike theory suggests that drainage, even in fine silts, 

should occur within two rimes of the water table for homogeneous parous media 

Layering of porous nvAin results in different behaviour and is discus@ in Section 2.2. 
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2.13 Flow 

Flow occurs in a water saturated medium from regions with a higher potential to regions 

with a lower potentM The fluid potential, I, can be expressed as the mechanical energy 

per unit maw of fluid. It is comprised of three tams representing potauial, kinetic and 

elasticenergy. Thtldneticenergytum~usuallyveyrmallurdcanbeneglected(Fneze 

and cherry, 1979). The remaining two terms simplify to: 

I= e@+W = oh 

where g-thea4xeationduetogravity~7 
h = the hydraulic head CL] 
2 - the elevation head [LJ 
y=thepressuehead[L] 

(12) 

The elevation head, t, is a measure of the gravitational ,potwial atergy per unit weight of 

fluidaboveanaMuarilys&cteddatum Thepaessuchead,y,isameasure of the work 

done on a unit weight of fluid (i.e., elastic v) to change its prcssute &om that at the 

datumtothepressueatthegivenpointinthemat&L ‘Ihehydraulichcad,h,isthesum 

of- the elevation and pressure heads: 
4 h-z+y (13) 

It is the me&anical energy per unit weigh2 of fluid and is a convenient way to represent 

the fluid potemu 

Darcy’s law is an empirically derived expression that desc&es flow in saturated porous 

media. Figure 5 is a schematic npres~~W of Darcy’s law. For one dimensional flow in 

an, isotropic so& Darcy’, law states that the specik discharge, v [vrl, is directly 

proportional to the hydraulic gradient, (&Ml): 

v - -K(dh/dl) (14) 

Tbe specific discharge is e&l to the fluid flow r&e, Q &l/r), divided by the cross- 

sectional area of the porous medium, A [Lq. The hydraulic gradient is the change in 

hydraulic head, dh jL], over the length, dl [L]. ‘Ihe constant of proportionality, K [WI, is 

9 
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s.- . - .  . - . B . S . B  

Q 

. - . - .s  

‘igure 5: Experimental apparatus iilusuating Darcy’s law (modUieU Born FEZC ~a 
Cheny, 1979) 

I 

called the hydraulic conductivity. It is a measure of the ease with which a fluid will flow 

throughrporousmedium. ~~,itisafunctionofboththeporausmediumandthe 

fluid flowing through the medim 

The ahove form of Darcy’s law is applicable for fully saturated porous media. However, 

for unsammW flow the effa%s of hysteresis must be considered. Figure 6 shows typical 

hysteretic volumetric moistute content-pressure head and hydraulic conductivity-prcssun 

head aames for a soiL The curves an hysteretic @ause the values of K and 8 at a 

particular w can vary depending upon the wetting and drying history of the soil. The 

envelope cues in Figure 6 a~ called the main drainage curve and main wetting curve. 

10 
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The curves inside the awelope, which 

indicate that only partial draining or wetting 

occurred before the conditions were 

reversed, axe called scanning cumes. 

The hysteretic relationships are usually 

presented as e(v> and K(y) or as we) and 

K(e). In either prcscntaticn, moistutc 

content is noticeably hystcetk However, 

conflicting opinians exist aweming 

hysteresis in the K(e) Aaticnship. Dane 

and Weircnga (1975) found K(8) to be 

slightly hysteretic. Gn the otherhand, 

Gillham et al. (1976) found no clear 

indication of hysteresis and used a K(8) 

function of the form: 

K=ae’ (15) 

whcreaandnarcfittcdparamcUrs 

‘ua ( 
Main Orainoge Cvve &- 

WJ Yain Wetting 
Cufvr 

. . . . . . . . . . . . . . . 

-1, * 
hwsurr Head 

In their work, both Healy (1989) and ‘igun !: cluraaeristic curves showing 
Giesel and Rcngcr (1973) chose to ignore ;! from Freeze and Cherry, 1979) 
hysteresis in K(e) at.4 co&&red it only 

I- . . . . . 
0 

Rarsur Head 

for the 8(y) relatior~ Klute aud Hcerman (1978) cansideed K(e) to not be hysteretic or 

only marginally hysteretic. Because this study was only concerned with the drainage of the 

soil column from fkll saturation, hysteresis in the soil was not particularly important. 

11 
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provides an excellent indication of a soil mate~Ws ability to ntain moisnm. potential 
cover mate&Is should have a I& that is large in magnitude. For this reason, the silt 
material (VC = -17 cm approx.) used by Barbour (1990) would probably constitute a poor 
cover mate&L Nicholson et aL (1990’) attributed the low air entry pressure of Bmbour’s 
silt to rggrcgarim (ia, large pore size). 

Figure7providesinrightintohowtheairerrpypressurectnberppliadtocrlculatethe 
thicknessofthecoverthtwiUrmaintmtmfed. 7hefigmshowsthatasoilwiUstmto 

drair~whenthepressureheadinthatsoilbec~tersthrurksy,. Ifthesoilisasiltwith 
ay,of-1.7m,tfitnthesihwillnmainfullysanaatedtoaheightof1.7mabovethewater 
table. This~~~the~~sofcavermrterialthrtwillnmrinfullyuwattdis: 

H-VbdV. (18) 

where H=&knessofthecover 
y,,,,-prcssuchcadatbascofcover 
y,=airenaypressureheadforthecovermateW 

If a fine-grained cover xumial was placed over a coarse-graincd material and the system 

~owedto.~frominitial~~.W,woufdconcspond~t&~surehedatwhich 

the residual moistm content is approached in the cause-grain& nutuial, yICl (Nicholson 

et al., 1990). Using the silt and sand from Fii 7, it can be ran that the sand fim 

approaches residual samration at a pressure he@ of -90 cm Using a I~I of -170 cm for the 

silt and equation 18, the thickness of the cover that can remain samraW can be calculated: 

H = -90 - (-170) - 80 cm 

It is evident from the equation 18’ and the above calcukiat that a maximumcontrastin 

grainsizeisdesitd n#~~d#gainsizeafthefine-gratnedmaterial,thelargcrthe 

V, value will be in rnapshudc. The larger the grain size of the coarse-grain& material, the 

sm&rlhC~~,valuewillbcinmagnitude. Asarcsult,thethicknessofthecoverthat 

cannrnain~is~andtbemosteff~oxygenbarrieriscnated. 

13 
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Considering K as a function of w or 8, Daxy’s law for ~IWUU~ flow can be exprcssc& 

v = -KOjMiMiD U6> 
or 

v = -K(B)(Wdl) (17) 

When referring to saturated or tatbhmd flow over an interval of time, the flow may be’ 
considered as equilibria steady-State, transient or quasicquilibrium flow. When water 
within a soil is at equilibrium, the hydraulic gmiicru is vertical (i.e. dhW0 or w/d~=-1) 
and all painta in the matdal have M equal hydraulic hecld; no flow oaurs. Steady-state 
flow occum when the flow vector (ie., magnit& and dim&on) is constant withtimeat 
Mypointinrhematerial. Ifthis~owvecuxcbnnguwithtime,tnnsient~owisoccurring. 
Quasitquilibiiumissaidtoexistifnochangeis~~inthemuerial,intheperiodof 
timeofinterest. Thesensitivityofthe~gbuumemsaadthelengthofthetime 
interval of intenst will greatly affect whether the flow is des@ated as trsnsicnt or as 
quasi-equilibrium. 

2.2 LAYERED POROUS MEDIA 

Below, the hydraulic ptkiples 
discussed in section 2.1 are applied 
to layered porous media. ‘Ihe 
discussion will focus on the design 
considerations for a moist~3 
retaining cover and the axnsbt 
drainage of a layered soil profile. 

Moisture retention c- 
for a soil mat&i can be inferred 
from the shape of tie 8(yO profile. 
Figure 7 shows the 8(1@ profibs 
forasiltloamandan=dium4ne 
SMd F~tbesematerials,the 
magnitude of the air entry pnssurt, 
v,, for the silt loam and the sand 

1111110 -5 -4 -3 -2 -1 

PRESSURE HfAD ( m watrr) 

Figure 7: Moisnq retention curves for a cum- 
Enene)and and a st loam (mod3ied from Gdhm. 

are approximately 170 cm and 17 cm, respectively. The sand drains very rapidly after its 
I& is exceed& the silt drains more gradually. As can he seen, the magnitude of I& 

12 
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the silt ntnained fully sanuatcd throughout the simulation. Figure 9 shows that the 

pmsurc head profile developed an inflection very early in the experiment. After two 

hours, the pressue head profile had become nearly vertical in the zone where the coarse 

sand was drain& lkeafter, the prol%e became only slightly more negative (i.e., -12 cm 

to -22 cm). The draiuage of the roil section appeared to be approaching a static condition 

atthensidualsaturationoftbecoarseanda~headappro~lytquaitoyr,,. 

The authors attributed the slow changes in the saturation and pmnue head profiles and 

hence, the static condition, to the very low hydraulic conductivity of the coarse sand as it 

approaches residual SatumlioxL 

Barbour (1990) conducted bilar analyses for layered soil profiles. However, he assumed 

steady-state flow for a system that is man WistWly in a uansient flow state. Funher, 

theW,forhisfine-grainedcovermaterialandtheconautwidrtbe~l~gmaterialwert 

far too low in magnitude to examine the effective of the moisture cover concept. Both 

Nicholson et al. (1990) and Akindunni et al. (unpublished) point out these deficiencies in 

Barbour’s analysis. 

15 
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The transient nature of the system 

was not considered in the 

discussion above. The results of 

the numerical modelling by 

Akindunni et aL (unpublished) 

suggest that equation 18 

applies for flow that is in a state of 

quasi-equilibrium. Figures 8 and 9 

(from Akindunni et al., 

unpublished) pnxcnt samration and 

pressure head pro&s at various 

times in the.drainage history of a 

soil profile. The soil profile 

consisted of 100 cm of Touchct silt 

loam (v, = -165 cm) overlying 250 

cm of coarse sand (vCIr = -25 cm). 

At the start of the simulation, the 

water tile was lowcxed to the 

datum and the soil section was 

allowed to drain from samratio11 

Figure 8 shows that the coarse sand 

drained very rapidly and 

approached residual &ration 

probably within the first day. 

Thereafkr,thesanaationinthe 

coarse ssnd decreas& at an 

increasingly slower rate. However, 

Figure 8: Saturation versus elevation head. 
Tou& silt loam on - sand 
(fkom Akindunni et al., unpublished) 

Ffgure 9: Pressure head versus elevation head. 
Touchet silt loam on coarse sand 
(from Aldndunni et aL, unpublished) 

14 
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2.3 INSTRUMENTATION 

The soil testing c4xlducted rcqlhd two 

maintypesofiastrumentationtomeasure 

the hydraulic proper&s of the mat&Is. 

Each wiu be discussed sqaratcly below. 

23.1 Pressure Transducer Tmsiometry 

Fluid inr wil column CM be lgure 1u: A tensiomqer 

detel7nined using 8 piczometcr for positive 

pressutes or a tensiometer for negative pressum (Mwepheric pre+um - 0 gauge plessure). 

Figure 10 shows a simple piczomcter and a simple OCltSiOmttCT. Fluid pressue is read 

from the height of the water in the manometer arbe. Since only tcnsiometets were used in 

thisstudy,piezometerswillnotbedixusedfiuther. 

Tensio~rshavtr~cupontheend~~corrtrnwiththe,an. Thebubbling 

pn~afthepaaaucpprmutbe~lectedtopnventrir~mbeiagsuclt#lintothe 

tensiometer. only water should pass through the m cup. Further, the cup must have a 

hydraulic conductMy that permits the rapid cquiWuW of the tensianctez to pressure 

changes in the soil water. 

Therespoasetimeofatensiometertop~nchsnserin6#~ilw~isMimportant 

consideratk If the response ti is too long, the tensiomtter may liot be able to 

accurately nfle43 the pressuc changes. The cup’s hydraulic conductivity and the 

tensiometcr sensitivity determine the response time (Cassell and Klute, 1986). The 

16 
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sensitivity is defined as the change of pressure head per unit volume of water iu & 

tensiorneter system. It refkcts the amount of water that must pass thnxqh the porous cup 

to cause a change in the Mometer reading. Obviously, tensiometers wmxzted to large 

diameter tubs will have a lower set&v@ than tensionmus t2tmead to narrower tubes. 

However, if the tubes become too narrow, capilky rise and tempcnture effects become 

FESSUIC-WCICUSCdillthiSStUdytO- the fluid pnssun. Transduars 

cmainaflexibledi8phragmhcontactwithth8w8terfiomtt#~tube. The 

diaphragm bends slightly to adjust to changes in ptcssum. Attached to the diaphragm’s 

Pressure transducer tensionMet have a much higher gauge sensitivity than manometer-type. 

tensiometers. ‘2he former system requires dy a very small amount of water to move 

throughtht~cuptoEdjuatoa~eindresoilwuerpnssurt. CassellandKlute 

(1986) gave an example of a pressun transducer with a gauge sensltivlty so0 bimes greater 

thanthatofrwatermauox.Eterwith1.3mmdiame@rtubes. ‘Ibe’ekcaicalcutputfrom 

uamducets pcmla the use of data collection systems and reduces human ~fob. Funher, 

uansducets tend to be more accunte than manometers. However, tempemtutc fluctuations 

induce enurs if the uansducer4cnsiomtter systeq is not insulated. A second disadvantage 

is the relatively high cost of plessute aan!Jducers when compared to manometers. 

17 
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The water content can then be cakuhed from the empirical relationship between K, and 0 

(Toppv 1987): 

8 = 4.053 + O.O29K, - 5.S(104)Ka + 4.3(103& (21) 

According to Topp, this relationship has an aaxxacy of kO.02 n?/m’ and a precision of 

fo.01 d/m? 

Figure 11 shows an ideal&i TDR output 

trace. Theuaveltimeofthepuk,Lis 

shown on the plot. The uace shown is 

representative of au open circuit because 

i.hereisanincrcaseinamplitudeattbeend 

ofthetrace: Theamplitudedecrea=-at 

theendofthetraceforashancircuk 

The solid soil particles and the air in the 

pores have an effect on the propagation 
rm 

velocity. Solid soil particles and air have 
Figure 11: A typical TDR trace (modilie 
ram Topp, 1987) 

dielectric constant of 2 to 5 md 1, 

respectively. In collou~ water has a dielectric constant of 80 and hence, governs the 

propagation velocity (Topp, 1987). A small cllot results when cakukiq the water 

content from the propagation velocity because the influence of the soil and air is not 

considered in equabns l!j to 21. Tbemagnitudeofthiserrorinclcasesasthewatcr 

content dv. 

The TDR electrode essuMly measuns the water content for a cylinder (Topp, 1987). 

The long axis of the cylinder is midway between the rods; the diameter is 1.4 times the 

spacing between the rods, and, the cylinder length is the length of the rods in the soil. As 
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2.33 Time-Domain Refktometry Measurements 

The volumetric water content in a soil can be nxasured by time-domain nflcctomcuy 

(TDR). Unlike ather mtlwds, the TDR technique is rapid, nondcstnstive, and non- 

radioactive (Keng and Topp, 1983). The system consists of a TDR unit CollIltcted by 

coaxial cable to two parallel -mission lines or rods in the soil. An impedance matching 

transformer, called a balun, connects the unbalanced coaxial cable to the balanced 

transmission rods. 

The TDR detenrrjnation of water content involves the measuremet? of the propagation 

velocity of an electromagnetic (EM) waves (Topp, 1980, 1987). A step voltage pulse or 

signal is se& from the TDR unit and propagated along the tmnsmission rods. The rods 

serve as conductors and guide the wave. The toil acts as the dieti t&ium and the 

pulse propagates as a plane wave in the soiL The pulse is reflected from the end of the 

rods and retums to the.TDR unit. The TDR unit tccotds the time interval between sending 

and receiving the reflected pulse. 

The propagation velocity, v, is a funfztion of the soil di&caic constan& &. In turn, the 

dielectric constant is strongly depaxlent on the water content An approximate relationship 

between-K and v is (Topp, 1987): 

K, = WY (19 

where c is the pmpagatiai velocity of an EM wave in fhe space (3 + lo’ m/s). The 

velocity, v, is calculated from the travel time of the pulse, t, and the length of the 

transmission rods, I: 

v=wt m 

whero21istheaaveldiswlaafthe~inthesoit 
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the spacing is in- the &cuode measures a larger volume and the effects of soti 

variability are reduced, However, the TDR resolution is educed. 

Two other sources of error are worth not@. Imperfixt contact of the rods with the soil 

can cause an error of tmknown magnitude flopp, 1987). Poor contact may result from soil 

shrinkageordufingtheinseni~oftherodsinthesoiL Theseconderrorresults~omthe 

non-parallel alignnxnt of the rods. However, a slight non-parallelism of the rods does not 

change the path length of the pulse signilican~y enough Io cause an apprhablt error 

CI’opp, 1987). 
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3.0 EXPERIMENT 

This study consisted of a labratory soil column experiment. A fie-grained cover layer 

wasplacedovercoa~~grainedmaterhl. Thecolumnwaspermittedtodrainhmfull 

saturation. PnssunbeadrrrdmoisMecontentwenmaritondover~durationofthe 

experimem The details of the expetiment are dku!Bcd below. 

3.1 MATERIALS r:: 

l = Lab Data g 
5 
& 

A = Coarse Sand kX 2 
l = Borden Sand . s 

Tile soil nuteids were selected to : P, 
-z 2 

reflect an approphe CoIxast in , .; 
*lUI 

drainage properties. Nicholson et al. d 2 . L 
* t , - 

(1989 and 1990) suggested that the ’ E 
f 
da 

3 
contrast in grain size or drainage lo 0 r -LOO 0 -75.n -50.0 -25 0 00 

characteristics between the cover and Pressure Head km) 

Figure 12: Moistwe ret&on anws. Fine Borden the underlying layer ate the sand on coarse sa,,d 

controlling factors for the drainage of (modified from Akindunni et al., unpublished) 

the cover. 

To avoid place-t and consolidation problems, fine-grained Borden sand was used to 

represent the ihe-gtained cover layer. The moistw retention curve far Borden sand is 

shown in Rgurc 12 The cuwc was determined by Nwauhvor (198S) using a methcdology 

sim&utotheonedescribediuAppendixA Theairentryvalueforthissandis-37cm 

A coarse foundry sand was used to represent the coarse-grained layer, Appendix A details 

the procedure used to detehne the moisture retention cuwe shown in Figure 12. This 
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sand has an air entry value of approximately -8 cm. Residual saturation is approached at a 

prcssuxc head of -25 cm After generating the moisture retention CUNC, it was discovered 

that the sand was rcsin~oated. To remove this coating, the sand was soaked for one day 

in wash acetone and then rinsed with tap water until the sand no longer smelled like 

acetone. The rinsed sand was tied in au oven ovemight at 6OOC. 

33 METHoDoLocY 

The Plexiglas@ soil column was one UEUC in kngth, with a 10.8 cm (4.3 inches) inside 

diameter. Tcnsiomters and TDR cktrodes were located at 10 sampiing positions, 10 cm 

apart, along the column. An air vent was Walled 78 cm above the base of the column, 

two centimetres below the war&fine sand interfxe. A 0.5 bar porous ceramic plate was 

located at the base of the column. A ‘Qgon@ tubing line was connaxed from the base of 

the column to an erlcnmcyer flask The flask was used to establish the water table level 

and to collect the water that drained from the column. Figure 13 shows a simple schematic 

of the colunnr. Appendix B contains a more detailed description of the column, including 

exact dimensions and mat&l dcscriptim 

Before packing the column, the porous plate had to be sawated. The porous plate was 

epoxyed to the Plexiglas@ base plate (na shown in Figure 13) and the epoxy was allowed 

to sa ovanight ‘Ibe porous plate was swratcd by placing the base plate in an e~acuatcd 

vacuum cIlmber. xk&cd waer w8s slowly 8&d to the dl8xnbcr until the porous plate 

was immersed, ‘Ibe base plate rema&! immersed in the vacuum chamber for one month. 

At that time, it was removal and the c&m was assembled 
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Toplaccrhcsa&mifonnlyiuthccolum& 

am~coreynu?ldnp~l(R. 

Sri Rmjaa persmal connnmidm 1990) 

wasusd nwoolis~yalOllg 

barrelMfkmelwi&twoaMrsc8crccns~ 

Tbe8cxeena,whichuelocuedneartbe 

endoftheburel,arcqaratedbytke 

inchesmd8rtrot8tcd49toerrchcrher 

For each l8yeG 8uxl was codnuody 

pouredQiry)intoiraop8ckingtaoltocrerte 

rdeas&Mifoam,sillglelayerofwd. A 

tincaylonmeoh8crccnw~pplrceduthe 

Sand~topIweattbe~~ 

At-inlet 

Ygurew:soilcolunmschematic 

cnough#,pnvcatdryBoWsaadfrompassiugtbro~~ Howevcr,asmalkmcshsize 

mighthavein~withlhedraiaageoftbc~-grainedlayer. Tberefore,a5mmlayer 

of moist Borden sand was plrced on the me& before the m of the Borden sand layer was 

dry-packed. Packing procded with the tensiomctcrs in the column 

~~cohymwu~tfib’~Rmasmissioalinerweninsenedintorhecolunrn 

andcarbon~~~8~lyprrccdupt&column,throughthepomusplate. The 

columnwuflwkdwithcO,gasfbrtlxee~ ?hestbecoluarmwrudfrom 

the bottom with de-aid, dihlled water. To samrate the column, a coclstant pressure head 

of about 10 cm was applied (by the de-aid, didled watex) for approximately 12 hours. 

The colunm was coved with plastic film to minimhe evaporation. The water table in the 
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Ootologger Unit 

8 9 101112151415 
00000000 

Two-woy Boll Valve 

Tensiometer 

Computer Printer 

‘igure 14: Ten&meter - plessun transducer system components 

column was main- at the top of the Bordm Sand until the experiment began. Just 

before the expuunt bgiw the soutce of de-air& distmd water was retied and the 

Tygon@ tubbg, at the base of the column, was clamped to pnvent prmatum drainage of 

thecolulm mmheTjgotmubingwascuixl~totbeer~ycrnpsk. 

Frcssurc head was measured by mmecting presswe tmnsdwrs to ten&mew=. Appendix 

C details the cdilmtim pmcedm for the tiru&an and Appendix D describes the 

consuuctim and statmtim prucedms for the tensiometem. To connect the five pressure 

transducus to the ~CII tcnsionmers, five tall wives and poly-tubing were used. Each 

presswe tmmdimr was located between the two tcnsiomctus to which it was attached, on 

the CO~UUUL The electrM leads of the transducers were cmnected to a data collection 

system, as shown in Figm 14. The data collection system consisted of a datalogger, a 
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Connectors 

fronsmission Line 

Computer Printer 

igure 15: Time domain teflccto~ay UDR) system wmpwents 

computer, and 8 printer. The dmlogger sampled the transdw ComWcd the analog 

readings to digital and then sutt the digit8l readings to tbc v. ‘I’& computer 

controlled when the datalogger mmpled the prwute mnsducers. The computer stored the 

digital readings Born the datalogger in the cbmputer’r RAM nmzmory. Periodically, the 

computer program was interrupted to send the readings to the printer fa hazdcopy output. 

The vatves mere ngularly switched to sample all tensiomettn. The datalogger was 

powered hy two car h8ttdes 8nd bah the computer and printer wue plugged into a 

standald12ovoitAcwanoutlet. * 

Water cam% was also mahd. Tim domain refbomeay (TDR) electrodes were used 

tom8kethcsc tmasurcmcnts. Figutc 15 schema&ally shows the components of the TDR 

system Each ekurode con&ted of two 13.34 cm (5.25 inches) long, 1.6 mm (l/l6 inch) 

diameter steel rods. These rods touched the far end of the column and their long axis was 
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horizontal. Two mtir~tres separated the rods in the vertical plane. Swagelok conncctm, 

which were screwed into the column, held the mds in place. A coaxial cable was 

connected to the ends of the rods extending outside the column. The cable was connected 

to a balua, which in turn was CQllltcttd totheTDRuni~ ‘I&TDRunit,aTe.cuo& 

1502B Time Domain Reflectomete r, measund the time delay in the column and displayed 

the output aace. An IBM@ &npaGble computer, stored these aaces in files for analysis at 

alatertinz. n#coaxialcablew~mondfromelecoodetoelecaodefor~hTDR 

me8surclncntl 

As shown in Figure 13, a amstant water able 1 m below the fiinecoarse sand interface 

was used for the experiment. To begin the exp&&t, the clunp was removed tirn the 

Tygon~tubingruthe~ofthecolurmmdtherir~vrhrew~opeaed Water 
. lmn&atelybcgantodrainfrolntbecolumnandcc&ctintheflaalL Pressureuansducer 

sampling occurred every five minutes for the fIrat sevc11 hours of the experiment. Sampling 

then occurred every 15 minutes fm the next five days. llmafkr, a 30 minute sampling 

ratewasused. TDR me8surements were made qpximtely every 30 minutes for the first 

four hours. Afterwards, hourly tncamemts were made until after the seventh hour. 

Daily mcasummts were then made for tb next three days and every second day 

thercaffer. Data were collected over a two week period 

The TDR data wen analyxod using WATIDR, a QuickBASIC 4.0 program written by 

Dave Redman of the University of Waterioo. Details of the TDR analysis are contained in 

Appendix E. 

The analysis df the pressure head data rqbd the use of Laus l-2-3 spnadsheets to 

convert the transducer ladings, in millivolts, to pressure heads, in cm. Appendix F 

contains the raw ullraard8t88ndrhespnadsheetsthatwereusai. 
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4.0 RESULTS 

The rest&s are summacizdd in FQurct 16 to 18. Figure 

16 shows the initial moismre content didhudoa through 

the column. In the coarse mm& the moisnm content was 

ahout 0.368, with a high of 0.395 a! the boazan and a low 

of 0.314 at the intuface. ‘IbeBtxdenuadhada 

mm cement of 0.360 at tk top and 0.322 at the 

hOttOm. 

Figures 17 and 18 show lepnsentative profiles of 

nomalized moisture contcLIt (Le., saluradOx0 8ad presswe 

headthroughthecohnnnwithtime. ‘Figute17ahowsthat 

thetopofthccoatscsandibtnaiMystattedtodnin. 

AfkrShours;theuppcr45unofthecoamsandhad 

drained to a satuntiat of about 12%. After m day, the 

entire coarse sand layer bad drabed to about 12%. 

Thereafter, the samration decrwmi slowly to halt 10%. 

120 Top of Column 

2. gottom of Column 

OL 
0.3 0.4 0.5 

Soturotion 
Figure 16: Initial volumcuic 
moistwe content profxe (t=q 

Saturation did na change appdahly in the Borden sand during the &st day. By the fVth 

day, saturation in the bottom of the Botden sand had dumsed to 89% while the top 

remained wendally amated. Mer the iifth day, saturation in the top of the Borden sand 

started to decrease. At 14 days, the degms of samration in the top ind bottom of the 

Borden sand were 77% and 87%. mpectivdy. 

Figure 18 shows how drainage affected the pressute head distribution in the column over a 

two wek p&d. .Mially, a linear positive presstm head distribution existed in the 
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column. This profile was not included in Figure 18 to avoid rmneceSSW 8Cale Changes on 

the horizontal axis. The pressure head dkributkm at 15 minutes is the first profile shown, 

This profile was roughly parallel to the line representing static equilibrkn. After 2 hours, 

pnssunhcadhad~Mdtheprofilehadmovedtowardsstaticequilibrium. The 

profilewasaoloagerlintarinthedrainedupper~cmofthec~esand. Inthisdrained 

zone, the pwaure bad profile was nearly vertic4 

Asthecoarsesandcontinuedtodrain,thepnssunhead@ilehecameincrcasingly 

iwticaL~ After the first day, the pressure head profile was nearly vex&al throughout the 

length of the coarse sand. However, the prcssu~ head diraibution in the Borden sand, 

which was still satumted, had not simy changed. Ressurc M e slightly 

inboththecoafteud~saadsQringthenefftwoweeb.. Ihepmfilesinthecoarse 

sand remained nearly vertical and lateraUy shifted approximately 5 cm xxxc towards static 

eqdlibia In the Borden sand, the profile shifkd about 3 cm more towards static 

equilibrium, while remaidng parallel to it. For both sands, the prcssu~ head mfiles were 

stillquitedistamfromstaticequilM~ Further, pnssun head appeand to be 

approaching a static condition or a state of quasi-equilibrium- 
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Qute 18: Pressure head versus elevation head 
%IC Borden sand on coarse sand 
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5.0 DISCUSSION 

5.1 RESULTS 

The samration profiles showed the anticipated tesults. In the f%st day, the coarse layer 

drained quickly to 12% which represented the approach to &dual satwation. ‘Ihereafter, 

the sanxath ckcmsed very alowly in the coarse mat&al to about 10% which is the 

residual saturada for the coarse sand. As predicted, the finepined Borden sand 

remained nearly samrated. 

verticalinthedrainedzoneofthecoazsesand. Afterthefirstday,thecoprsesandWas 

drained and the pressure head prom was nearly vertical throughout the entire coarse sand 

layer. Thereafkr, the pnssurt prom in the coarse sand moved very slowly towards static 

equilibrium Pressure deaued at an imcasinglyslowerrateandtkpnssunheadinthe 

coarse sand appeared to be appmching a static conditian. Within experimental error, the 

pressun head transmitted by the coarse sand to the interface was between -15 cm and -22 

cm This pressure head is vuy close to the pressure head at which the CO~ISC sand 

approaches residd satu#ion in FQure 12 (i.e., -25 cm). 

Ihe pressure h4 profile in the Bar&n sand did not change sign&&y during the 

experiment InsaHciat suctim was developed in the Borden sand to cause drainage of the 

layer as a whole. However, according to equation 18, slight drainage may have octxred at 

the very top of the layer because the suction at the interface (1s cm to 22 cm) plus 

thickness of the cow (20 cm) exceeded the air entry value of the sad. 
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The profles presented in Fiis 17 and 18 are very similar to profiles gene- by 

numerical simlation (see Figutes 8 and 9). For example, Akinducmi et al (tmpublishd) 

used the same coarse sand in numerical simulations of similar coarse/fk layetig of sands. 

However, the fine-grained cover material was Touchet silt, which has a v, of -165 cm. The 
simulation results pm&ted a nearly vertical pressure head profile in the coarse sand. The 

profile had pressum head values of -18 cm aud -22 cm after 7 and 36 days, respectively. 

‘I’b cotresponding mar vertical samration pmfiks for the coarse sand were 0.10 and 0.05, 

rcqectively. The aumuical simulations suggest that two we& was 8n imff&nt period 

oftimeforthecoarses8ndtoattainthey(B~of-25ctn OveralLtherewasexcellent 

agreement between tht numxical and experimental nsults. 

5.2 ERRORS AND ACCURACY 

During the first day, the rate of drainage of the coarse sand was camoiled by the low 

hydraulic conductivity of the porous plate. ‘be plate had I satumed hydraulic 

conductivity, K.,, of 3.11*10’ cm/s. According to Ftmze and Clmry (1979). the K, for 

coarse sand similar to that used, was between 10-l and 10” cm/s. By ampaxing the K, 

values, it can be seen that the coame sand could have drained within mkates with a unit 

gradientacrosstbehyer. Astbecoamsanddmined,itshydraulicamduc&itydamsed 

from &,, to the hydra& cxndu&@ at residual moisture content, K&J. Sin&r sands 

used by Giesel md mer (1973) and Pickens ud Gillham (1980) suggest that the 
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On the second -day, the top 3 mm of the Borden sand was obser~cd to be dry. 

condensation could he seen Cal the plastic film covering the top of the columrL Therefore, 

evaporation was rcspc&blc for some of the dcsatuAon observed in the top of the Borden 

sand Evaporation was also possible in the bottom of the Borden & layer because the 

air-inlet valve remaind open during the experiment. However, the constant saturation in 

the bottom h&f of this layer; the increase in saatrabn below the in&ace from Day 5 to 

Day 14 and, the higher pressure heads just below the interface, indicated that drainage may 

also have otxumd. The exact effects of evaporation and drainage an the desaturation of 

thefbe-grainedlayercouldnotbcquantifiedinttlise%petbn~ 

The TDR sanxation data was generally very good. Tb initial water content measurements 

(Figure 16) indicated that the Borden sand and the coarse sand had saturbd volumenic 

water -tents of 0.36 and 0.368, respectively. ‘Ibe value for the Borden sand was very 

close to 0.37, which is shown in Figure 12. However, .the value for the coarse sand was 

sign&antly lower than 0.42, which is also shown in Fii 12. ‘Ibe higher water content 

f~thec~undiaFigun12,wurraibutedtopoc#p~oftberradspecimenthat 

wastcstcdina300mlmoiStUfCddnagCcup. ‘2heinitialwatcrc0ntCnt -merits in 

the column also suggested a slight degree of heterogeneity. Water umtents in the coarse 

layer ranged from 0.314 to 0.39s with a mode of 0.368. SimiIsrly, the two water contents 

mcasutemcnts in the Borden sand were 0.322 and 0.360. Non-uniform packing of the sand 

and ~IIWI@C~C ~hmtt isaimab &xc most likely responsible for tbesc variations. Poor 

lines probably contrbted kginally to the varkions. Int&tence from the tensiometers 

and the air-inlet valve did not contribute to the vat&ions because they were located outside 

the cyW zone rmasud by the TDR elect&es. Overall ety in the volumetric 

water content was appr@mately f 0.015 or f 0.04 when converted to saturation. 
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ln terms of accuracy* the + 
-10 - 

presswe head data was not 

asgoodsstheTDRdata The 
“p - 

calibrations curves, in y-10- 

Appendix C, show that the I : 
0 

transducers have decreased 
a i -a0 

sensitivityatpressurehead a 

values greater than -60 cm. Tranoducu 2 
loflhnolu 4 

This low salsitivity of the 
~ Ebmtion 65 cm 

0 

E&d lima (&xh minutor) 
0 0 

transducers, poor contact of 
Figure 19: Ressure bad vems time data showing the tauiometers with the os~onsandsp~ 

sand, and perhaps, elecuical 

problems in the datalogger (or transducer themselves) nsuhed in the transducer readings 

oscibing. Figun19pnsentsthefirstwakofpiwsunheaddataforTransducer2, 

Tensiometer 4. The plot shows typical pressum -on& pIeSUre Spikes, and periods 

where data were not collected (long straight lines). The oscUtion period varied from 

three to over twelve hours in length. Consequently, u%crk~y in the pnssure head was 

approximately f 6 cm 

Two of the uansdtxers also appeared to read con&tattly high. The transducers wen 

located at the top md bat0111 of the coarse ssnd layer. The pressm head profiles only 

changed slightly for these transducers, unlike the press head for the other transducers. 

Th;:highpnssunheadswen~~tothepoorsensitivityofthetransducersatlow 

suctions, and to slightly higher water contents in those areas of the column. ‘The influence 

of each effect could not be quanti&d. 
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6.0 CONCLUSIONS 

The experimental rkdts agreed well with the results predicted by theomical and numerical 

models. ‘Ihe coarse layer drained tapidly to a value near residual samration and the 

pressure head profile becam nearly vertical. Saturation decreased only alightly once the 

coarse layer had reached this state. Further, the pmsure head profile was moving very 

slowly towards static equiWium However, the prolUe appmcd to be approaching a static 

condition quite distant km the line npresenting static w The pressue head 
. tranmmd to the Borden sand by the coarse layer was appmimately equal toti pressure 

headatwhichthecomesandapptoaches-sanaation. 

The fine-grain& Borden sand cover remained nearly satmted duting the experiment. 

Slight desatumion occur& because the suctioLI at the top uf the laya was slightly 

exceeded the Borden mad’s air-entry v&e. Over& the Batden mnd nmained near 

saturation because the coatse sand layer was unable to rmsmit higher suctions to the 

interface between the layers. 

Based on the results of this experiment, it appears that a !%te@ned Cover Can ltmain 

fullysaturated,withadapwltertcrble,ifp~onacocusermueriPL Fortheccmto 

nmainsawatadtbelircntryvrluef~thefir#-~~rmttriPlwrrtbegnaterthanthe 

thickness of the cmr plus the suctian at which the coanc materhI approaches residual 

saturation ( all in term of atiaolute values). 
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7.0 RECOMMENDA’I’IONS 

Different soil materials should be tested in the Murc. A silt cover material overlying a 

medium-he sand, which more accmtely repnsam in-situ .condltions, should be tested. 

Thewatertobltshouldbemrintainedstaredepthuntiltbe~beadinthecolumn 

reachcsastatican&ion. ‘Ihen,thewatertableshouldbelowercdfuxthcrandthe 

resulting effect on the system should he ma&red. However, to cotxiuct this experiment, 

Inserting a coat-se-grain4 layer txtweetl the overlying fine-grai& cover and the uuderlying 

medium-grained material, repnsenting the tailings, might also be tested. The insertian of 

thiscoarselayershouldpernritthtwatertabletobeevenlowerthrnforthecasewhenit 

is not inserted. 

Future experiments should be canductcd over a longer p&d of time. ‘Ibis wa&i serve to 

To quantify errors in dre ptessurc taansducers, one trensduat should he calii over a 

period, say m week in kagth. The applied suction jhould be changed every several 

hours. ‘This would seve to both check the npeatnbitity of mcasuIementsandto 

chancterize any wandering or oscibtions iu pmsum head mcasmemcnts. Tht 

tempcrahm, atmospheric pxessurc, and humidity should be closely &oral, to detctmine 

the extent of their influaK2 an the transducer readings. 
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A similar calibration procedun might be caxlucted using one uansducer connect4 to two 

hydraulic lines, each applying a Merent suction The effkt of the ball valve on 

transducer stabilization time could then be determined. 

ModScations to the caurcnt TDR system should be made if future work is to be conducted. 

EachTDRelectrodeshouldbecoruuctedu,itrowacwrialcoble. Iksecablesmightbe 

conmztedtoaswitchkgunk Thiswouldpumittbefullyautomatedcollectionofdata 

The computer prognm, WATIDR, that was used for the analysis of the TDR tmces, 

should be n-prow to autom&&y c&late the water colltcnts. At this time!, 

WATII>Rnquiresthe~~tofitlinestothetnctstodmrmi#thetimedelayofthe 

EM wave. 

The pressuxc transducet system should also be moMal for future work The 

computer should be n-program114 to petmit the storage of data in files, and not in the 

RAM memory. This would permit the uninterrupted collection of dat& Fur&r, the data 

would exist as computer fQs, and would not have to be rc-axercd into the computer, by 

hand, like the current system sequins. Secondly, an AC to DC power cOllVeRfr could 

be easily built. ‘Ibis converter would provide a continuous power supply, unlike the car 

batteries which had to be re&rged weekly. Thirdly, the caps for the tensiometers should 

be machhed from rubber stoppers. The threaded tensiometers leak& were hard to install 

andmadecohlmnpackingdifficult. 

Column packing would improve if the tensiomet& had rubber stoppets for caps. As the 

COhUtXI was pack& the tensiometers could be inserted one at 8 time, when the level of the 

granular material approached the kvel of the tensiometer port (Le., hole in the column). In 

this way, the column could be more uniformly packed because the tensiometers would not 

restrict the movement of the packing tooL Further, tensiometer contact with the granular 
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material would improve. The trammission lines of the TDR electrodes could be inserted in 

a similar fashion. this would both improve contact with the granular material and reduce 

the deflection of the translnissim lines in the column. 

When packing the fine-grained cover material, a mesh size smaller than the fkx-grained 

material should be used. The thin layer of wu Boaden sand that was placed at the 

interface probably pwemed the fine-grained xnaterlal from mining full samration, when 

the column was sm 
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APPENDIX A: Coarse Sand Moisture Retention Curve Determination 

The moisture retention 

curve for the coarse sand 

was rupired w determine 

the pressure head at which 

residual s8wration was 

approached For the 

desired 20 cm thick fine- 

grained layer, with an v, of 

-37 cm, to nm8ill fully 

satuxa@thlnthepressum 

head at which residual 

satuntior~ was approached 

had to be greater than -17 

Clll. 

wow YanbaJu 

1 
PadBm 

TyQan tubing 

- 

The ntention cunx was determined using the apparatus shown in Figure Al. Dry sand 

was packed in a 300 ml moisture drainage cup w 8 bvel thu was etched in the glass. 

Carbon dioxide gas was slowly passed through the porous plate and sand from the bottom 

for one hour. The porous pla!e and sand wc~t then slowly saturated from the bottom with 

de-aired water. ‘I& water level in the-sand was raised until an unbroken meniscus had 

almost formed on top of the sand. At this time, it was noted that the s&ace tension forces 

at the glass-water-sand interface pushed the sand pains away from the edges of the glass. 

The middle of the sand layer was taken as the datum A horizontal 10 ml burette was 

positioned at datum level and its valve was opened. Water flowed into the burette and 
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stabilized. Reading the top of the water ttxdcus, the water volume was recorded. This 

reading became the nference water voluIIE. 

The burette was lowend in 1 cm decrements and the stabi&d water volumes wcn 

recorded. The refennce water volume was subuacted from each reading to determine the 

volume of water ltmoved.for each increase in suction When full, tlx burette was emptied 

with a syringe and a length of tubiig to establish a new ref&rence volume. 

Aftertheiast~gWas~tfiesrndwasovardriedmdweighed. ‘Ihevolumeto 

theetchodlineonthemoisaaedrainagecupwasaiso~. Themassofthedrysand 

was 77.53 g and the volunre was 41.2 cm’. The moismre tctention Curt was then 

calcuhed from this data The particle density of the sand was assumed to be 2650 kg/m’. 

Table Al comains the experimenul data and the calculated pnssraeheadandmoti 

content data 

The large volume of water removed initially was thought to represent the drainage of the. 

mu&~. It caused a significant error because the catculattd volume of water in the voids 

exceeded the pore volume. To ,contct this uror, the measutcd volume of water removed 

was decreased by 0.95 ml, as shown in Table Al. Figure 12 is a plot of the corrected 

water content versus w hesd. 

The smooth curve, shown in Fii 12, was fitted to the corrected data using Van 

Gem&en’s model (see AkMunni et al., unpublished, ~3). Comparison with the lab data 

indicated that the sand was still draining when measurements were taken. The fined curve 

approached residual saturation at a pressure head of -25 cm. This value implied that the 

overlying fine-grained cover might start to de-saturate in the upper 8 cm of that layer. 
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TABLE Al: Coarse Sand Iloirtrre Retention Curve Detrrrrnatlon 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Date of test: Feb. 9, 1990 

hst of srrplc: v.53 9 
Velure of saeplc: 41.2 cr3 

Burette 
Height Reading 

(88) (81) Coeeent 
. . . . . . . . . . . . . . . . . . . . . . . . 

1938 8.275 open burette 
2925.5 7.7 
2914.5 7.55 
2903.5 7.475 

2893 7,375 
2883 7.25 

2075.5 7.JS 
2064 7.025 

2851.5 6.8 
2042 6.6 
L”832 5.75 
2823 4.75 
2814 6.6 n~tred line 
2803 4.5 
2794 2.5 
2784 0.X 
2776 8.6 eaptied line 
2165 8.1 
2754 7.65 
2730 7.2 
2660 6.15 
2575 5.5 

Corrected 
Pressure Mater Mater 

Head Rewed Reaored 
(88) (81) 

. . . . . . . . . . . . . . 
0 0 

-12.5 0.575 
-23.5 O.tiS 
-34.5 0.0 

-45 0.9 
-55 1.025 

-62.5 1.125 
-14 1.25 

-86.5 1.475 
-96 1.675 

-106 2. sis 
-115 3.525 
-124 0.425 
-135 10.525 
-144 12.525 
-154 14.275 
-162 150225 
-173 15.725 
-184 16.175 
-200 16.625 
-270 17.675 
-363 18.325 

(81) 
. . . . . . . 

0 
0 
0 
0 
0 

0.075 
O.lM 

0.3 
0.525 
0.125 
1.575 
2.575 
7.475 
9.575 

11.575 
13.325 
14.275 
14.775 
15.225 
15.675 
16.725 
17;375 

Corrected 
Mater Mater 

Content Content 
. . . . . . . . . . . . . . 

0.445 0.422 
0.431 0.422 
0.427 0.422 
0.425 0.422 
0.423 0;422 
0.420 0.420 
0.417 0.417 
0.414 0.414 
0.409 0.409 
0.404 0.404 
0.383 0.383 
0.359 0.359 
0.240 0.240 
0.189 0.189 
0.141 0.141 
0.098 0,098 
0.075 0.075 
0,063 0.063 
0.052 0.052 
0,041 0.041 
0.016 0.016 
0.000 0.000 
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APPENDIX B: Column Construction 

The Plexiglas@ soil columQ was one mcue 

in length, with a 10.8 cm (4.2s inches) 

inside diaumr aud a 12.07 cm (4.75 

inches) outside diamaer (see Figu~ Bl). 

Ten holes and twauy holes were drilled in 

the column for the tensiometexs and TDR 

elecuodes, respaively (see Figure 13). 

The holes for the tcnsiomcters and the 

clearodes were drilled pupcxniicukly to 

eachother. Allthirtyholeswaethnaded 

The centres of the holes for the ten 

tensiomucrs were located evuy 10 cm 

along the column* staaing 5 cm up from 

the bottom of the column. The holes for 

the TDR ekcuodcs were centred 1 cm on 

either side of the cenucs of the tcnsiomcter 

holes. 

The coarse/me sand intefface was located 

80 cm up from the bottom of the columa 

An aWnlet valve was imndlai 78 cm 

\, 

TDR el ctrode 

~=+fB==# 

I”““‘4 
.’ ‘3’ Base Plate 

Figure Bl: Soil Column Components 

above the bottom of the cohmm, 2 cm below where the interface was to be located. The 

long axis of the valve was parallel to the long axis of the TDR elecuodcs. 

44 



A-93 

The base plate for the column was machined from 3.8 cm (1.5 inches) thick Plexiglas@, 

which was 15.2 cm (6 inches) in dipmeter. An O-ring prevented leaks between the base 

plate and the column. A 0.S bar porous ceramic plate was recessed into the base plate. 

The ceramic plate was 76.2 cm in diametu and 7.14 mm thick It was epoxyed to the 

base plate. A flushing line and a line to the water column instalM in the bottom of the 

base plate. The flushing line had a two-way valve. lEe w8te.r column con&ted of ai 

erlenmyer flask that was covered with par&n to prevent evqxxatiot~ 
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APPENDIX C: Pressure Transducer Calibration 

Eleven pressure transducers were readily 

available for the experiment. They had 

previously been used for one year in the 

field and then kept in storage. Grigiually, 

they were pmhased from Honeywell Bull 

Ltd. in North York, Gntario. ‘III& part 

number is: 143PCOSG. All uan&urs 

hadarecommaukdloweropera&glimit 

of -3.5 m, except Ransducer 1, or Port 0, 

which had a rewfnmnded lower operating 

limit of -5 a Gf the eleven prwmre 

transducers, ally five calld be calibrottd 

The ather six transducers either had blown 

diaphragms or did not yield COnSisteat 

readings. 

Figure Cl shows the apparatus requimd to 

calibrateeach~~. The 

transducer was plugged into the datalogger 

unitandthecompltawas~to 

sample the -. The 

I I Pipe 

- 

- 

Pressure 
Transducer 

. to Dotaloqqer 
and Compute1 

Tygon Tubing 

?ig~n Cl: Pmsum transducer calibration 
aPP- 

transducer was cannd ta a 2 m length of Tyson@ tubing, which was filled with de- 

aired water. An open syringe was connect& to the other end of the tubing. ‘Ihe open 

syringe was covered with parafilm to reduce the rate that air was dissolving back into the 

de-aid water. A small hole was poked in the padlm to keep the suhce of the water, 
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in the syringe, at annaspheric pressu~. The syringe was suspended by a length of sting 

from a pipe near the ceiling of the room In this way, the elevation of the syringe, relative 

to the transducer, could be changed. The transducer was clamped in place adjacent to a 

meadng tape that extended from the floor to the ailing. Ihe maximum elevation 

difference that could be easily attain4 in the room was 210 cm. As a result, the 

~~hadtobemovedonatopermit~sovettbe~sunheadrange 

anticipated for the expcrirwnt (i.e., +l m to 3 m). 

For the fitst half of the calibtion pmadurc, the.tmns&ar was clamped mar the ceiling. 

Thesyringewaslowcrcd2mrelativetotheaansducer. Iltissuuionwasappliedfor 

approximately 30 minutes. During this time, the mLIsduar wastappedtomnoveallair 

bubbles that .were trapped in it. The air bubbles were thar mmcwed from the length of 

Tygon@ tubing. 

When no air bubbles remained, the syringe was raised to the zero suctia~. level and a 
. stabilized transducer reading was recorded in millivolts. Ihe syringe was then lowered in 

20 cm decrements and readings were recorded. Aher measuring a reading -ding to 

210 cm of suction, readings wexc repeated at suctions of 80 cm and 0 cm to check the 

repeatability of mcasmnts. 

The transducer was clamped at a lower position for the second half of the calibration 

procedure. The t#o suction reading was chcck~L Thea, the transducer was c2ilibrated 

from+1OOcmpnssunheadtoOcmin2Ocmdecn~. lEetrans&ccrwasdiscarded 

Readings were considered valid and recorded only if the computer displayed the same 

number over at least three consecutive sampling intervals. Usually, it took five minutes to 
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get a valid reading. Wandu in tk readings was attributed largely to the Syringe swaying 

on the string. However, air rcmaikng in the transducer, would have bad the SamC effect 

on the readings. 

After all five transducers were calibrated, thbd or fourth polynomiels were fit to the data 

(see Table Cl). The polynomials were fit using GRAPHER, Version 1.75. Figures C2 to 

C6 show the calibration cutves for these five pressure uansdu~. The equations for the 

cwesanalsoshmmthesefigurcs. ThebcstfItcurveswennotincludedontheplots 

ixause they did not difkr signifkantly from the raw curves through the datum points. 

Comparison of the calcukd values and the measured data showed a maximum error of 10 

mm However, the values normally agreed to within 3 mm. 

3.1 
s- Port 0 

X - (1. roo13&-7)% (7.1432 lr-4)?+ ( 1.70 lS8)Y - 1573.2 1 

2.9 -j 

-w 
.- 

-*0 0 40 w 

Prerwr Head (cm) 

rigure C2z Transducer 1 calibration curve 
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“‘:- Port 1 
2.0 - x - (2,638lS8-1 l)Y'- (LsM5e-7)Y3+ (S.l13ale-•)G 

- - 2.8 - (3.54907~2)Y 47(I.S02 

ii? 2.7 - 
3 2.6 - 

a 2.5 - 

-220 -1ao -140 -100 40 -20 

Prekuro Hood (cm), 

I I 

20 60 

?igure C3: Transciucer 2 calibration cum 

3.2 

3 

2.8 

0.4 ! d, I I I , I I I I I 
-220 -180 -140 -100 -60 -20 

Pressure Head (cm) 

Ygure C4: Transdu&r 3 calibratim cum 
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1.1 

3 

2.9 
- 2.8 
8 2.7 
+ 26- . 

a 2.5 - 

f 2.4 - - 

a 2.3 

b 2.2 - 

2.1 - 

- Port 3 
- X - (9.69957.-6)v3- (5.92976e-&+ (1.3765)v 

l.6 
1 

1.7 
1 

1.6 ,< 
-220 -180 

I  I  I  

60 100 

Pror8wo Wood (cm) 

‘igure C5: Transducer 4 calibraticm cum 

Port 4 
X - (9.20612.-S)% (S.SS774e-4rj2+ (1.26619)r - 

i 2.6 

1 2.7 

; 2.6 

; 2.3 

i 2.4 

! 2.3 

! 2.2 

1 2.1 

i 2 

: 1.9 

1.8 

1.7 i 
1.6 ! = , I I 1 I 1 I I I I , I , b 

-220 -180 -140 -100 -80 -20 20 60 100 

Pressure Head (cm) 

gure C6: Transducer 5 calibration curve 
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TABLE Cl: ?rnsrte lrrnrdecrr Wbrrtion Data 
-__._-___-_.-------_------------------.-.------ 

---___-__-_-_____----------------------------------------------------------------------------- 

PORT 0 : PORT 1 : PORT 2 : PORT 3 : PORT 4 
, I I : : 

P.H. P.1.R : P.H. P.1.R : P.H. P.1.R : P.W. P.1.R : P.H. P.1.R 
(cr) W DC, : (cm) (rV DC1 : (ta) (DV DC) : (cm) (rV DC) : (cm) t&V DC) 

-.----- .~~~~.~ : *.ms..- 1.1-.-e ; s.....w I--s.-- ; ---.-.w ..ewm.. ; .ww.--- -s-es-. 

90.5 
80.5 
70.5 
60.5 
50.5 
40,s 
30.5 
20.5 
10.5 
0.5 

-9.5 
-19.5 
-29.5 
-39.5 
-49.5 
-59.5 
-69.5 
-79.5 
-99.5 
-99.5 

-109.5 
-119.5 
-129.5 
-139.5 
-149.5 

3046 : 100 
3023 I 80 
2998 : 60 
2911 : 40 
2943 I 20 
2913 1 0 
2883 : -20 
2853 : -40 
2820 I -60 
2786 : -80 
2751 : -100 
2712 : -120 
2673 : -140 
2630 : -160 
2585 : -180 
2539 : -200 
2490 : -210 
2431 : 
2370 I 
2311 : 
2250 : 
2187 : 
2122 : 
2062 I 
2000 1 

: 
: 
: 
I 
1 
I 
I 
: 
.I 

3045 I 
2997 : 
2946 : 
2889 : 
2830 : 
2767 I 
2697 : 
2617 : 
2529 1 
2426 : 
2308 : 
2184 I 
2061 I 
1938 : 
1810 : 
1688 : 
1625 I 

I 
I I 
c 
, I 
I I 
: I 6 
t 
: 
I I , 
I 
I 
I 
: 
: 
: 

120 
110 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 

-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

-100 
-110 
-120 
-130 
-140 
-150 
-160 
-170 
-1eD 
-190 
-200 
-210 

3172 I 100 
3171 I 80 
3170 : 69 
3167 I 40 
3158 : 20 
3126 : 10 
3085 : 0 
3042 : -10 
2995 I -29 
2945 : -40 
2893 : -69 
2842 I -80 
2779 I -100 
2714 : -129 
2643 : -140 
2561 I -160 
2468 : -180 
2364 I -200 
2246 : -210 
2127 : 
2006 : 
1885 : 
1765 : 
1644 t 
1527 : 
1405 : 
1285 : 
1169 : 
1037 I 
920 I 
798 I 
676 : 
550 : 
433 1 

3052 : 100 
3006: 80 
2958: 60 
2905: 40 
2845 1 20 
2817 : 10 
2780 1 0 
2749 : -10 
2714 1 -20 
2641 I -40 
2558 : -60 
2463 t -89 
23361 -100 
2234 I -120 
2114 : -140 
1993 : -160 
1871 I -180 
1752 I -200 
1691 : -210 

6 I 
I 
I 

3029 
2983 
2933 
2879 
2819 
2789 
2750 
2724 
2698 
2611 
2525 
2423 
2308 
2188 
2062 
1940 
1111 
1683 
1619 

Note: 1. Port n corresponds to Transducer (n-l). 
2, P.H. : Pressure Head. 
3. P.T.R. : Pressure Transducer Reading. 
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APPENDIX D: Tensiometer Construction and Saturation 

The unsiomacn, shown in Figuu 14, were consaucud &om 0.5 bar porous ceramic cups 

and PVC@ plastic. The PVC@ plastic was machined into caps and thread& ‘flu porous 

cups were glued to the caps with watqoof 3M@ epoxy. Two holes were dtilkd into the 

PVC@ caps and two lengths of sue1 mbiq, v8 inches in diameter, were inserted and 

epoxyed. The i%st tube was inset%d flush with @e end of the cap, while the other tube 

was inserud almost ti the end of the tasiomur. 

To samrate the unsiomcurs~ they were stood upright (i.e., parous cup upwards) in an 

evacuated vacuum chamber and de-aired water was slowly imrod~W into the chamber. 

The water level was raised through the length of the unsiamcurs over a period of 

approxirrkly four hours. The unsiomeurs remained immersed in the vacuum chamber for 

two weeks. Then. they were removed from the chamber and tested fir leaks. 

Each unsiomcur was checked for leaks by covering the porous cup with plastic film and 

attaching a two acre length of tubing, fiued with de-aired water, to the unsiomeur. The 

tubing was held below the unsiomcur and applied 2 m of suctia to the unsionrtter. In 

all cases the water level in the tubing rmained constsl% ilaating no leaks. The 

unsiomeurs were then insUlW in the Column. 

52 



A-101 

APPENDIX E:’ TDR Data 

The TDR measurements were made following the instnzctiom outlined in Redman 

(unpublished, 1990). The analysis of the TDR mces WY pcdormed using WATI’DR. 

Rednun (unpublished, 1989) &t&s the procedure for the analysis. Esswtially, the time 

&lPyfartheEMpulsewasdeternrinedby~gfaPrtniehtrine~egmentstoeachaaa, 

asshowninFigurel1. TableEl~isrtecodofdlwateraxuaus tktmniied using the 

TDRtechnQue. ‘Iheelapsedtimessincetbestartoftbeexpdmesuwcrecalcukd: 

thpSCdSCC~dSh~tO~OfeXperiment,E: 

E= @-1x24+36oMWo6W+OW5o)~S) (21) 

I (2-1)(24*3600)+(13)(3600)+(18X60)+(~) 

r 134300 sec. = 2238.33 min. 

elapsedtimesirtcestartofcxpcrimm~ET: 

El’ = (D-1)(24*3600)+0(3600)+(60)+(S)-E [set] m 

The water contents were nonnaked for epch TDR ekuode by dividing the water contents 

by the water content at time xero. The water contents were normal&d this way because 

the variations in water content at time xero could not be qu8ntitarMy explained. In other 

words, the variations in the water cauent were an timbimtion of sand heterogeneities, 

incomplete saturation, and variations in truumission line deflection and contact with the 

sand grains; the influu~ce of each fm could nti be quantitatively detetmined. 

Table E2 contains the satumtia~ data for the moisture content profIles shown in Figure 17. 
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TABlf El: TDR Mater Content fteasrrtrtntr 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Probe lcngtb = 109.3 II : .3596 ft 

Elapsed 
Tm 
(hr) 

. . . . . . . 
0.0 
0.3 
0.8 
1.0 
1.2 
1.5 
1.7 
2.3 
2.5 
3.0 
3.7 
4.0 
5.0 
6.0 
7.0 

24.3 
52.3 
74.3 

120.6 
150.0 
240.0 
288.0 
336.0 

Hater Uater 
Content Content 

1 2 
. . . . . . . . . . . . . . 

0.36 0.322 
0.349 0.306 
0.353 0.31 
0,346 00309 
0.348 0.304 
0.347 0.308 
0,352 0.31 
0.349 0.312 
0.351 0,309 
0.356 0.306 
0.35 0,306 

0,357 0.306 
0.363 0.312 
0.351 0.31 
0.353 0.311 
0.335 0.31 
0.351 0.303 
0.35 0,294 

0.352 0.288 
0.30s 0.274 
0.298 0.28 
0.295 0.282 
0.278 0.28 

Hater Mater Yater 
Content Content Content 

3 4 5 
. . . . . . . . . . . . . . . . . . . . . 

0.314 0.368 0.368 
0.076 0.367 0.366 
0.044 0.363 0.36s 
0.04 0.129 0,365 

0.038 0.075 0.365 
0.037 0.055 0.364 
0.037 0.049 0.252 
0.03s 0.044 0.058 
0.03s 0.044 0.051 
0.039 0.044 0.048 
0.042 0.043 0.045 
0.041 0.043 0.045 
0.04 0.044 0.046 

0.039 0,044 0.045 
0.038 0.044 0.046 
0.03 0.039 0.042 

0.026 0.037 0.04 
0,026 0.036 0.039 
0.019 0.03 0.032 
0.022 0.021 0.032 
0.025 0.033 0.035 
0.025 0.031 0.035 
0.02s 0.032 0,034 

TABLE E2: Satwrtion Data for Profiles 
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . . w . . . . . . . m . m . . . . . . .  

Elevation 
Head 15 aid 
. . . . . . . . . . . . . . 

11s 0.97 
10s 0.96 
9s 0.26 
8s 1.00 
7s 1.00 
65 1.00 
5s 1.00 
4s 1.00 
3s 1.00 
2s 1.00 

2 hours 5 bbsrs 
I...... . . . . ..- 

0.97 1.00 
0.97 0.97 
0.12 0.13 
0.12 0.12 
0.28 0.12 
1.00 0.12 
0.99 0.13 
1.00 0.93 
1.00 1.00 
1.00 1.00 

1 day S drrs 
. . . . . . . . . . . . . . 

0.99 0.98 
0.96 0.89 
0.10 0.06 
0.11 0.04 
0.11 0.09 
0.12 0.09 
0.13 0.09 
0.13 0.09 
0.12 0.10 
0.11 0.10 

Mater Water 
Content Content 

6 7 
I . . . . . .  .  .  .  .  .  .  .  

0.35 0.368 
0,351 0.367 
0.35 0.367 
0.35 0.365 
0.35 0.365 

0.348 0.365 
0.35 0.366 

0.348 0.365 
0.194 0.365 
0.074 0.366 
0.043 0.272 
0.041 0.099 
0.041 0.047 
0.041 0.043 
0.04 0.042 

0,042 0.046 
0.037 0.042 
0,037 0.039 
0.031 0.033 
0.028 0.032 
0.033 0.036 
0.032 0.035 
0.03 0.035 

14 days ’ 
. . I . . . .  

0.77 
0.87 
0.08 
0.09 
0.09 
0.09 ’ 
0.10 
0.10 
0.10 
0.10 

Hater Mater Mater 
Content Content Content 

8 9 10 
. . . . . . . . . . . . . . . . . . . . . 

0.363 0.369 0.395 
0.362 0.37 0.395 
0.36 0.369 0.394 
0.36 0.368 0.395 

0.361 0.367 0.393 
0.36 0.368 0.393 

0.362 0.367 0.392 
0,366 0.368 0.394 
0.365 0,367 0.392 
0.364 0,369 0.393 
0.365 0.367 0.392 
0.365 0.368 0.394 
0,339 0.368 0.393 
0.068 0.368 0.393 
0.047 0.366 0,393 
0.046 0.044 0.044 
0.04s 0.048 0,046 
0.042 0,046 0.047 
0.034 0.036 0.04 
0.032 0.031 0.036 
0.036 0.037 0.038 
0.036 0.038 0.04 
0.036 0.038 0.038 
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APPENDIX F: Pressure Data 

Several LOTUS l-2-3 spnadsheets were used to convert the pressure transducer readings to 

presswe head profiles. ‘Ihis appendix presents the spnadsheets snd the equations that were 

lseti. 

Table Fl is a rccood of the datalogger reset W for the experiment. Each time the 

datalogger was reseh the time and date w8s recoded. Tbis pamid the correction of 

dataloggertimcstotheelapsedtimefortheexpedmcm, Thest8xttitnefortheexperiment 

was: 13:18:2O, Friday, March 2, 1990. Elapsed times tina the start of the experiment 

w~calcttkdusingequations21and22fromAppatdixE 

Table F2 is the spreadsheet that contained the plwsrae lramdumh n#tableissplit 
* 

into two halves. -me left half contains 8ll the prcssm& in millivolts, for the odd- 

numbed tensiomettrs. These tensiometers were the higher ta&uMers in the tensiometer 

pairs (see Figutes 13 and 14). Pressures for the lower tcasiometers, which were even- 

numbered,arccontaincdontherighthalfofthetable. ‘l&elapsedtimesforthedatum 

points were calwlated in this spreadsheet, given t& elapsed time at each datalogger nset 

(Table Fl) and the datalogger timea in columns 2 and. 9 of this table. 

Table F3 is the spteadsheet that converted pressure OBtlsducer data to pressure head values, 

which wen subsequently plotted in Pigure 18. The mnsducer readings were convetted to 

pressute head vah~ by applying the appropriate &bra&n cures, discussed in Appendix 

C. The calibmtim cuwes were first comcted to account for the difference in elevation 

between the transducers and the tensiometers. For. tensiometezs 1 to 10, the respective 

correction, in cm, was: 4.7, +3.3, -6, +4, -5.5, +4.S, -6.8, +3.2, -3.2, and +7.1. The values 

for the pressure head profiles in Figure 18, are provided in the lower half of the tile. 
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Selecting the uansducer readings for Table F3 was not a suaightf~ard pmcedurc for 

several teasons. For the profile at 15 minutes, the uansducex readings for the odd- 

numbered tensiometcrs were not available. They were backcalculated for each odd- 

numbered tensiometer by plotting the avaiiable transducer readings (ie., -26, -21, 24 and 29 

min.) and then estimating the transducer readings, at 15 minis, from the plots. A second 

difficulty arose when selecting trandum readings just after the valve was switched. The 

transducer xeadings were na stable at such times and generally rquircd one to three 

sampling intervals to stabilize. For example, at the beginning of the qxriment, it took 

one nading (i.e., 5 minutes) for the transducer to s&&e. However, towards the end of 

the experiment it took three readings (i.e., 135 minutes) for the transducer to stab&e. The 

stabilixui readings were the readings that were lecorded. Tmnsducer oscillations 

constituted a thhl diffidy. The readings for all of the transducers should have 

consistently dectea& throughout the experiment However, the readings regularly cycfi 

between increasing intervals and decreasing intervals (see Figure 19). The “wavelength” of 

the oscillations was random and vatied in length &om one hour to up to twelve hours. 

Oscillation amplitude was approximately 1.S cm of pressure head for all transducers. 

Transducer readings for Table F3 were selected by choosing values that were representative 

of the general long-term aend of the data 
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TABLE Fl: Datalogger Reset Times 
--------------------------------- 

Reset 
Number 
w-----s 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Real 
Time 

(H:H:S) 
----w-w 
13:17:20 
16:47:20 
20:38:00 
13:20:20 
14:00:30 
17:48:30 
09:06:00 
14:04:20 
21338:20 
11:18:20 
14:58:20 

Date 
(D/WY) 
--w---w 

02.03.90 
02.03.90 
02.03.90 
03.03.90 
03.03.90 
04.03.90 
06.03.90 
07.03.90 
12.03.90 
14.03.90 
16.03.90 

57 

Datalogger Elapsed 
Time Time 

(min.) (min.) 
------- ------- 

55 -1 
0 209 
0 440 
0 1442 
0 1482 
0 3150 
0 5508 
0 7246 
0 14900 
0 17160 
0 20260 
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TABLE F2: Pressure Transducer Data 
. . . . . . . . . . . . . . . . . . . . ..--........... 

Yorentlatute: E.T. : Elapsed Tire. liw elapsed since erperirrnt began. 
D.1. x Datalopper Tire. lire elapsed since datalopper was re-set. 

PT * Preswre Transducer. 
1 : Ttnsioreter. 

Note: In each pair, tbe UPPER tensiouters are ODD nurbered; tbe LONER tmsioreters are even nrrbered. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
PT 1 PT 2 Pf 3 PT 4 PTS : PT 1 PT 2 PT 3 PT 4 PT 5 

E.T. D.T. 11 13 15 17 19 : LT. D.1, 12 14 16 18 1 lo- 
(rrn) (rin) WI WI (NV) WI (@VI 1 (rln) trrnl WI W) WI WI (rV) 
.e.... . . . . . . . . . . . . . . . . . . I..... . . . ..I . . . . . . ; w..... . . ..w. . . . . . . . ..-.. . . . . . . . . . . . . . . . . . . 

-56 
-51 
-46 
-41 
-36 
-31 
-26 
-21 
24 
29 
34 
54 
59 
64 
a4 
89 
94 

114 
119 
124 
144 
149 
154 
174 
179 
184 
229 
234 
239 
259 
264 
269 
294 
299 
304 
334 

0 iI63 2943 3149 3072 3106 1 -16 
5 2857 2939 3142 3065 3098 : -11 

10 2851 2926 3136 3050 3092 : -6 
15 2848 2923 3131 3054 3087 I -1 
20 2045 2927 3135 3049 3083 : 4 
25 2043 2923 3131 3046 3079 : 9 
30 2641 2912 3120 3043 3076 : 14 
35 2839 2909 3118 3041 3073 : 19 
80 2692 2761 2868 2914 2950 : 39 
85 2689 2756 2980 2913 2946 I 44 
90 2688 2153 2072 2907 2942 I 49 

110 2686 2744 2841 2089 2924 I 69 
115 2687 2751 2835 2866 2921 : 74 
120 2686 2142 2820 2062 2917 I 79 
140 2665 2739 2792 2862 2099 1 99 
145 2685 2739 2707 2860 2897 I 104 
150 2685 2741 2110 2856 2893 1 109 
170 2683 2136 2752 2836 2880 : 129 
175 2602 2144 2746 2832 2876 I 134 
180 2682 2744 2738 2628 2873 I 139 
200 2681 2734 2716 2815 2859 : 159 
205 2607 2134 2713 2812 2857 : 164 
210 2687 2733 2711 2810 2054 : lb9 
230 2692 2135 2716 2795 2846 : 189 
235 2692 2730 2708 2791 2844 I 209 
240 2691 2740 2703 2788 2U42 : 214 
20 2684 2747 2109 2765 2822 1 219 
25 2684 2146 2709 2762 2818 : 224 
30 2683 2146 2708 2759 2816 I 244 
SO 2684 2744 2709 2750 2807 : 249 
55 2684 2744 2701 2741 2805 I 254 
60 2684 2144 2709 2745 2803 : 274 
85 2663 2745 2718 2738 2794 1 279 
90 2683 2745 2719 21a 2793 I 284 
95 2684 2145 2719 2130 2792 1 289 

125 2603 2746 2714 2740 2786 1 309 

40 2837 2901 
4s 2044 2909 
50 2834 2906 
55 2607. 2768 
60 2703 2701 
65 2698 2013 
70 2694 2770 
75 2690 2779 
95 2609 2749 

100 2600 2744 
105 2680 2740 
125 2607 2723 
130 2685 2718 
135 2685 2714 
155 2605 2712 
160 2684 2704 
165 2603 2103 
185 2682 2701 
190 2681 2701 
195 2681 2700 
215 2686 2699 
220 27S2 2696 
225 2694 2698 
245 2692 2702 

0 2683 2701 
5 2607 2700 

10 2686 2700 
15 2685 2699 
.35 2683 2698 
40 2682 2697 
45 2686 2697 
65 2603 2697 
70 2683 2697 
75 2683 2697 
80 2683 2698 

100 2683 2701 

3115 
3114 
3108 
2088 
2924 
2916 
2909 
2097 
2864 
2855 
2848 
2819 
2909 
2808 
2771 
2166 
2161 
2729 
2722 
2716 
2691 
2686 
2681 
2664 
lb43 
2648 
2639 
2637 
2633 
2634 
2633 
2631 
2639 
2631 
2639 
2639 

3038 
3036 
3033 
‘2917 
2942 
2930 
2925 
2919 
2902 
2090 
2894 
2877 
2072 
2067 
2851 
2840 
2842 
2024 
2e21 
2818 
2Bl4 
2811 
2799 
2796 
2770 
2776 
2781 
2779 
2764 
2754 
2152 
2742 
2740 
2738 
2737 
2732 

3071 
307u 
3066 
2952 
2371 
2967 
2962 
2956 
2937 
2933 
2929 
2913 
2908 
2904 
2889 
2886 
2883 
2077 
2865 
2862 
2851 
2849 
2047 
2843 
2831 
2829 
2827 
2024 
2813 
2811 
2809 
2801 
2799 
2797 
2796 
2792 
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339 130 2683 2746 2714 
344 135 2683 2741 2716 
349 140 26fl2 2747 2716 
374 165 - 2683 2747 2718 
379 170 2682 2747 2717 
304 175 2682 2?47 2710 
309 180 2602 2747 2719 
414 205 2682 2149 2721 
419 210 2682 2749 2721 
424 215 2682 2749 2722 
429 220 2685 2749 2723 

1447 5 2667 2733 2713 
1452 10 2666 2733 2714 
1457 15 2667 2733 2713 
1462 20 2666 2733 2714 
1467 25 2666 2132 2713 
1472 30 2666 2733 2714 
1471 35 2669 2735 2717 
1402 0 2665 2731 2713 
3165 15 2653 2124 2704 
3180 30 2653 2724 2704 
3195 45 2653 2723 2706 
3210 60 2652 2725 2706 
3225 75 2652 2725 2706 
3240 90 2652 2133 2706 
3255 105 2651 2733 2706 
3270 120 2651 2733 2706 
3285 135 2652 2733 2706 
3300 150 2652 2734 2706 
3315 165 2651 2733 2106 
3330 180 2651 2733 2706 
3345 195 2651 2733 2706 
3360 210 2650 2733 2706 
3375 225 2650 2732 2105 
3390 240 2649 2132 2706 
3405 255 2649 2733 2707 
3420 270 2649 2133 2701 
3435 285 2649 2734 2716 
3450 300 2649 2133 2716 . 
3465 315 2649 2734 2716 
3480 330 2640 2734 2716 
3495 345 2640 2734 2717 
3510 360 2655 2126 2701 
3525 375 2648 .2735 2717 
3540 390 2655 2726 2100 
3555 405 2655 2726 27u9 
3510 420 2655 2721 2709 
3585 435 2654 2726 2108 
3600 450 2654 2726 270% 
3615 465 2653 2725 2708 
3630 480 2653 2726 2707 
3645 495 2653 2726 2107 

2749 
2749 
2750 
2750 
2750 
2143 
2743 
2144 
2745 
2745 
2746 
2756 
2756 
2756 
2764 
2764 
2765 
2762 
2764 
2740 
2740 
2149 
275u 
2750 
2750 
275~ 
2150 
2150 
2750 
2?50 
2750 
2750 
2750 
2150 
2750 
2750 
2751 
2751 
2751 
2752 
2152 
2752 
2752 
2752 
2752 
2752 
2152 
2752 
2752 
2152 
2152 
2752 

2705 I 314 105 
2104 : 31Y 110 
2703 : 324 115 
2777 : 329 120 
2775 : 354 145 
2774 1 359 150 
2173 t 364 155 
2768 : 369 160 
2761 : 394 185 
2766 : 399 190 
2766 : 404 195 
2736 I 409 200 
2736 : 440 0 
2735 : 455 15 
2735 I 470 30 
2735 1 485 45 
2736 : 500 60 
2740 : 515 75 
2735 1 530 90 
2742 : 545 105 
2142 I 560 120 
2743 : 575 135 
2743 : 590 150 
2744 ; 605 165 
2744 : 620 180 
2144 : 635 195 
2144 : 650 210 
2744 : 665 225 
2751 : 680 240 
2744 ! 695 255 
2744 1 710 210 
2144 : 125 285 
2144 I 740 300 
2744 1 755 315 
2144 : 770 330 
2744 I 705 34s 
2745 : 800 360 
2745 1 815 375 
2145 : 830 390 
2746 : 04s 403 
2746 I 860 420 
2746 : 015 435 
2746 1 890 450 
2146 : 905 465 
274b ; 920 480 
2746 1 935 495 
2746 1, 9% SlO 
2745 I 965 525 
2746 1 900 540 
2746 : 995 555 
2746 : 1010 51U 
2746 : 1~25 505 

2683 
2684 
2604 
2683 
2683 
2683 
2683 
2682 
2682 
2682 
2602 
2602 
2677 
2604 
2615 
2674 
2682 
2681 
26?4 
2673 
2673 
2681 
2681 
2681 
2672 
2612 
2671 
2671 
2671 
2670 
2670 
2669 
2669 
2669 
2668 
2668 
2668 
2669 
2668 

2668 

266a 
2668 
2667 
2667 
2667 
2666 
2b66 
2666 
2666 
2666 

2701 2632 2731 27YY 
2102 2633 272Y 2798 
27U2 2632 2720 2797 
2702 1634 2727 2780 
2706 2635 2722 2782 
2105 2636 2719 2781 
2705 2637 2718 2779 
2705 2637 2717 2778 
2706 2639 2711 2772 
2706 2638 2710 2711 
2706 2639 2709 2770 
2707 2638 2709 2769 
2709 2643 2709 2763 
2707 2643 2708 2760 
2708 2643 2707 2756 
2700 2643 2106 2752 
2707 2644 27ir6 2749 
2706 2643 2705 2745 
2705 2644 2705 2762 
2705 2645 27~4 2?38 
2704 2644 2704 2736 
2704 2646 2104 2733 
2705 2645 2704 2730 
2104 2646 2703 2727 
2703 2646 2703 2725 
2703 2646 1703 1'723 
2703 2655 2103 2720 
2703 2648 2703 2718 
2703 2655 2703 2716 
2702 2655 2703 2714 
2702 2648 2712 2712 
2102 2648 2104 2710 
2701 2648 2704 2707 
2701 2640 2104 2704 
2700 2640 2712 2103 
2700 2649 2712 2702 
2700 2649 2712 2701 
2701 2650 2712 2700 
2100 2651 2713 2699 
2700 2650 2713 2698 
2699 2650 2714 2698 
2700 2652 2114 2637 
2700 2652 2715 2691 
2700 2652 2715 2617 
2699 2651 2715 1696 
2699 2652 2715 2616 
2699 2663 2716 2696 
2698 2653 2716 2696 
2698 2653 2716 2646 
26Y9 2654 2717 2636 
2699 2653 2717 2696 
269 2654 2717 2696 
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3660 
3675 
3690 
3705 
3720 
3735 
3750 
3?65 
3780 
3795 
3810 
3025 
3840 
3855 
3870 
3805 
3900 
3915 
3930 
3945 
3960 
3975 
3990 
4005 
4020 
4035 
4050 
4065 
4080 
4095 
4110 
4125 
4140 
4155 
4455 
4470 
4405 
4500 
4515 
4530 
4545 
4560 
4575 
4590 
4605 
4620 
4635 
4650 
4665 
4680 
4695 
4710 

510 
525 
540 
555 
570 
505 
600 
615 
630 
645 
660 
675 
690 
105 
720 
735 
750 
165 
780 
795 
810 
a25 
840 
055 
a70 
885 
900 
Y15 
930 
Y4S 
960 
975 
990 

1005 
1305 
1320 
1335 
1350 
1365 
1380 
1395 
1410 
1425 
1440 
1455 
1470 
1485 
1500 
1515 
1530 
1545 
1560 

2653 2726 2708 2753 2?4b : 1040 
2652 2726 2708 2752 2746 : 1055 
2653 2726 2708 2752 2746 f 1070 
2652 2726 2708 2!53 2146 I 1085 
2653 2726 2708 2753 2746 I 1100 
2653 2726 2708 2753 2746 : 1115 
2653 2726 2700 2753 2746 I 1130 
2653 2!26 2707 2753 2146 : 1145 
2653 2726 2707 2753 2746 : IlbO 
2653 2726 2708 2753 2746 : 1175 
2653 2727 2708 2753 2746 : 1190 
2653 2726 2700 2153 2146 : 1205 
2653 _. 2726 2100 2753 2746 : 1220 
26S? ' 2726 2?00 2l53 2146 I 1235 
2652 2726 2700 2753 2746 : 1250 
2652 2726 2707 2753 2146 : 1265 
2652 2126 2107 2753 2746 : 1280 
2651 2726 2701 2753 2146 1 1295 
2651 2726 2700 2753 2746 : 1310 
2651 2726 2107 2753 2146 I 1325 
2651 2726 2707 2753 2746 : 1340 
2650 2726 2707 2753 2746 1 1355 
2650 2126 2106 2153 2746 : 1370 
2650 2726 2707 2753 2746 : 1385 
2650 2725 2706 2752 2745 I 1400 
2649 2725 2706 2152 2744 I 1415 
2651 2727 2706 2752 2745 ; 1442 
2652 2726 2?u6 2752 2?44 : 14Y7 
2646 2726 2705 27so 2743 : 1512 
2648 2126 ZlVS ?I50 2?(2 : 1527 
2650 2126 1105 2749 2741 : 1542 
2652 2125 21~3 2740 274u I 1557 
2654 2725 2703 2740 2739 1 1512 
2656 2724 2103 2747 2739 1 1507 
2656 2110 2690 2144 2135 : 1602 
~665 2718 26% 2751 2134 I 1611 
2666 2117 2697 2751 2134 : 1632 
2667 2716 2696 2150 2133 t 1647 
2665 2715 26% 2150 2133 1 1662 
2656 2714 26% 2749 2732 1 1671 
2652 2700 2603 2735 2710 : 1692 
2639 2697 2680 2732 .2715 : 1707 
2643 2103 2601 2732 2723 1 1722 
2653 2117 2693 2130 2729 I 1737 
2654 2715 2696 2751 2733 1 1752 
2655 2716 2699 2145 2135 : 1767 
2647 2117 2701 2147 2131 I 1702 
2646 2719 2102 2149 2739 I 1797 
2646 2721 2703 2750 2?40 1 1812 
2646 2721 2104 2751 2141 I 1027 
2646 2122 2105' 2752 2150 : 1842 
2645 2724 2106 2153 2143 1 187 

600 2666 2698 2654 2717 2626 
615 2666 2638 2654 2718 2696 
630 2665 2698 2655 2718 2696 
b4S 2664 26’98 2655 2718 2635 
b60 2664 2698 2654 2718 2695 
675 2664 2698 2654 271’3 2696 
690 2671 2698 2655 2719 2696 
105 2670 2637 2655 2719 2636 
720 2670 2698 2655 2719 2695 
735 2610 2638 2655 2719 2696 
150 2669 2698 2654 2?12 2703 
165 2669 2699 2654 2712 2696 
780 2669 2698 2654 2712 2703 
795 2669 2697 2654 2712 2696 
810 2669 2691 2654 2713 2696 
825 2610 2697 2654 2713 2696 
840 2670 2697 2653 2713 2696 
855 2664 2691 2654 2714 2697 
870 2664 2698 2655 2715 2697 
885 2665 2699 2655 2716 2696 
900 2666 2699 2664 2716 2698 
915 2666 2699 2655 2116 2698 
930 2666 2699 2664 2717 2698 
945 2667 2700 2665 2710 2699 
960 2667 2100 2655 2718 2699 
975 2666 2699 2655 2717 2698 

0 2666 2tiYB 2653 2714 2703 
15 2665 2696 2651 2716 2634 
30 26b4 2696 2b51 2i17 2695 
45 2663 2696 2652 2717 2695 
60 2671 2696 2651 2718 2696 
75 2671 2698 2651 2719 2696 
90 2671 2698 2651 2719 2697 

105 2611 2698 X50 2720 2697 
120 2670 26% 2651' 2720 i697 
135 2610 2699 2651 2121 2698 
150 2670 2699 2650 2121 2698 
165 2669 2698 2650 272Y 2698 
180 2652 2688 2641 2711 2689 
195 2655 2604 2636 2114 2604 
210 2651 2689 2640 2711 2698 
225 2653 2692 2642 2713 2690 
240 2655 2693 2643 2716 2692 
255 2656 2694 2644 2717 2694 
270 2657 2696 2653 2719 2696 
285 2665 2697 2653 2720 2636 
300 2666 2698 2654 2721 2697 
315 2666 2698 2654 2121 2698 
330 2667 2698 2653 2122 2698 
345 2661 2698 2653 27?2 2639 
360 2662 2701 2653 2731 2716 
375 2668 2698 2653 2723 2699 
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4725 1575 2645 2724 2706 2754 
4740 1590 2645 2724 2705 2153 
4755 1605 2645 2724 2705 2753 
4770 1620 2644 2123 2705 2153 
4785 1635 2645 2724 2705 2152 
4800 1650 2644 2723 2704 2752 
4815 1665 2645 2723 2704 2751 
4830 1680 2645 2722 2704 2751 
4845 1695 2645 2723 2705 2752 
4860 1710 2644 2723 2706 2753 
4875 1725 2644 2724 2706 2754 
489Q 1740 2644 2724 27Q6 2754 
4305 1755 2644 2725 2706 2754 
492Q 1770 2652 2725 2107 2755 
4935 1785 2651 2733 2707 2755 
4950 18QQ 2651 2733 2707 2754 
4965 1815 ~651 2725 2107 2755 

1 4980 
~ 4995 

5010 
5025 
5u40 
5055 
5070 
5085 
5100 
5115 
5130 
5145 
5160 
5175 
519u 
5205 
5220 
5235 
250 
5265 
5280 
5295 
5310 
5325 
5340 
5355 
5370 
5385 
5400 
5415 
5430 
5445 
5460 
5475 
5508 

1830 id51 2725 2707 2155 
1845 2650 2725 2701 2755 
1860 2650 2725 2107 2155 
1875 2650 2725 2705 2755 
1890 2642 2725 2706 2755 
1905 2641 2725 2706 2754 
1920 2641 2725 2706 2755 
1935 2641 2725 2706 2755 
1950 2641 2725 2706 2755 
1965 2641 2725 2107 2755 
1980 2641 2126 2707 2755 
1995 2641 2725 2706 2754 
2010 264 1 2725 2706 2755 
2025 2640 2725 2706 2755 
ZQIO 2641 2725 2706 2755 
2055 2640 2725 27Ob 2755 
2070 2640 2725 2707 2755 
2085 2640 2725 2706 2755 
2100 2639 2724 2706 2755 
2115 2639 2724 2706 2755 
2130 2639 2724 2705 2754 
2145 2639 2724 2706 2755 
2160 2638 2124 2107 2754 
2175 2638 2724 2706 2755 
2190 2638 2724 2707 2154 
2205 2638 2724 2706 2754 
2220 2637 2724 2707 2?54 
2235 2637 2723 2106 2754 
2250 2636 2123 2706 2754 
2265 2636 2723 2705 2754 
2280 2636 2723 2705 2754 
2295 2636 2723 2705 2754 
2310 2635 2723 2705 2754 
2325 2635 2723 2705 2753 

0 2637 2731 2702 2749 

2751 : 1872 
2751 I 1887 
2742 : 1902 
2742 : 1917 
2742 : 1932 
2742 I 1947 
2741 I 1962 
2741 : 1977 
2142 f 1992 
2743 I 2007 
2751 : 2022 
2751 1 2031 
2751 : 2052 
2744 I 2061 
2144 : 2082 
2751 : 2097 
2744 ; 2202 
2744 : 2217 
1144 : 2232 
2744 1 2241 
2744 : i’?b2 
2743 I 2271 
2743 I 2292 
2743 1 2307 
2751 : 2322 
2744 I 2331 
2744 ; 2352 
2743 1 2367 
2743 : 2382 
2743 : 2397 
2751 : 2412 
2743 : 2427 
2751 I 2442 
2143 : 2451 
2751 : 2412 
2743 : 2487 
2751 : 2502 
2151 I 2311 
2743 : 2532 
2751 : 2547 
2742 : 2562 
2m I 2577 
2742 : 2592 
2742 i 26U7 
2750 ; 2b?2 
2750 : 2637 
2742 : 2652 
2742 1 2661 
2742 : 2682 
2742 : 2697 
2741 1 2712 
2745 1 2727 

390 
405 
420 
435 
450 
465 
480 
495 
510 
52l 
540 
555 
510 
35 
6QO 
615 
720 
135 
750 
765 
780 
193 
810 
025 
840 
855 
810 
w5 
900 
915 
930 
945 
960 
975 
990 
1005 
1020 
103s 
1050 
lub5 
10110 
lW5 
111u 
1125 
1140 
1155 
li7U 
1185 
12uo 
1215 
1230 
1245 

2668 
2668 
2668 
2668 
2668 
2668 
2668 
2668 
2b68 
2668 
2668 
2668 
2668 
2668 
2668 
2668 
1667 
2661 
2667 
2667 
2667 
2661 
2667 
2667 
2661 
2667 
2667 
2666 
2666 
2666 
2666 
2657 
2657 
2651 
2657 
2657 
2656 
2656 
2651 
2651 
2b57 

2657 
2657 
2657 
2b57 

2657 
lb>7 

2657 
2656 
2657 
2656 
2656 

2699 
2698 
2698 
2698 
2699 
2699 
2699 
2699 
2699 
2698 
2699 
2699 
2699 
2699 
2699 
2698 
2700 
2700 
2699 
2699 
2699 
2699 
2700 
2699 
2699 
2699 
2699 
2699 
2699 
2699 
2699 
2699 
2b99 
2699 
2699 
2698 
2699 
2699 
2699 
2699 
2698 
2bY8 
2697 
SbY7 
2697 
2698 
2b98 
2697 
2697 
2698 
2697 
2697 

2653 
2653 
2653 
2653 
2653 
2653 
2652 
2651 
2651 
2652 
2652 
2651 
2652 
2651 
2651 
2650 
2b48 
2650 
2649 
2649 
2649 
2649 
2649 
2649 
2649 
2648 
2649 
2639 
2649 
2649 
2648 
2641 
2640 
264U 
2640 
2640 
2640 
2640 
2640 
2640 
i’64U 
ailru 
2639 
2639 
2640 
2640 
2640 
2639 
2639 
2640 
2640 
2639 

2123 
2123 
2723 
2723 
2723 
2724 
2123 
2723 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
? - AL 
2724 
2724 
2724 

2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2724 
2723 
2723 
2122 
2722 
2722 
2723 
2723 
2723 
2722 
2723 
2722 
2722 

2699 
2699 

27QO 
2700 
2700 
2700 
2700 
2700 
2701 
2701 
2701 
2701 
27Ul 
??I!1 
:701 
2iUl 
27(!2 
,p,1; 
::u2 
27tj; 
2702 
2702 
2703 
2702 
2703 
2703 
2703 
2703 
2703 
2703 
2704 
27u4 
2704 
27Q4 
2704 
27Q5 
2705 
2705 
2705 
2?d4 
21ur 
ZlU4 
27u4 
27~4 
2704 
27ua 
27Q5 
2795 
2705 
2705 
2!05 
2705 
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5523 15 2639 2723 
5538 30 2650 2723 
5553 45 2654 2724 
5568 60 2648 2731 
5583 75 2651 2722 
5598 90 2652 2720 
5613 105 2653 2720 
5628 120 2654 2733 
5643 135 2654 2723 
5658 150 2654 2719 
5673 165 2656 2723 
5688 100 26% 2721 
5703 195 2656 2721 
5710 210 2664 2720 
5733 225 2656 2719 
5748 240 2656 2719 
5763 255 2656 2717 
5770 270 2656 2710 
5193 285 2664 2718 
5800 300 2656 2118 
5823 315 2665 2719 
5030 330 2656 2710 
7276 30 2703 2715 
7306 6O 2702 2?15 
1336 90 26% 2314 
7366 12u r69u 1?12 
73% 150 2689 271u 
7426 I0O 2673 2694 
7456 210 2670 269U 
7406 240 2681 2705 
7516 2: 0 2685 2712 
7546 300 2607 2715 
7576 330 2689 2718 
7606 360 2690 2710 
7636 390 2691 2722 
7666 420 2690 2722 
76% 450 2691 2723 
7726 400 2691 2723 
7756 510 2691 272s 
7706 540 2691 2726 
7816 570 2691 2726 
7046 600 2691 2727 
7076 630 2691 2721 
7906 660 2691 2726 
7936 690 2692 2720 
7366 720 2692 2727 

'- 7YYb ISV IO*” lid-t 
8026 700 2692 2727 
0056 010 2692 2727 
8086 040. 2692 2727 
0116 070 2691 2727 
0146 Yvo 2692 2728 

2701 
2701 
2701 
2701 
2706 
2702 
2703 
2730 
2721 
2700 
27i4 
2716 
2716 
2713 
2712 
2717 
2710 
2712 
2710 
2719 
2714 
2717 
2703 
2696 
2694 
~6Y2 
Iby1 

2675 
2675 
2688 
2102 
2696 
2700 
2701 
2702 
2703 
2703 
2703 
2704 
2104 
2704 
2704 
2703 
2703 
2702 
2703 
.‘a*,:. 
27W 
2703 
27V3 
2703 
2702 

2748 
2740 
2740 
2741 
2747 
2746 
2747 
2749 
2748 
2746 
2747 
2747 
2746 
2746 
2745 
2745 
2745 
2745 
2745 
;I745 
2746 
2745 
2750 
2750 
2740 
mu 
2?3b 

2710 
2710 
2732 
2747 
2750 
2745 
2746 
2747 
2140 
2749 

2736 : 2742 
2735 I 2757 
2735 : 2?72 
2734 I 2787 
2734 : 2002 
2734 1 2817 
2735 : 2832 
2734 : 2047 
2734 1 2062 
2733 1 2077 
2133 I 2092 
2733 : 2307 
2732 I 2922 
2732 I 2931 
2732 1 2952 
2732 : 2961 
2132 : 2982 
2132 : 2997 
2732 1 3012 
2732 : 3027 
2732 : 3O42 
2731 : 3057 
2720 1 3072 
2735 I 3O87 
2726 I 3102 
Z?ZS I 3111 
2724. ; 315Q 
27O7 : 4170 
2700 I 4105 
2721 1 4200 
2720 1 4215 
2732 : 4230 
2735 1 4245 
2731 1 4260 
2730 1 4275 
2739 1 4290 
2740 1 4305 
2740 : 4320 
2740 1 4335 
2740 : 4350 
2739 1 4363 
2739 I 4380 
2739 1 4395 
2130 I 4410 
2730 I 4425 
2130 1 4440 
rr4# t 5053 
2730 : 5060 
2730 : 5003 
2?38 : MYa 

2738 : 3913 
2130 f 5918 

2750 
2149 
2149 
2749 
2749 
2140 
2740 
2748 
Clwu 
2148 
2740 
2748 
2748 
2740 

62 

12bO 2657 2698 
1275 2657 2697 
1290 2657 2696 
1305 2657 2636 
1320 2657 2696 
1335 2650 2696 
1350 2650 2696 
1365 2658 2697 
1300 2657 2697 
139s 2658 2696 
1410 2650 2696 
1425 2650 26% 
1440 2650 26% 
1455 2658 2696 
1470 2657 2696 
1405 2650 2696 
1500 2656 2695 
1515 2657 2695 
1530 2656 2695 
1545 2657 2694 
1560 2656 2694 
1575 2656 2695 
1590 2656 2695 
1605 2656 2695 
lb10 2b55 2695 
1635 26S5 2695 

0 2654 2695 
102Q 2658 2693 
1035 2659 2693 
1050 2660 2692 
1065 2660 2692 
1000 2660 2692 
109s 2668 2692 
1110 2667 2692 
1125 2667 2691 
ill0 2667 2691 
1155 2659 2691 
1170 2659 2692 
1105 2650 2692 
1200 2650 2692 
1215 2658 2693 
1230 2657 2692 
1245 2659 2696 
1260 2657 26Y1 
1275 2665 2691 
1290 2664 2691 
345 2664 2700 
36v 2664 2700 
375 2664 2691 
3Yu 2655 2698 
405 2654 2689 
420 2654 2608 

2640 2722 2705 
2640 2721 i704 
2638 2722 2705 
2639 2721 2?u5 
2639. 2721 2704 
2639 2721 2705 
2630 2721 2705 
2639 2721 2705 
2639 2721 2nd 
2639 2721 2705 
2640 2721 2705 
2639 2720 2705 
2639 2720 2705 
2638 2720 2705 
2639 2720 2705 
2638 2720 2705 
2630 2719 2704 
2637 2719 2705 
2637 2719 27O5 
2637 2719 271;s 
2636 2719 2705 
2637 2719 2705 
2637 2719 2705 
2637 2’19 2706 
2637 2IlY 2706 
2637 2719 z?o6 
2636 27111 2704 
2635 2713 ,‘7i’4 
2634 2713 2704 
2634 2712 2704 
2634 2712 x04 
2633 2712 27U4 
2634 2719 2703 
2634 2719 2703 
2633 2719 2703 
2634 2718 2703 
2633 2719 2704 
2633 2719 2704 
2633 2719 2704 
2634 2712 2705 
2634 2719 2704 
2634 2719 2703 
2608 2119 2704 
2633 2719 2703 
2632 2?18 2703 
2633 2710 2702 
2655 2700 2698 
2649 2715 2697 
2650 2714 2696 
2652 2706 2696 
2645 2?05 ai95 
2646 27or 2694 



6176 930 2691 2727 2702 2740 2738 : 5943 
6206 960 2691 2727 2703 2748 2730 : 5958 
8236 990 2691 2720 2703 2?4# 2730 I 5973 
8266 1020 2691 2728 2m 2740 213% I 5900 
8296 1050 2692 2728 2702 2740 2730 I bOU3 
8326 1080 2691 2728 2702 2740 2730 : 6010 
8356 1110 2690 2728 2703 2747 2?4b : bO33 
8366 1140 2700 2730 2701 2745 2135 : 6O48 
8416 1170 2703 2732 2718 2745 2734 1 6~63 
8446 l?OO 27~3 2728 2699 2750 2132 1 6078 
8476 1230 2697 2720 2717 2744 2733 ; 6~93 
8506 1260 2697 2735 2715 2751 2732 ; 6108 
8536 1290 2697 2735 2718 2751 2732 I 6123 
8566 1320 2697 2735 271s 2749 2731 : 6138 
8596 1350 2696 2731 2703 2747 2729 : 6153 
8626 1380 2696 2731 2703 2747 2730 : 6168 
8656 1410 2696 2731 2703 2749 2732 I 6183 
8686 1440 2699 2735 2713 2744 2732 I 6198 
0716 1470 2696 2733 2696 2748 2731 I 6213 
8746 1500 2696 2733 2696 2748 2730 : 6228 
8776 1530 2703 2732 2695 2730 2729 : 6243 
Be06 1560 2694 2721 2693 2737 2727 I 6230 
8836 1590 2692 2719 2693 2736 2726 I 6273 
8866 1620 2680 2!15 2682 2724 2714 : 6288 
9896 1650 2687 2707 2602 2726 2717 : 6303 
8926 1680 2685 2716 2690 2736 2726 I 6318 
8956 1710 2608 2723 2696 2750 2732 I 6333 
8986 1740 2689 2733 26% 2751 2734 : 6348 
9016 1770 2689 2735 2699 2i44 2734 : 6363 
9046 1800 2690 2728 2699 2746 2736 I 6370 
9076 1030 2bYl 2730 2700 2747 2737 : b3Y3 
9106 1060 2691 2730 27~1 2747 1745 : 6408 
9136 1890 2692 2732 2701 2147 2737 : 6423 
9166 1yZO 2692 2732 2701 2741 ‘1737 : 6430 
9196 1950 2692 2732 2701 2747 2737 I 6453 
9226 1980 2692 2732 2701 2747 . 2737 1 6468 
9256 2010 2692 2332 2701 2746 2736 : 6403 
9286 2040 2692 2732 2700 2746 2736 I 6498 
9316 2070 2691 2730 2100 2747 2745 : 6513 
9346 2100 2690 2730 2101 2747 2731 1 6528 
9376 2130 2691 2732 2700 2747 2737 : 6543 
9406 2160 2692 2733 2702 2747 2737 1 6558 
9436 2190 2692 2734 2702 2748 2737 : 6513 
9466 2220 2692 .2733 2701 2748 2737 1 6588 
9496 2250 2693 2734 2702 2740 2737 : 6603 
9526 2280 2693 2134 2701 2748 2737 : 6618 
9556 2310 2692 2733 2701 2748 2737 t 6633 
9586 2340 2691 2732 2701 2747 2737 : 6648 
9616 2370 2691 2733 2701 2748 2730 : 6663 
9646 2400 2691 2733 27ou 2748 2738 I 6670 
9676 2430 2691 2733 2701 2740 2738 1 6693 
9706 2460 ;ZbYl 2734 2102 2749 2739 : 6708 

A-111 

63 

435 
450 
lb5 
48u 
495 
510 
525 
540 
5s5 
570 
505 
600 
615 
630 
645 
660 
675 
690 
705 
720 
135 
750 
765 
780 
795 
810 
825 
840 
855 
87O 
005 
Yuo 
915 
930 
945 
%o 
975 
990 

100s 
IO20 
to35 
lOS0 
MS 
lQ80 
109s 
1110 
1125 
1140 
1155 
1170 
1185 
1200 

2652 
2651 
lb47 

263b 
PbA7 
2631 
2635 
2637 
2631 
2638 
2637 
2637 
2637 
2637 
2636 
2637 
2636 
2635 
2634 
2634 
2634 
2633 
2632 
2632 
2632 
2632 
2632 
2631 
2631 
2631 
2631 
26LJl 
2630 
2630 
2630 
2630 
2629 
2671 
2684 
2686 
2687 

2688 
2668 
2689 
2689 
2689 
2689 
2690 
26YO 
2690 
2690 

2607 2644 2703 
M6 2642 2702 
2601 2624 26Y9 
2661 2607 ‘L68b 
2bbY Lb06 L606 
2670 2b13 2686 
ia4 2617 2692 
2601 2622 2690 
2608 2625 2703 
2697 2636 2713 
2690 2637 2714 
2700 2638 2716 
2701 2632 2717 
2701 2632 2717 
2702 2633 2710 
2703 2633 2719 
2702 2633 2719 
2696 2634. 2712 
2697 2634 2713 
2697 2634 2713 
2697 2635 2714 
2697 2635 2714 
2697 2634 2715 
2698 2635 2715 
2698 2635 2715 
2699 2636 2716 
2699 2636 2716 
2698 2636 2716 
2699 2636 2716 
2bYY 2636 2716 
2b99 2637 2716 
2690 2636 2716 
2by8 2635 2716 
2698 2636 2716 
2699 2637 2116 
2699 2636 2716 
2698 2636 2716 
2698 2631 2717 
2699 2637 2?17 
2699 2637 2717 
2699 2637 2717 
2699 2637 2717 
2699 2637 2717 
2699 2631 2717 
2699 2637 2717 
2699 2638 2717 
2699 2630 2717 
2699 2631 2717 
269Y 2637 2711 
2690 2637 2717 
2699 2631 2117 
269B 2637 2717 

2693 
2632 
1ljYO . 
2&j-j 
2670 
2678 
ibfl4 

1690 
lb94 
2636 
2696 
2649 
2700 
2 7 ou 
270: 
270: 
1702 
2iO3 
2104 
2704 
2713 
2713 
2714 
2714 
2714 
2707 
1715 
2707 
:1u7 
2706 
2707 
2706 
2706 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2707 
2107 
2707 
2!07 
2706 



9736 2490 2691 2733 2701 2740 
9766 2520 2691 2733 2701 2749 
9796 2550 2691 2734 2700 2749 
9826 2580 2691 2736 2701 2746 
9056 2610 2700 2735 2699 2744 
9806 2640 2700 2731 2696 2750 
9916 2670 2701 2731 2703 2749 
9’346 27OO 2?02 2730 2696 2740 
9976 2730 2703 2729 2703 2749 

lOuu6 2760 2703 2729 2703 27% 
IOU36 2790 2703 2729 2696 2751 
10066 2820 2703 2731 2697 2151 
lo096 2850 2bYb 2731 IbY 2751 
lo126 2080 2697 2732 ;Zb97 2144 
10156 29lU 2698 2733 2b98 L744 
10186 2940 2697 2730 2697 2745 
144OO 0 2733 ~752 2670 2796 
17205 45 27Ul 2747 2706 2741 
17250 90 2702 2745 2705 2739 
17295 135 2701 2743 2701 2736 
17340 180 2698 2737 2697 2731 
17385 22 5 2696 2733 2695 2720 
17430 2i0 2694 2731 2693 2726 
17475 315 2694 2729 2692 2725 
17520 360 2694 2729 2692 2726 
17565 405 2694 2729 2692 2727 
17610 450 2696 2731 2693 2728 
17655 495 2695 2729 2694 2720 
17700 540 2693 2720 2693 2728 
17745 585 2693 2730 2693 2729 
17790 63O 2694 2732 2693 2729 
17835 675 2694 2732 2694 2729 
i7800 72O 2695 2733 2693 2729 
17925 165 26Y7 2734 2695 273O 
17970 a:u 2697 2733 2694 2730 
leu 055 2697 2733 2695 2731 
18'360 900 2638 2735 2bY4 2731 
10105 345 2690 2736 2697 2732 
18150 990 2699 2737 2696 2733 
10195 1035 2699 2737 2698 ’ 2734 
18240 1000 2699 2737 2697 2734 
18285 1125 2698 2737 2697 2735 
18330 1170 2690 2731 2697 2735 
18375 1215 26% 2736 26% 2734 
18420 1260 2695 2731 2696 2734 
18465 1305 2693 2731 2695 2731 
18510 1.350 2691 2735 2695 2729 
18555 1395 2689 2732 2631 2726 
18600 1440 2600 2730 2690 2724 
10645 1485 2687 2728 2609 2722 
18690 1530 2696 2727 2606 2720 
10735 1575 2606 2727 2680 2722 

A-112 

2730 : 6723 1215 
2739 I 6730 1230 
2739 t 6753 1245 
2736 : 6760 1260 
2733 I 6703 1275 
2731 : 6790 1290 
2731 : 6813 13O5 
2730 I 6828 1320 
2731 t 6043 1335 
2732 I 6050 1350 
2733 : bu73 1165 
2132 : 618 1380 
2733 : 6903 139s 
2733 : 6918 1410 
2733 : 6933 1425 
2734 I 6948 1440 
2751 : 6Yb3 1455 
2744 : 6970 1470 
2742 1 6993 1485 
2739 : 7008 1500 
2135 :’ 7023 1515 
2732 : 7038 1530 
2729 : 7053 1545 
2729 : 7060 1560 
2729 1 7003 1575 
2730 I 7090 1590 
2732 : 7113 1605 
2732 : 7120 1620 
2732 I 7143 1635 
2733 : 7150 1650 
Pi33 : 1173 lbbki 
2133 : 7188 16UU 
2733 : 7203 1695 
2734 : 7246 .u 
2734 I 14945 45 
2735 I 1499O 9u 
zi;rS I 15035 :35 
273b : lW0O 180 
2737 : 15125 225 
2730 ; 15170 210 
2739 I 15215 315 
273Y : 15260 360 
2739 : 15305 405 

2739 : 15350 450 
2730 ; 15395 495 
2735 I 15440 540 
2733 : 15485 505 
2730 1 15530 630 
2720 1 15575 675 
2726 1 15620 720 
2724 1 15665 ?65 
2725 : 13710 810 

64 

2690 
2690 
2690 
26x1 
2690 
2690 
2690 
2691 
2690 
269~ 
2690 
260’3 
?iYO 

26W 
2b9U 

2698 
26Y0 
27OO 
2700 
2702 
2702 
2702 
2703 
2703 
2703 
2696 
2696 
2696 
2703 
27113 
2696 
ii95 
2703 
26Y5 
2692 
2687 
IL604 
2683 
2682 
2w 
2681 
2681 
2601 
2681 
2601 
2681 
2682 
2683 
2683 
2603 
2604 
2686 

2699 2637 2717 2707 
2698 2637 2716 2706 
2698 2637 2716 r7ui 
2638 2637 2716 2706 
2698 2637 2716 316 
2690 2636 ??I7 27ili 
2698 2636 2716 2706 
2698 2637 2716 !7r:!6 
2698 2636 2716 2705 
2698 2636 2716 27~5 
2698 2635 2716 27t5 
2bY8 2635 2116 z7u5 
2bYti 2635 2!16 ; 105 
2696 2b36 2715 p: 
2b97 2836. 2714 270s 
2696 2635 2113 27~2 
2703 2636 1712 27~0 
2702 2635 2719 27fllj 
2701 2635 2710 i64j 
2701 2635 2718 is99 
2701 2633 2717 2690 
2700 2634 2717 2690 
2701 2633 2717 2698 
2700 2632 2!17 2698 
2700 2633 2717 2690 
2701 2634 2717 2698 
2700 2633 2717 2698 
2700 2633 2716 1697 
2691 2632 2716. ii97 
2700 2632 2715 2696 
2699 2632 2715 2b96 
2689 2631 27O6 i696 
2689 2630 2705 2695 
2689 2631 27O5 26Y5 
27OB 2641 2710 2111 
‘:7O2 2637 27u0 27u6 
z7uo 2635 2705 i!.:15 
2700 2634 ZlU3 :!ur 

2699 2634 27O2 ;‘703 
air9 2634 27Vl 27u3 
2699 2634 2700 270;1 
2699 2634 27UO 27u3 
2699 2634 27Ol 2x3 
2699 2634 2700 :7u3 
2699 2636 2700 2703 
2690 2634 2700 2703 
2700 2636 2703 2706 
2701 2635 2703 2706 
2700 2636 2702 2704 
:630 2636 2690 2701 
2695 2633 2695 263% 
2695 2633 2694 2647 



18780 
18825 
18870 
18915 
18960 
19005 
19350 
19u9s 
19140 
19185 
lY230 
19275 
19320 
19365 
19410 
19455 
19500 
19545 
1959u 
1’3535 
19w 
13725 
19i70 
19815 
19860 
14905 
19950 
I9995 
20040 
20085 
20130 
20175 
20220 

1620 
1665 
1710 
1755 
1800 
1845 
1890 
1935 
1980 
2U25 

2070 
2115 
2160 
2205 
2250 
2295 
2349 
23I15 
243u 
24?5 
2520 

2565 

261U 
2655 
2700 
2745 
2790 
2835 
2880 
2925 
2970 
3015 
3060 

2686 2728 2688 2721 
2685 2727 2686 2719 
2685 2726 2685 2717 
2685 2724 2682 2716 
2684 2721 2680 2714 
2685 2721 2681 2716 
2687 2724 2685 2720 
2687 2725 2686 2722 
2688 2727 2687 2723 
2688 2729 2688 2724 
2688 2730 2b88 2724 
2689 2730 2689 2725 
2688 2731 2689 2725 
2689 2732 16Yu 2726 
2689 2133 26’11 i!l;17 
?689 2133 zljru ;‘j’i] 

2689 2733 2bYl 27111 
I6YV 2?35 i'bYd Z/iy 

zb9U 2735 ibY 2729 
2690 2736 ai35 2jjfJ 

2691 2737 2695 1731 

2691 &?737 26v4 2131 
2691 2736 2694 2732 

2690 2736 2694 2732 
2689 2737 2694 2732 
2688 2738 2694 2731 
2688 2738 2693 2730 
2688 2736 2692 2729 
2689 2730 2693 2729 
2689 2736 2692 2128 
2689 2734 2692 2728 
2688 2735 2693 2729 
2689 2734 2693 2729 

A-113 

2725 : 15755 855 2688 2695 2634 2694 2636 
2723 : 158uu 900 2687 2634 2633 2634 2697 
2721 I 15845 945 2688 2694 2632 iii93 :tiYb 
2719 : 1589U 990 2688 2633 2633 2693 2693 
:‘!a : 15935 1035 2686 2690 2630 2688 2691 
2720 : 15980 1080 2604 2688 2628 2686 2689 
2724 1 16025 1125 2682 2687 2628 2685 2686 
2726 : 16070 1170 2679 2684 2626 2683 2686 
2727 I 16115 1215 2675 2681 2620 2681 2684 
2728 : 16160 1260 2680 2689 2624 2690 2694 
2720 : 16205 1305 2683 2695 2628 2696 2701 
2129 : 16250 1350 2686 2701 2632 2702 2ifJbU 
2729 : 16295 139s 2687 2703 2635 2704 2708 
2?30 : 16340 144u 2667 2705 2635 2706 2710 
2731 : lb3US 14b5 2bbb Z7U5 2635 2706 2711 
2131 : lb43U 153u .!bY8 2701 2636 2707 271c 

2732 : 16475 1575 26YO 2N9 i?b39 2111 i!?lb 

2133 I 165;1u lb3 Z6Yl 2712 2640 2715 2 "3" 

2333 : Ib5b!j 1bbS 2692 2714 2642 2717 2722 
:!34 : 16610 l?lO 26~2 2114 2643 2117 .., I’., 7 ‘ 6‘ 
2735 ; 16b% 1755 1b97 2714 2643 2717 2721 
2735 : 167~~ 1WJ 2695 2714 2643 2716 2721 
2736 : lb745 lb45 2695 2313 2641 2717 2721 
2736 I 16790 1899 2694 2714 2642 2?17 2722 
2736 : lb835 1935 2694 2715 2642 2718 2722 
2734 I 16880 1980 2695 2715 2642 2’18 x3 
2733 : 16925 202s 2694 2715 2643 2718 2:: 
2732 : 16970 2070 2697 2717 2645 2717 2721 
2732 : 17015 2115 2700 2716 2646 2715 2718 
2731 t 17060 2160 2700 2714 2646 2712 2715 
2732 : 17105 2205 2700 2711 2644 2709 2711 
2733 : 17150 2250 2699 2708 2644 2705 2707 
2732 : 17160 0 2697 2705 2642 2702 2705 

I 22960 2700 2681 2705 2628 2702 2705 

65 



A-114 

TABLE F3: Pressure Head Profiles 

Pressure Transducer Data 

DEPTH 
(cm) 15 

---w--e -w 
5 

15 
25 
35 
45 
55 
65 
75 
85 
95 

Pressure Head Values 

DEPTH 
(cm) 

-a----- 
5 

15 
25 
35 
45 
55 
65 
75 
85 
95 

min 2 hour 
a---- ------- 

2696 2682 
2694 2683 
2770 2744 
2778 2702 
2904 2746 
2909 2748 
2916 2832 
2925 2833 
2958 2876 
2962 2880 

15 min 2 hour 5 hour 1 day 5 day 
------- ------- ----w-w ------- -----w- 

-30.3 -33.8 -33.3 -37.9 -31.3 
-20.8 -23.5 -23.5 -27.4 -20.6 

-5.2 -12.6 -12.3 -16.0 -17.1 
7.2 -14.1 -14.4 -15.2 -13.9 

16.8 -12.8 -17.1 -18.0 -19.5 
27.9 -2.5 -18.7 -16.8 -19.8 
37.9 8.8 -20.1 -14.9 -16.7 
51.2 19.1 -11.3 -17.0 -19.5 
66.7 36.0 7.9 -9.1 -8.5 
78.6 47.7 19‘8 -9.6 -10.5 

5 hour 1 day 5 day 

2684 2665 2692 
2683 2667 2695 
2745 2732 2728 
2701 2698 2703 
2719 2713 2703 
2639 2653 2631 
2738 2756 2750 
2734 2714 2705 
2792 2736 2738 
2797 2698 2695 

14 day 
----m-e 

2690 
2681 
2733 
2700 
2693 
2628 
2730 
2702 
2733 
2705 

14 day 
------- 

-31.8 
-24.0 
-15.7 
-14.6 
-21.0 
-20.2 
-22.4 
-20.3 
-10.0 

-7.7 

Note: 1. “DEPTH” is the depth below the top of the column to 
the tcnsioactcr. 

2. The polynomials for the calibration curves were used 
‘to calculate the pressure head values after they vefe 
corrected to account for the difference in elevation 
bctvecn the transducers and .the tensiometers. 
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Introduction 

Nicholson et 01. (1989) discusled the hydraulic principles involved in the use 

of finttextud materials as protective coven for reactive mine tailings. Using 

schematics and assuming rtatic flow conditions, they demonstrated how fint 

textured materials could. remain at high moisture content above relatively coarser 

granular materials, even when the water table is at some arbitrary depth, far from 

the ground surface. The authors concluded that arch a layered system would effec- 

tively reduce the influx of oxygen, thereby inhibiting oxidation of the underlying 

ruiphidcbearing tailings. They showed that a necessary requirement to maintain 

cover material in a fuIly saturated state after prolonged drainage is that the mag- 

nitude of the air entry value (AEV) be greater or quaI to the rum of the cover 

thickness and the magnitude of the pressure head at which the underlying coarse 

layer approaches the residual moi&ure content. 

Discussing the paper, Barbour (1990) used steady-state flow relationships to anal- 

yse a two-layer system. He concluded that the analysis of Nicholson et 01. (1989) 

placed unnecessary restrictions on the moisture retention characteristics of the 0 
cover material. The analysis alro indicated that for the cover material selected, an 

appreciable flux of water (in the form of infiltration) would be required in order 

for the design to be effective. Although Nicholson et 4. (1990) clarified the con- 

cerns raised by Barbour (1990), they also indicated the limitations of the static 

(Nicholson et ol., 1989 and 1990) and steady4ate (Barbour, 1990) approaches 

to the anaiysis of the problem. It was further indicated that a transient analysis 

was necessary to fully demonstrate the anticipated behaviour. The objective of 

this paper is to use a transient numerical model to further elucidate the concepts 

presented by Nicholson et ~2. (1989 and 1990). 
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Methodology 

A ontdimessiond, Unite element, saturated-unsaturated flow model (Abdul, 

1985) was applied to the problem of drainage through a two-layer vertical pro- 

file. The program was originally developed for two dimensional, homogeneous, 

anisotropic, variably saturated and hysteretic flow in compressible porous media. 

The governing equation applicable to this study is somewhat simpler, and is of the 

form 

where 

K = saturated hydraulic conductivity [LT”] 

A; = relative hydraulic conductivity, [/] OIGl 

C = specific moisture capacity [L”) 

S = degree of saturation (normalised moisture content) [/] 

S. = specific storage [L-l] 

$I = pressure head [L) 

z = coordinate in the verticd direction [t] 

t = time [T] 

To accomodate layering, the original version of the program was modified to d- 

low for variation of soil properties with location. The effect of specific storage is 

considered to be negligible in this study. However, to be consistent with the form 

of equation 1 its value for each material was estimated from the relationship 

s. = pg(a + h) (2j 

where 

p = density of water 

9 = acceleration due to gravity 

. 
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a = compressibility of the soil material 

b = compressibility of water 

n = porosity 

Freeze and Cherry (1979) g ave the value for b, and estimates of u for different 

materials. Values of compresdbility used in this study were 4.4 x 10’lo, 3.3 x lo’*, 

and 1 x 10” na’/N for water, sand and silt respectively. 

Three sets of simulations were conducted, involving five different porous media. 

These included:- 

1. The ‘silt’ and ‘sand’ used by Barbour (1990) 

2. Touchet silt loam overlying Crab Creek sand (Brooks and Corey, 1964), and 

3. Touchet silt loam overlying a coarse sand. 

Moisture retention characteristics of the different materials are shoyn in Figure 1. 

The relative hydraulic conductivity for each porous medium was calculated from 

the corresponding moisture retention curve using the method of Mualem (1976) 

as suggested by van Genuchten (1980), such that the moisture content (6) at any 

arbitrary pressure head was given by 

where 

(3) 

4 = the residual moisture content 

6 = saturated moisture content 
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a, 4 = curve fitting parameters (a has a dimension L”), and 

p 1-i = (0 <P < 1, Q > 1) 

Table 1 contaim a summary of the hydraulic and the m-fitting parameters for 

each material. In equations 1 and 4, the hydraulic conductivity at a specified 

pressure head (or moisture content) is assumed to be the product of the hydraulic 

conductivity at raturation and the relative hydraulic conductivity, such that the 

relative hydraulic conductivity attaim unity as the aoirture content approaches 

its saturated value and becomes zero at residual moisture content. 

Each layered system consists of 2.5 metres of the coarse-graintd material under- 

lying 1 metre of a finer cover material. A choice of this geometry was a deli- 

brate attempt to be consistent with the system discussed by Barbour (1990) and 

Nicholson et uZ. (1990). Rtrthermore, Nicholson el ol. (1989) had shown that the 

effectiveness factor of a cover material as a barrier to influx of oxygen increases 

appreciably within the first metre of coyer thickness, beyond which it does not 

change much. Other simulations (not shown here), with more than 2.5 metres 

of underlying coarse materisl, gave results that are consistent with the discussion 

that follows. 

The initial condition considered the entire profile to be saturated, with the water 

table at the surface. The boundary conditions include tero-flux across the top 

boundary and a timtdependent pressure head at the bottom which, in effect, 

lowered the water table linearly from the top of the profile to the bottom over 

the first one hour of the simulation period. This boundary was used to relax the 

constraint on the numerical model caused by large and sudden changes in the 

boundary condition. Within the time frame of the simulations (56 days), this 
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boundary condition is physically equivalent to an Uinstantaneous” lowering of the 

water table to the base of the profile. Variations in pressure head, total hydraulic 

head and degree of saturation were tabulated for specified elevations over a period 

of 56 days. 

Results and Discussion 

The results are summarized in Figures 2 to 4. Because the water table was 

initially at the top of the column, an increasingly positive (hydrostatic) pressure 

head profile would extend below the surface. To reduce the c-axes and because 

late-time data are of greatest relevance, only times corresponding to negative 

pressure head profiles are shown. The graphs are plotted for selected times to 

show the general trends of the hydraulic response. 

The pressure head profiles for the three pairs of soil materials (Figure 2 a, b and 

c) changed rapidly during early time and, in all cases, appear to be approaching 

a static condition by 14 days. Relatively small changes occurred between 14 days 

and the conclusion of the simulations at 56 days. The 6nal profiles are very 

similar for all pairs of soil materials. In particular, within the cover layer, which 

remains saturated or at a relatively high moisttqre content, the pressure head 

approaches the 1:l hydraulic equilibrium condition. For a distance below the cover 

the pressure head is almost constant and is &me to the pressure head at which 

the moisture content approaches the residwl value for the respective coarse-layer 

materials ‘(Figure 1). At great& depth, as the water table is approached, the 

pressure head profile again approaches the 1:1 hydrostatic condition. While t.hc 

final profiles appear to be approaching a static condition, they are far from the 

static equilibrium condition indicated on each graph. This is a consequence of the 

low value of relative hydraulic conductivity when moisture content approaches the 
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residual value. 

The results of these simulations can be extended to address the situation that 

might lead to a zero pressure head (i.e. atmospheric) at the interface. The pressure 

head at the interface between the medium-size materid and the cover changed 

from about -Mm at one hour to about -0.65m at 56 days (Figure 2b). For the case 

of a coarse underlying material, the pressure head at which the residual saturation 

is 6rst approached is about -0.lm (Figure 1). ‘Rrthermore, the pressure head at 

the interface dropped only marginally throughout the duration of the simulation 

(Figure 2c), keeping the interface pressnre head at values more positive than -0.3m 

at 56 days. One can envision coarser materials with less negative pressure head 

values at residual saturation, resulting in an interface pressure head that could 

practically be zero. It is therefore suggested that a condition of “drip” surface at 

the interface would be an end-member of the continuous spectrum, satisfied only 

by a very coarse (or gravelly) underlying material. 

The changes in saturation for the three cases simulated are given in Figure 3. 

For the materids considered by Barbour (1990), the degree of saturation in the 

sand declines more rapidly than in the silt (Figure 3a). Nevertheless, even at a 

time of 2 hours, the entire cover layer was at a water content less than saturation, 

which would substantially reduce the cover’s effectiveness as an oxygen barrier. 

Thus, while Barbour (1990) showed that the moirture content could be increased 

by application of a constant flux, under naturd conditions, the cover material 

considered by Barbour (1990) would be an ineffective barrier nftcr nnlp * f*w 

hours of redistribution and drainage following precipitation events. 

The saturation profiles for the Touchet silt over Crab Creek sand are substantidly 

different (Figure 3b). In particular, while the sand drained rapidly, the silt re- 
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mained fully saturated over its entire thickness for almost the entire duration of 

simulation. This observation is readily explained by reference to the pressure head . 
profiles. The maximum negative pressure head at the bottom of the silt layer is 

about -0.65m, corresponding to the pressure head at which the underlying sand 

approaches its residual moisture content value (Figure 1). The ma;dmum nega- 

tive pressure head of about -1.65m occurs at the surface of the cover reflecting 

an equilibrium pressure head distribution in the cover. Thus at no point in the 

cover layer does the pressure head significantly exceed the AEV of the Touchet 

silt materid (-1.65m, Figure 1). The silt therefore remains saturated. For the 

case of Touchet silt overlying coarse sand, the silt remained fully saturated over 

its entire thickness throughout the duration of the simulation (Figure 3~). In this 

case, the maximum negative pressure at the base of the silt layer is only about 

-0.25m which again corresponds to the pressure head at which the coarse sand 

approaches the residual moisture content (Figure 1). 

The hydraulic head profiles for each soil pair are shown in Figure 4. For both 

cases where the Touchet silt is the cover material (Figures 4 b and c), there is 

a negligible hydraulic gradient across the cover layer throughout the duration of 

simulation. This is consistent with the static equilibrium pmsure head profiles 

discussed previously. Clearly if there is no hydraulic gradient across the cover layer, 

there can be no flow of water across the layer. In the absence of a surface flux, as 

assumed in the present simulations, this implies that there ir no drainage of the 

surface layer. This is consistent with the fact that the magnitude of the pressure 

head did not uceed the AEV of the silt. In contrast to the cover layer, the value 

of hydraulic gradient in the underlying materid is close to unity at dl times in 

the zones at residud saturation. Hence drainage would proceed at the rate of the 

prevailing hydraulic conductivity within the drained tone, diminishing with time 
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as the degree of saturation decreases. At late time, the profiles become almost 

static, though far from equilibrium, as a result of slow drainage caused by the very 

low values of hydraulic conductivity. The materials andysed by Barbour (1220) 

exhibit profiles across the cover layer that are significantly different from other 

pairs of material simulated, partic’ularly at early time when the hydraulic gradient 

is appreciable (Figure 4 a) while saturation is high (Figure 2 a). Under these 

circumstances, the relative hydraulic conductivity (&,) would have a significant 

magnitude and drainage of the cover would be inevitable. 

Conclusion 

Bssed on the moisture retention characteristics of selected materids, the numeri- 

cal simulations demonstrated that it is hydraulically possible to maintain a fully 

saturated layer of fine-texture mater-id above a coarse material even though the 

water table may be far from the ground surface. Neglecting water losses by evapo- 

transpiration and for an appropriate choice of cover materid with an appropriate 

thickness, no infiltration would be necessary to maintain a fully saturated cover 

layer. Two fundamental characteristics are important in assessing what thickness 

of a particular material can be maintained fully saturated. The first is the AEV of 

the cover layer. The second characteristic is the pressure head at which the under- 

lying material approaches residual saturation, in as much as this determines the 

. pressure head at the interface. The thickness of the cover Jayer that would remain 

saturated after prolonged drainage and redistribution would be the difference in 

the magnitude of AEV of the cover material and the magnitude of the pressure 

head at the interface. 

It is recognised that th 

considerations for fine-g& 

o not address all of the practicd -design 

In particular, hysteretic effects caused by 

’ . 
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alternate cycles of wetting and drying conditions, reduced moisture content caused 

by evapotranspiration, and the effects of fkezing and thawing on the integrity of 

the cover are important questions that need to be addressed. Further laboratory 

and modelling studies are in progress to better define the limitations of the concept. 

Preliminary results of the laboratory experiments show trends that are consistent 

with the discussion above. 
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Material AEV 8, 8, Kd a 
(4 

9 
(cm/min) (CTn-‘) 

l silt -10.0 0.074 0.381 0.045 0.028 3.60 
l Sand 8.0 0.095 0.322 0.331 0.050 4.05 

To&et Silt 165.0 0.18 0.485 0.035 0.004 7.05 - - 
Crab Creek Sand 24.0 0.141 0.448 0.431 0.029 10.21 
Coarse Sand 8.0 0.026 0.422 7.80 0.077 9.74 

l As presented by Barbour (1990) 

11 

o, and q/are c&e fitting parameters in the van Gem&ten (1980) model, and all 
other parameters are measurable properties of the porous media. 

Table 1: Summary of the hydraulic and curvtfitting parameters for the selected 
materials 

Sand (Barbour, 1990) Sand (Barbour, 1990) 

Coarse Sand Coarse Sand 

J :o 
“““I”” 1 “““““* ” d 

-500.0 -40b.o -300.0 -200.0 -100.0 0.0 

Pressure Head (cm) . . 
~ l 

Figure 1: Moisture retention characteristics of the selected materials 

. 



St&lo Epullibrlum 

statlo Equllibrfum stat10 Equllibrfum 

F . 
O=lHour . 
l =2Houn 
l = 7 nourr 
*=2Dyr 

O=lHour . 
l =2Houn 
l = 7 nourr 
*=2Dyr 
l =14Dya 

StatLo 2quillbrlum 

or1Hour 
8 = 2 Itours 
+ P 0 ItourS 
M = 2 Days 
l = 14 Days 
v = 20 Ihys 
l = Se Days 

Figure 2: Variation in pressure head with elevation 
at selected times 

(a) ‘silt’ overlying ‘sand’ (Barbour, 1990) 

(b) Touchet silt overlying a medium sand 

(c) Touchet silt overlying a coarse sand 

Pressure Head (cm) 



, 
I- 
, 

I 
,- 
, 

I 
, 

T 
0. 

(‘4 

t . 

.O 0.1 0.2 0.3 0.4 0.5 

Saturation 

w 
5 - I - 1. v - ’ - 1.1 - ’ I - 

0 0 I : 0.3 0.3 0.4 0.6 0.0 0.7 01 a.0 

0 = I Hour 
6 - 2 Hours 
l =eHOun 
x=2Days 
l = I4 Daya 
’ = 28 Daya 
’ = S8 Days 

; 

. 

Figure 3: Variation in saturation with elevation 
at selected times 

(a) ‘silt’ overlying ‘sand’ (Barbout, 1990) 

(6) Touchet silt overlying a medium sand l 

(c) Touchet silt overlying a coarse sand 
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1.0 INTRODUCTION 

In a letter dated April 12, 199 1, Noranda Technology Centre (NTC) asked the 
Geotechnical Group at the University of Saskatchewan to provide technical assistance to 
NTC personnel in modelling the drainage from a laboratory column of a layered cover 
system. On July 23, 1991, NTC provided the Geotechnical Group with a set of data and 
the results of preliminary modelling which had been undertaken by NTC. Some 
difficulties had been encountered in the simulation and the University of Saskatchewan 
was asked if they would review the work and attempt to simulate the behavior of the 
laboratory column during drainage. The letters of April 12 and July 23, 199 1 are 
included in Appendix A. 

This report provides a summary of these modelling efforts. Section 2 contains a brief 
description of the laboratory column study. Section 3 summa&es the modelling which 
had been compieted by NTC up to the end of July, 1991. Section 4 summarizes the 
results of the modelling undertaken by the University of Saskatchewan. Final 
conclusions and recommendations regarding this study are provided in Section 5. 

2.0 DESCRIPTION OF THE LABORATORY DRAINAGE COLUMN 

A complete written description of the column drainage test was not’provided by NTC. 
The following description is our understanding of the construction, testing and 
monitoring of the column. Much of this information has been obtained through 
discussions with NTC personnel and consequently some details may be lacking. 

2.1 Column Construction 

It is understood that the layered soil column was constructed in order to observe the 
behavior of a clay cover placed over sandy tailings. The column was prepared in a 
plastic pipe approximately ‘1 meter in length. A IL? bar ceramic porous stone was placed 
at the base of the column, followed by approximately 72 cm of compacted sand and then 
28 cm of compi?cted clay. The column was prepared in a fully saturated condition and 
hydrostatic conditions were then established with the water table at the top of the column. 
The column was instrumented with a set of 10 tensiometers spaced evenly along the 
length of the column. There is some question as to whether there was a tensiometer at 
the very top of the column. 

Drainage was initiated by lowering an outlet tube connected to the base of the column fo 
an elevation 0.5 meters below the base of the column. Provision was made to keep the 
top of the column at atmospheric pressure conditions; however, evaporation from the top 
of the column was prevented. During drainage of the column, periodic measurements of 
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pressure along the column were made. It is assumed that the total volume of water 
drained from the column with time was also measured, 

2.2 Soil Types 

The three materials used in the column construction were the porous stone, a compacted 
Yukon Clay, and the Heath-Steele Sand. The moisture characteristic curves for the clay 
and sand, as provided by NTC, are illustrated in Figures 1 and 2. 

The air entry value for the clay appears to be approximately 20 kPa of suction. The 
maximum negative water pressure that could have developed at the top of the column 
after drainage was approximately 15 kPa, consequently, it was considered unlikely that 

i. i . the clay would dram. However, it is important to note that because of the soft nature of 
‘f . 

. +.lG ;y‘l: 
this clay signifMnt changes in water content could still occur as a result of consolidation 

-ft under the negative pore water pressures that deveIoped during drainage. 

The sand has a very low air entry value (less than 2 kPa of suction), consequently, 
drainage of the sand was likely. The suction at which the sand reaches a residual water 
content is approximately 4 kPa. Under a fulIy drained, hydrostatic condition, the average 
suction in the sand would be approximately 9 kPa and consequently, it should be 
expected that a significant portion of the sand column would have approached the 
residual water content. This is important in that the critical hydraulic conductivity values 
controlling drainage of the column at long times will he those developed near the residual 
water content. 

The hydraulic conductivity functions predicted for the clay and sand, using the technique 
proposed by Green and Corey (1971) are shown in Figures 3 and 4. This technique is 
fairly reliable for water contents above the residual water content; however, the predicted 
flattening of the hydraulic conductivity function as the soiI approaches the residual 
saturation is questionable. It is likely that in fact the hydraulic conductivity decreases 
more rapidly in this zone as the liquid phase within the soil becomes discontinuous. 

1 The saturated hydraulic conductivity of the three materials; clay, sand and porous stone, 
’ are 3.6x10-06, 4.Ox1O-o2, and 3.1~10’~~ cm/s, respectively. The value of hydraulic 

conductivity for the porous stone was obtained from the manufacturer’s literature. We 
I .’ understand that the saturated hydraulic conductivity of the other two materials had been 
, measured by NTC. 
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2.3 Laboratory Observations 

Figures 5 and 6 illustrate the profiles of pressure head, and the computed hydraulic head 
within the laboratory column at various times. The original data provided by NTC 
(Appendix A) was referenced to an elevation datum of 0.5 metres at the column base. 
The data shown in Figures 5 and 6 was provided by Notanda and it is based on an 
elevation equal to zero datum at the base of the cohunn. 

There are a number of signifkant observations which can be made from these figures. 

First, it is a~$&nt from the observed data that drainage of the sand took place. The 
gradients in the clay layer indicate that some rekase of water from the clay also occurred. 
particularly at early times. Secondly, it is interesting that near the base of the column, the 
gradient in the sand was extremely fiat, even though the hydraulic head in the sand was 
well above the boundary condition value of -0.5 m. This indicates that the porous stone 
at the base of the coiumn produced an impeded drainage condition. Finally, after 
approximately 3 days, it is apparent that nearly stagnant conditions developed, even 
though the gradients measured in the sand were still quite significant. Since there was 
little change in pressure between the 3 day and 7 day readings, there could not have been 
any significant release of water. The gradients indicate that the hydraulic conductivity of 
the sand must have been extremely low. This might be expected because the average 
suction in the sand was approximately 5 kPa, the same suction at which the sand 
approaches the residual water content. 

These three features of the observed pressure and hydraulic head changes within the 
column - the release of water from the clay, the impedance of the porous stone, and the 
low hydraulic conductivity of the sand as it approached its residual water content - are 
critical features which must be duplicated in any modelling study. 

3.0 NTC SIMULATION MODEL 

This section provides only a brief summary of the modelling completed by NTC to the 
end of July 1991. This summary is based solely upon correspondence and telephone 
conversations with NTC personnel since no detailed summary of this work was available 
at the time. The PC-SEEP, saturated-unsaturated flow model marketed by GEOSLOPE 
Programming Ltd. of Calgary was used for these simulations. 
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3.1 Description of the NTC Model 

The NTC model was a two layer soil system consisting of 28 cm of Yukon Clay over 128 
cm of Heathe-Steele Sand. The porous stone was not included in the model. The entire 
height of the model used was 1.5 metres. It is not clear why this was done. It may have 
been used so that the elevation, pressure and hydraulic head data would coincide at zero. 
This is not necessary and it would‘have been better to simulate the actual column height 
and boundary conditions. 

The mesh used by NTC is shown in Figure 7. The zones of finer element spacing-were 
used to provide greater spatial disc&z&on at the base of the clay and at the base of the 
sand; zones in which rapid changes in head and pressure are likely to occur. 

The.initial head within the column was taken to be 1.5 metres. The drop in head from 1.5 
to 0.5 metres at the lower boundary of the model at a time equal to zero was “ramped” 
over the first hour of the simulation. This was done in order to prevent instability in the 
solution arising from an abrupt change in the boundary condition. 

3.2 Results of the NTC Modd 

The plots of pressure head and total head within the column as obtained from the NTC 
model are shown in Figures 8 and 9. It is nadiIy apparent that the drainage predicted by 
this model is much more rapid than that observed in the laboratory. In addition, the three 
characteristic features of the observed data described in Section 2.3 are not reproduced. 
The gradient within the clay remains flat, the gradients within the sand drop quickly and 
reach a hydrostatic condition, and there is no apparent impedance at the base of the 
column. 

4.0 UNIVERSITY OF SASKATCHEWAN SIMULATION MODEL 

The saturated-unsaturated flow model used for the University of Saskatchewan modelling 
was the SEEP/W saturated-unsaturated flow model, recently released by GEOSLOPE 
Programming Ltd. of Calgary. This model is a WINDOWS version of the older PC- 
SEEP model and it includes a number of significant improvements in areas such as mesh 
generation, convergence schemes, boundary conditions, and material properties. 

The University of Saskatchewan modelling was undertaken in two stages. In the first 
stage, an attempt was made to duplicate the model results obtained by NTC in order to 
confvm that both models were providing similar answers for the same mesh and material 
property data base. The modelling results obtained by the University of Saskatchewan 
proved to be an exact match of those obtained by NTC. 
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In the second stage, efforts were made to m-configure the finite element mesh, boundary 
conditions, and material parameters in order to more accurately reflect the conditions 
developed in the laboratory column. A sensitivity study was then undertaken in order to 
highlight the effects that variations in material parameters have on the simulation results. 
Although a unique set of parameters can not be determined by back-analyses, a good fit 
to the experimental results was obtained with only minor modifications to the original 
parameter data set. 

4.1 Description of the Model - Mesh Design and Boundary Conditions 

In order to incorporate the effects of the impedance caused by the porous stone, a three 
layer model consisting of a 0.5 cm pomus stone, 72 cm of sand, and 28 cm of clay was 
developed Each element is 1 cm high, has 8 nodes, and has nine points of interpolation. 
The mesh developed for the simulation is illustrated in Figure 10. 

A zero elevation datum was assigned to the base of the column; consequently, the initial 
head throughout the column was 1 metre. The boundary condition at the base of the 
column was “ramped” from 1.0 metres to 0 metres over 2 minutes. This time was 
established by trial and error as a minimum and realistic time for the development of the 
lower boundary condition without causing numerical instability. 

The total simulation of 7 days was run in three stages with each stage using the predicted 
head from the previous stage as initial conditions. This procedure allowed the simulation 
to be broken down into a series of smaller simulations in which appropriate time steps 
could be assigned over each time interval. The first stage included the boundary 
condition ramping and ran from 0 to 2 minutes. The second stage of the simulation ran 
from 2 minutes to 2.2 hours, and the final stage ran from 2.2 hours to 7 days. In the data 
files included with this report, these stages are referted to by the number designations 8. 
9, and 10, respectively. 

4.2 Overview of the Simulation Cases 

A series of 27 different simulation runs were made in order to investigate the response of 
the model to changes in the following material parameters: 

(i) the water content versus suction relationship for the clay, 

(ii) the saturated hydraulic conductivity of the clay, 

(iii) the hydraulic conductivity relationship for the sand, and, 

(iv) the hydraulic conductivity of the porous stone. 
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These parameters control the three characteristic features of the laboratory model as 
described previously in Section 2.3. Several additional runs were also made to 
investigate the effectiveness of changing the parameters controlling the convergence 
scheme used in the simulation. Table I provides a summary of the parameters used for 
each of the different cases. The pressure head and hydraulic head profiles through the 
column for each simulation are provided in Appendix B. 

In Cases A through H, the magnitude of the hydraulic conductivity of the clay, sand and 
porous stone were varied. For cakes I through K the steepness of the hydraulic 
conductivity relationship for the sand was adjusted SO that the hydraulic conductivity 
dropped more dramatically as the sand approached its residual water content (Figure 4). 
For Cases L and M, the saturated hydraulic conductivity and the water content 
relationship for the ciay (Figure 11) were varied. In Case N, a hydraulic conductivity 
relationship for the sand (Figure 4) as predicted by the technique proposed by Laliberte et 
al (1968) was used. Case 0 was used as a check on the stability of the solution if the 
model parameter KFAC was varied. This parameter limits the change in hydraulic 
conductivity of an element during one. iteration by the value of KFAC times one log 
cycle of hydraulic conductivity. 

Cases P through S were a series of simulations based on the hydraulic conductivity 
relationship for the sand used in Case K (Figure 4). In each case, the saturated hydraulic 
conductivity of the clay, the water content relationship for the clay, or the hydraulic 
conductivity of the porous stone were varied. Cases T through W were similar to Cases P 
through S except that the hydraulic conductivity relationship for the sand was the same as 
that used in Case J. Case X illustrated the combined effect of all the adjustments made in 
Cases T through W. Case Y combined the decrease in the hydraulic conductivity of the 
clay in Case V with the decrease in the hydraulic conductivity of the stone in Case W. 
Case 2 used a tighter KFAC value in an attempt to remove some of the obvious 
numerical instability that was present in Case Y. The final Case AA, used a slightly 
lower hydraulic conductivity for the porous stone. A disk containing the initial data files 
for these cases is enclosed with this report. 

4.3 Discussion of Simulation Results 

It is apparent from even the original data set (Case A) that many of the critical features of 
the laboratory observations, as well as the general shape of the pressure changes, could 
be reproduced. Slight gradients developed in the clay, slower time dependant changes in 
pressure occurred throughout the sand, with impedance at the base of the column. The 
only feature that was not reproduced was the stagnation of the pressure changes at later 
times. 

Cases B through H illustrate that by fairly minor changes in the hydraulic conductivity of 
the clay, sand and porous stone many of the above features could be accentuated. None 
of these changes; however, had any significant influence on the stagnation of pressure 
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changes at long times. Cases I through K illustrated that this feature could only be 
reproduced if the hydraulic conductivity relationship for the sand was decreased rapidly 
as the water content of the sand approaches its residual value. 

The refinements used in the remaining cases illustrated that a very good match to the 
observed pressure heads within the column could be obtained with only minor 
adjustments to the soil parameters, providing that the appropriate hydraulic conductivity 
relationship for the sand was utilized. 

It is evident in the simulation results that problems with numerical stability develop as 
the hydraulic conductivity relationship for the sand is steepened. The use of the KFAC 
parameter appeared to be quite effective in controlling this problem. Figure 12 provides 
a comparison of the convergence of the head vector with iteration number for a time step 
in which convergence w-as quite problematic. Case Y used a KFAC value of 1.0, while 
Case 2 used a KFAC value of 0.1. The lower KFAC value produces stable convergence. 
The stability of the solution is also evident in the pressure head and hydraulic head 
profiles for these cases shown in Appendix B. 

The “best” simulated match to the actual column observations was provided by 
simulation Case AA. Figure 13 provides a comparison of the laboratory observations 
with the simulation results. The comparison is quite good over most of the profile. The 
heads at the top of the clay appear to be a little different. There is some question as to 
whether the pressure head at the top of the column was actually measured It is more 
likely that the hydraulic heads at the top of the clay begin to flatten near the top of the 
column as the water flux decreases. 

5.0 CONCLUSIONS AND RECOMMENDATIONS 

Modelling of the laboratory column has ilIustrated that it is possible to obtain a good 
prediction of the pressures within the column as long as critical aspects of each media 
type are included in the model. These features include: 

(i) The release of water from the clay as a result of consolidation under the negative 
pore pressures that develop during drainage. 

(ii) The impedance produced by the presence of the porous stone at the base of the 
column. 

(iii) The rapidly decreasing hydraulic conductivity of the sand as it approaches it’s 
residual water content. 
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The final simulation Case AA illustrated that a good match can be obtained with only 
slight alterations to the original data set provided by NTC. In Case AA the followin_e 
adjustments to the original data set were made: 

(i) The hydraulic conductivity function for the sand was steepened near the residual 
water content. 

(ii) The hydraulic conductivity of the clay was reduced by a factor of 2. 

(iii) The hydraulic conductivity of the porous stone was reduced by a factor of 2.7 
from its catalogue value. 

The use of a steeper function for the hydraulic conductivity near the residual water 
content has already been explained. The reduction in the saturated hydraulic 
conductivity of the clay is not particularly severe. One would expect some reduction in 
the hydraulic conductivity of the clay in the column from that measured in separate tests, 
either due to consolidation or possibly due to incomplete saturation during construction. 
The reduction in the hydraulic conductivity of the porous stone may appear quite 
significant; however, it is important to keep in mind that the original estimate of the 
hydraulic conductivity was based on a catalogue value. No hydraulic conductivity 
testing of the porous stone used in the laboratory column has been undertaken. 

Some suggestions for further work would include the following: 

(i) A more complete match of the laboratory observations could be attempted. In 
particular, adjustments to the water content and hydraulic conductivity 
relationships for the clay could be tri& however, some evaluation of the 
accuracy of the pressure readings within the clay should be made before effort is 
expended in a “curve fitting” exercise. 

(ii) Checking any “calibration” using the cumulative flux through the base of the 
column, as predicted by the model, against the total drainage volumes measured 
in the laboratory, would be useful. 

(iii) Direct measurements of the hydraulic conductivity of the porous stone should be 
made. 

(iv) Direct measurements of the hydraulic conductivity of the clay cover in an “as 
compacted” condition could be undertaken. 

(v) Laboratory techniques to verify and investigate the hydraulic conductivity 
relationship for the sand at water contents near the residual water content should 
be developed. Some work in this area is just beginning at the University of 
Saskatchewan. 

(vi) Further sensitivity studies could be undertaken on the impact that the level of 
spatial and temporal discretization have on the model results. 

(vii) More formalized sensitivity studies could be undertaken on the role that 
variations in soil properties have on the model results. 
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. . Table 1 &-on Ca . 
Case Saturated Hydraulic Hydraulic Conductivity Water Content 

Conductivity (m/day) Relationship - Sand Relationship - Clay 
Clay Sand Stone 

. ..~~~~~~----*-.I----.-..---.~~----~.---.----..------.-----.-----.---..~----.---.---~~~.~.-..~.~.----..~.--. 
(bold print indicates that the value is different than the original data set) 
Orig 3.1 le-03 3.45e+Ol 2.68e-02 
A 3.1 le-03 1.72e+Ole 2.68e-02 
B 3.1 le-03 3.45e+OO 2.68e-02 
C 3.1 le-03 3.45e+Ol 2.68e-03 
D 3.1 le-03 3.45e+Ol 1.34e-02 
E 3.1 le-03 1.72e+Ol 134e-02 
F 3.1 le-03 l.lte+Ol 6.7Oea3 
G 3.1 le-03 1.72e+Ol 1.34e-02 
H l.SSe-03 1.72e+Ol 134e-02 
I 3.1 le-03 1.72e+Ol l*-02 
J 3.1 le-03 1.72e+Ol 1.34e-02 
K 3.1 le-03 1.72e+Ol la-02 
L 3.1 le-03 1.72e+Ol L34e-02 
M 1.55e-03 1.72e+Ol 1.34e-02 
N 3.1 le-03 1.72e+Ol 1.34e-02 
0* 3.1 le-03 1.72e+Ol 1.34e-02 
P 3.1 le-03 3.45e+Ol 2.68e-02 
Q 3.1 le-03 3.45&N 2.68c-02 
R 1.55e-03 3.45e+Ol 2.68e-02 
S 3.1 le-03 3.45e+Ol 1.34e-02 
T 3.1 le-03 3.45e+Ol 2.68e-02 
U 3.1 le-03 3.45eAl 2.68e-02 
V 1.55e-03 3.45e+01 2.68e-02 
W 3.1 le-03 3.45e+01 l&k-02 
X 1.55e-03 3.45e+Ol l&k-O2 

Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig 4 - Steep Fnc I 
Fig 4 - Steep Fnc J 
Fig 4 - Steep Fnc K 
Fig 4 - Original Fnc 
Fig 4 - Original Fnc 
Fig4-CaseNFnc 
Fig 4 - Original Fnc 
Fig 4 - Steep Fnc K 
Fig 4 - Steep Fnc K 
Fig 4 - Steep Fnc K 
Fig 4 - Steep Fnc K 
Fig 4 - Steep Fnc I 
Fig 4 - Steep Fnc I 
Fig 4 - Steep Fnc I 
Fig 4 - Steep F&I 
Fig 4 - Steep Fnc I 
Fig 4 - Steep Fnc I 
Fig 4 - Steep Fnc I 

Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 110 Steep Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 110 Steep Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 11. Steep Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 
Fig 110 Steep Fnc 
Fig 1 - Original Fnc 
Fig 1 - Original Fnc 

Y 1.55e-03 3.45e+Ol 134e-02 
Z* 1.55e-03 3.45e+Ol 1.34e-02 
AA* -- Final Simulation 

1.55e-03 3.45eiGl l.OOe-02 Fig 4 - Steep Fnc I Fig 1 - Original Fnc 

(* - KFAC equal to 0.1, all other cases KFAC = 1 .O) 
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Figme 1 Volumetric water content versus matric suction relationship for the Yukon Clay 
as provided by NTC 
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Figure 3 Hydraulic conductivity versus matric suction relationship for the Yukon Clay 
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-Trial1 +TriaiJ -TrialK -TrialE +TrialN 

Figure 4 Hydraulic conductivity versus suction relationships for the Heath-Steele Sand. 
(Data points only - all functions smoothed by spline interpolation in the model) 
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Figure 5 Hydraulic head profile within laboratory column at different times 
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Figure 6 Observed pressure head profiles within laboratory column at different times 
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Figure 7 Finite element mesh for the NTC model. 
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Figure 8 Simulated pressure head profiles from the NTC model 
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Figwe 9 Simulated hydraulic head profiles fkom the NTC model 
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Figure 10 Finite element mesh used for the University of Saskatchewan model. 
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Figure 11 Volumetric water content relationships for the Yukon Clay as used in the 
model simulations. (Data points only - all functions smoothed by spline 
intupoiation in the model) 
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Figure 12 The effect of KFAC on the convergence of time steps 6 and 7 in aial 
simulations 1OY and 102. 
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Figure 13 Hydraulic head and pressure head profiles for simulation case AA 
a) overlay of laboratory observations 
b) Case AA simulation results. 
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July 23,199l 

Dr. L Barbour 
Depammt of CM Engineering 
Uniwrsity of Saskatchewan 
Saskatoon, Saskatchewan 
s7N owo 

hs we discussed before, we are trying to reproduce the rewits of the transient drainage of our lab 
cohmns using PC-SEEP. I included in this package a diskette with datafiles: 

COLUMN’I.SEP: Transient run, times 0 to 1 day 
initial heads 1.5 m 
bottombowdaryconditbnchanglngfromh= l.SmtoOm 
MAXKDIF set to 0.100 

COLUMN7LSEP ums8 l-2.5 days 
solution from COLUMNI.SEP used as inW condition 
bottorntwndatyh=O(umstant) 

COLUMN4.SEP hchJded only 8s reference 

-NJ 
contabs SOIL data frum KCAL fitted results instead of matched results 
uswf in COLUMN7 run 

H 

Also induded are: 

a 
Gridwithtzommm8msoileandtxMd8rycond#kn 

e STORAGE curve for top soil r/ukon day) 
w STORAGE and SOIL curves for bottom soil (HS-D, or Heath St&e 0 sand) 
s Grains&e distribution cuwes for both soils 
- Elevation vs Total Head piot at s&cted~ times using results of COLUMN7 and 

COLUMN7L 
Elevation vs Pressure Head pbt for same times 
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I  Elevation vs Total head plot for laboratory cdurnn 

Comments and questions: 

1) I have looked at new example 12 In the PC-SEEP manual, wMch does a simulatiocl of the 
steady state solution by KiscA Is it essentM to vaty the MAXKDIF parameter and perform 
theruninthreesteps? Ifso,ltshouldabobedoneforthetmns&ntrun. 

3) Ow resulting plOtS resemble those d AMdunrel (1980); hawcrver, the cutvea shift much 
faster to smaller head values, ktdkxting that draltmge acurs faster. 

CENTRE DE TECHNOLOGIE NORANOA 

LUC St-Arnaud, P.Eng, M.Sc. 
HYDROGEOTECHNICAL GROUP 

End. 
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APPENDLXB _ 

HYDRAULIC HEN AND PRESSURE HEAD PROFILES 

- SIMULATION CASES ii THROUGH AA 
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Simulation of Original Data Set 
Total Head (m) vs. Elevation (m) 
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TRIAL 8-1 OC / NORANDA 
Total Head (m) vs. Elevation (m) 

1 

0.5 

0 

4.5 

-1 

-0.45hr. +l.Ohr. -2.2hrs. +3days +7days 

TRIAL 8-1OC / NORANDA 
Rcssurc Head (m) vs. Elevation (m) 

-I -0.8 -0.6 a.4 -0.2 0 
+ Init. -0.45hr. t,l.Ohr. -2.2hI-s. +3days -7days 



B-36 

TRIAL 8-l 00 / NORANDA 
Total Head (RI) vs. Elevation (m) 

-0.5 
-1 4.8 4.6 4.4 4.2 0 

I 

0.5 

0 

4.5 

-1 

-1.5 

- 0.45 hr. + 1.0 hr. -2.2hrs. -3days +7days 

TRIAL 8-1OD / NORANDA 
Pressure Head (m) vs. Elevation (m) 

--c Init. -0.45hr. t,l.Ohr. -2.2hl-s. -3days -7days 



1 

4.5 

B-37 

TRIAL 8-1 OE / NORANDA 
Total Head (m) vs. Elevation (m) 

-1 4.8 -0.6 Al.4 

+ 0.45 hr. + 1.0 hr. + 2.2 hrs. + 3 days 
42 

*7 days 

TRIAL 8-1 OE / NORANDA 
Prcssurc Head (m) vs. Elevation (m) 

-I -0.8 -0.6 -0.4 -0.2 0 

+ Init. + 0.45 hr. - 1.0 hr. -2.2hrs. -3days -7days 



B-38 

TRIAL 8-l OF / NORANDA 
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