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L'utilisation fréquente des sols argileux compactés en tant que barrières au transport 

de contaminant exige une meilleure compréhension des relations entre la structure d'argile et 

le comportement hydraulique. Cette recherche vise à adresser deux problèmes: (1) étudier les 

effets du contaminant luriviant d o u  de son exposition sur la stnicture de l'argile compactée; 

et (2) mieux comprendre le comportement hydraulique de l'argile compactée à la teneur en 

eau optimum. La microscopie à balayage électronique, des essais de lixiviation, des essais de 

trempage, et la méthode &éléments finis sont employés pour étudier les caractéristiques 

microscopiques et macroscopiques de deux kaolinites ayant des particules de dimensions 

différentes. 

La kaolinite compactée à la teneur en eau optimum se caractérise par une structure 

avec domaines relativement préférentieliement-orientés. La matrice se compose de domaines 

de particules ayant un arrangement face-à-face, dors que les agrégats sont disposés par des 

groupes de domaines ayant des arrangements tête-à-tête et tète-à-face. La matrice dispersée 

est responsable de la densité sèche maximum obtenue à la teneur en eau optimum, tandis que 

I'arrangement en agrégats floculés explique la raison pour laquelle la conductivité hydraulique 

de l'argile compactée n'atteint pas une valeur minimum. 

L'attaque par l'acide organique a confinne le phénomène de dissolution-précipitation 

pour les échantillons hviés  et imbibés. Les dissolvants organiques purs peuvent causer la 

floculation des particules d'argile en rétrécissant la double couche à cause de leurs constantes 

diélectriques relativement basses. Cependant, on a obsené des changements structurels 

limites dans les sols contaminés. En outre, les contaminants non polaires et hydrophobes n'ont 

pas pu remplacer l'eau dans les petits pores, et n'ont ainsi aucun enét sur la structure d'argile 

comme indiqué par les micrographes du microscope à balayage électronique. 



vii 

La fltration d'un sel inorganique fortement concentré n'a pas eu comme conséquence 

un changement substantiel de la perméabilité intrinsèque. L'acide et la base inorganiques ont 

eu un Iéger effet sur la structure des argiles, quoique des réactions géochimiques aient été 

détectées. Les essais de Iwviation, cependant, ont tous mené à une réduction sigmficative de 

la conductivité hydraulique des kaolinites compactées. D'autres facteurs, concernant les 

propriétés de la kaolinite et les méthodes d'essai, sont postulés pour avoir masqué l'effet de 

la structure microscopique de I'argde et ainsi pour avoir influencé les résultats 

macroscopiques. Les simulations numériques par la méthode d'éléments finis ont confirmé les 

résultats obtenus à partir du programme expérimental. 



ABSTRACT 

The extensive use of compacted clayey soils as barriers to contaminant transport 

requires better understanding of the relations b e ~ n  clay structure and hydraulic behavior. 

This research is aimed at addressing two problems: ( 1) to study the effects of contaminant 

leaching and/or exposure on the stmcture of compacted clay; and (2) to better understand the 

hydraulic behavior exhibited by clay compacted at optimum moisture content. Scanning 

electron microscopy (SEM), leaching tests, soaking tests, and finite element method (FEM) 

are used to investigate the microscopie and rnacroscopic features of two different particle-size 

kaolinites. 

Kaolinite compacted at optimum moisture content is characterized by relatively 

preferentiaily-orienteci domains. The matnx is composed of densely stacked face-to-face 

domains, while aggregates are constructed by stair-stepped face-to-face and edge-to-face 

arrangements of domains. The dispersed matnx is responsible for the maximum dry density 

obtained at optimum moisture content, whereas the flocculated aggregates may explain why 

hydraulic conduaivity of compacted clay does not reach a minimum value simultaneously. 

The attack of organic acid confirmed the dissolution-precipitation phenornenon for 

both leached and soaked samples. Rire organic solvents are able to cause flocculation of clay 

panicles by shrinking the d f i s e  double layer due to their relatively low permittivities. 

However, îirnited structural changes were observed in the contaminated soüs. In addition, 

non-polar and hydrophobie contarninants could not replace water in small pores, and thus had 

no effect on clay structure as revealed by scanning electron micrographs. 

The permeation of a highly concentrateci inorganic salt did net resuit in a substantial 

change in intrinsic permeability. inorganic acid and base had a slight &ect on the structure 

of kaolin clays, even though geochemical reactions were detected. Leaching tests however7 

ail led to significant reduction in hyclrdc conductivity of compacted kaolinites. ûther factors 



relating to kaolhite properties and testing procedures are postulated to have dorninated the 

rnacroscopic results over clay microfabric. Numerical simulations by finite element method 

contirmeci the results obtained from the experimental program. 



1. Définition du ~robl&me 

Dans les années 40 aux 60, les pays industrialisés du monde ont subi une expansion 

énorme dans leurs capacités de fabrication des marchandises, traitement du pétrole, et 

production des nouveaux produits chimiques. Les ingénieurs géotechniques et les scientifiques 

de la terre ont joué un rôle important dans cette expansion en identifiant les ressources 

minérales et pétrolières, en caractérisant la stratigraphie et l'état du sol, en concevant les 

fondations pour les structures complexes et les machines, et en développant des spécifications 

pour les ouvrages de terre et les travaux de terrassement. 

En dépit des avances faites dans le domaine que nous appelons maintenant la 

géotechnique dans les années 50 et les années 60, il n'y avait pratiquement aucun accent sur 

les problèmes de l'environnement dans la pratique en matière géotechnique pendant cette 

période. Pourtant, vers la fin des années 70, la situation ait commencé à changer nettement 

et irrévocablement. La production des volumes toujours croissants de déchets solides et de 

matériaux dangereux dans cette période pose un défi sérieux pour les ingénieurs civils, en 

général, et les ingénieurs géotechniques, en particulier; spécifiquement: comment traiter ces 

déchets correctement pour éliminer ou, au moins, pour réduire arc minimum leur menace 

mentielle ci la s m é  publique et a I'environnement. En dépit de divers techniques chimiques, 

physiques, et biologiques du traitement de rebut récemment développées, l'enterrement des 

déchets au sol est toujours une pratique courante pariout dans le monde, paniculièrement en 

Amérique du Nord, pour des raisons économiques et technologiques. Des règlements, des 

nonnes de rendement, et des directives techniques pour la conception, la construction, et 

I'exploitation de ces installations de disposition de rebut ont été publiés par les autorités 

intéressées, notamment I'U. S. Environmental Protection Agency (U. S. EPA, 1985). 



Le système de double recouvrement est recommandé pour les sites d'enfouissements 

des déchets dangereux, avec des couches de collection de lWvia et de détection de fuite 

situées au-dessus et entre les deux recouvrements. Ces recouvrements peuvent être des 

recouvrements de membrane flaible (FMLs), des couches de sol compacté, ou un composé 

de tous les deux. En raison de leurs valeurs extrêmement basses de la conductivité 

hydraulique après un compactage approprié. les sols fins ont été toujours choisis comme le 

matériau de construction préféré des barrières hydrauliques pour les remblais et les sites 

d'enfouissements. Le recouvrement recommandé d'argile compactée a une épaisseur minimum 

de 0,90 m (3 pi) et une conductivité hydraulique (k) de moins de 1 x 1 v9 d s .  Son but est de 

semir comme barrière finale contre le transfert de lizrivia dans l'environnement pendant au 

moins 30 ans après la fermeture d'un site d'enfouissement, même si le FML s'effondre. 

L'importance de ces recouvrements d'argile compactées (CCLs) dans I'emprisomement des 

matériaux dangereux est évidente. 

En tant que paramètre macroscopique mesurant l'intégrité d'un CCL, la conductivité 

hydraulique a été pour longtemps connue d'être une fonction de teneur en eau de compaction 

et de l'effort de compactage (Lambe, 1958b). Les valeurs de conductivité hydraulique entre 

une argile compactée côté sec-de-l'optimum et une compactée côté humide-de-l'optimum 

peuvent différer par plusieurs ordres de grandeur. Les études précédentes ont indirectement 

démontré la commande dominante de cette propriété par ia structure de l'argile compactée 

(Lambe, 1958a). Des observations directes et des calculs détaillés, cependant, ont encore à 

être effectués sur les caractéristiques de tissu et de pore de l'argile compactée. 

Le but préliminaire de cette recherche est d'examiner la relation entre la structure et 

la conductivité hydrauiique de la kaoîinite compactée à la teneur en eau optimum par 

observation directe en utiiisant la méthode de la microscopie à balayage électronique (SEM). 

On s'attend à ce que la simulation du transport de contaminant dans les sols par la méthode 

d'éléments finis (FEM) serve comme passerelle pour évaiuer la corrélation entre les propriétés 

macroscopiques et microscopiques. 
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La compatibilité chimique du sol compacté a été de souci principal pour les ingénieurs 

geo-environnementaux et les scientifiques du sol depuis le début des années 80 lorsque des 

fuites sérieuses des produits chimiques dangereux a été découvertes à travers les sols 

d'enterrement des déchets dangereux. Des études intensives ont été réalisées sur les 

interactions de sol-produit chimique et leurs effets sur la conductivité hydraulique du sol. En 

raison de la complexité du problème, les différentes méthodes employées dans les essais, et 

la variété des sols et produits chimiques testés, les résultats et les conclusions faits par 

différents chercheurs sont dificile à comparer et certains sont même contradictoires. Les 

changements de la conductivité hydraulique dû à la filtration chimique sont habituellement 

postulés être le résultat des changements microstnicturels en vertu dune chimie différente de 

fluide de pore. La théorie de double couche est souvent utilisée comme une explication 

qualitative. Un but p ~ c i p a l  de cette recherche est d'étudier l'influence de divers polluants sur 

non seulement la structure mais aussi la conductivité hydraulique de l'argile compactée. 

2. Obiectifs - de la recherche 

Les objectifs spécifiques de cette recherche sont de: 

O mieux comprendre la structure des argiles compactées à la densité sèche maximum; 

O évaluer la compatibilité de l'argile compactée avec différents contaminants et son impact 

sur la microstructure et la conductivité hydraulique; 

P explorer les rapporis quantitatifs entre les propriétes physiques des contaminants et la 

conductivité hydraulique des sols compactés, ainsi que entre les caractéristiques de rargiîe et 

la perméabilité intrinsèque; 

P jeter pius de lumière sur les caractéristiques des pores responsables du comportement 

hydraulique des argdes compactées; 



LI explorer l'ampleur de la validité de simuler le transfert de contaminant à travers les sols par 

la méthode d'éléments finis; 

P adopter la microscopie à balayage électronique pour étudier la structure de I'argde; et 

O établisser des protocoles pour la caractérisation chimique des sols, la lixiviation des argiles 

compactées et la préparation des spécimens contaminés pour les observations de SEM. 

3. ~ n i s a t i o n  de Ir thèse 

Le chapitre 2 fournit un bilan des développements précédents dans notre connaissance 

de la théorie de compaction et des phénomènes de conduction. Égalernent inclus en chapitre 

2 est un sommaire des études précédentes de la conductivité hydraulique avec des produits 

chimiques comme permeants publiées pendant la décennie passée. Une présentation des 

concepts de base pour décrire le transport de contaminant à travers les matériaux poreux est 

également couverte en chapitre 2. Le chapitre termine avec le but de l'étude bien défini et 

spécifié. 

Le chapitre 3 décrit les propriétés des matériaux employés dans l'étude. Les avantages 

et les inconvénients des méthodes adoptées sont également discutés, avec leurs limitations 

citées. Une attention particulière est prêtée à la méthodologie de la recherche et les approches 

uniques pour accomplir les objectifs de la recherche. Des procédures pour la caractérisation 

chimique, la compaction statique, et les mesures de conductivité hydraulique ont été établies 

et sont discutées. Le matériel des essais et les diffërents protocoles suivis pour conduire la 

iixiviation et les essais de trempage sont présentés dans ce chapitre, et les critères d'arrêt pour 

les tests de compatibilité sont discutés en d W .  Des méthodes distinctes sont adoptées pour 

analyser les divers üxivias selon les propriétés de chaque contaminant. La méthode de la 

microscopie a balayage électronique (SEM) est présentée en chapitre 3 pour étudier les 

argiles compactées et contaminées avec différents produits chimiques. Les principes de la 
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modélisation de transport de contaminant sont également présentés dans ce chapitre, avec la 

conception de la maille d'éléments finis et la spécification d'états de borne. 

Le chapitre 4 présente les résultats de I'énide de la stnicture de la kaolinite compactée 

à la teneur en eau optimum et des interactions de sol-contaminant. Les caractéristiques de 

compaction et le comportement hydraulique différent des argiles ont été obtenus et sont 

discutés en se basant sur la microstmcture indiquée par les micrographes de SEM. Les effets 

d'exposition de i'échtillon aux composés organiques en imbibant, en ce qui concerne la 

structure du sol et la microstnicture, sont également présentés et discutés en chapitre 4. Les 

réactions géochimiques produites entre les particules d'argile et les fluides de pore pendant 

la lixiviation et le trempage sont discutées dans ce chapitre. Les résultats de la simulation 

numériques sont également présentés et comparés aux résultats expérimentaux pour vérifier 

la validité de la modélisation numérique par la méthode d'éléments finis. 

Le chapitre 5 récapitule les conclusions tirées en se basant sur les résultats de cette 

étude. L'importance de la microstmcture d'argile a la conductivité hydraulique est soulignée. 

Les changements rnicrostmcturels résultant de la lixiviation et exposition au contaminant sont 

vérifiés, et 1'eEkt des procédures de mesure sur la conductivité hydraulique est proposé. En 

conclusion, les avantages et les inconvénients de diffërentes méthodes, y compris la 

microscopie à balayage électronique et la simulation numérique par éléments finis, sont 

récepitulés dans ce chapitre. 

L'a~exe A compile et récapitule la plupart des principes de base liés à la structure 

d'argile et i'interaction de sol-contaminant. 

4. Conclusions de I'itude 

Panni les propriités du sol nécessaires pour la solution de la plupart des problèmes 

d'ingénierie geo-environnementale, aucune ne change tellement sur un intervalle considérable 



ou est si difficile à déterminer sûrement comme la conductivité hydraulique. La conductivité 

hydraulique et sa susceptibilité aux changements avec le temps ou l'exposition aux produits 

chimiques sont les facteurs principaux dans la sélection de l'argile pour l'usage dans les 

barrières de retenue de déchets. Un sol donné, cependant, peut montrer de grandes variations 

de la conductivité hydraulique en raison des changements de microstructure (amangement de 

particules), de densité, et de teneur en eau. Comprendre comment les différents produits 

chimiques peuvent influencer la conductivité hydraulique des sols argdeux, et aussi, comment 

des variations d'une grandeur importante de la conductivité hydraulique peuvent se produire 

dans des petites marges de densité et de teneur en eau exige la considération de l'importance 

de aructure de l'argile et les facteurs qui l'affectent. 

La recherche actuelle exécutée sur deux argdes de kaolin ayant des particules de 

dimensions différentes, compactées statiquement à la teneur en eau optimum et imprégnées 

avec un éventail des contaminants, mène aux conclusions suivantes en ce qui concerne la 

structure du sol et la conductivité hydraulique: 

O En dépit des avances récemment réalisées dans notre connaissance au sujet du 

domaine des interactions de sol-contaminant et de la compatibilité, le besoin est encore 

persistant pour l'évaluation du transport des polluants à travers les sols et son impact sur la 

stmcture du sol; par conséquent, remettant en cause l'intégrité des baméres d'argiles 

compactées aux sites d'enfouissements. 

P Une recherche exceptionnelle est fondée sur une caractérisation minutieuse et 

complète des matériaux employés dans la recherche. La caractérisation des argiles et des 

produits chimiques utilisés comme penneants dans cette étude est accomplie. Les différentes 

méthodes adoptées pour conduire le programme expérimentai et l'analyse numérique sont 

discutées et justifiées. 



P La kaohte compactée a la teneur en eau optimum se caractérise par une 

microstmcture ordonnée, composée d'agrégats floculés et de matrice dispersée. La matrice 

est constituée d'un empilement dense des domaines dont les contacts sont face-à-face ayant 

comme résultat la structure appelée turbostratique. La densité sèche maximum est atteinte p u  

la matrice de rargiie compactée à la teneur en eau optimum. Les agrégats sont disposés par 

des groupes de domaines ayant des arrangements tête-à-tête et tête-à-face. La microstmcnire 

ayant la forme d'un escalier fournit la forte résistance à l'effort de compaction. La résistance 

forte des agrégats à la contrainte de compaction mène à l'existence de grands pores en argile 

compactée à la teneur en eau optimum. Par conséquent, des valeurs minima de la conductivité 

hydraulique ne peuvent pas être atteintes quoique le sol possède sa densité sèche maximum, 

et ainsi l'indice de vide minimum. 

P Les contaminants organiques purs peuvent causer la floculation des particules 

d'argile en rétrécissant la double couche dû à leurs constantes diélectriques relativement 

basses. Cependant, les composés non polaires et hydrophobes n'ont pas pu substituer l'eau 

dans les petits pores, et n'ont ainsi aucun effet sur la structure d'argile comme indiqué par les 

micrographes du microscope a balayage électroniques. D'ailleurs, les changements observés 

de la microstructure des échantillons imbibés ont été limités aux zones localisées. Le 

phénomène de dissolution-précipitation est contirné par l'attaque de I'acide organique sur les 

échantillons lixiviés et imbibés. Bien qu'un nombre significatif d'études aient été effectués pour 

évaluer la conductivité hydraulique des sols avec les fluides organiques comme permeants, 

il est toujours extrêmement ditficile de choisir un seul facteur qui peut are identifié comme 

étant le responsable du changement de la perméabilité quand un fluide organique substitue 

l'eau. 

O La microstructure modifiée d o u  la structure floculée ne mène pas nécessairement 

à une augmentation de la conductivité hydraulique, particulièrement si i'argie a été 

correctement compactée et est gardée sous confinement. Des réductions de la conductivité 

hydraulique ont éti mesurées quand les colomes de sol ont été imprégnées avec les divers 



produits chimiques. La valeur de cette propriété macroscopique devrait être Uifluencée par 

beaucoup d'autres facteurs comprenant: les constituants du sol et la composition minérale, les 

propriétés de permeant, les procédures de préparation de l'échantillon, l'état des contraintes, 

l'échelle de gradient hydraulique, et les méthodes de mesure de la conductivité hydraulique. 

P La filtration d'un sel inorganique fortement concentré par les kaolinites compactées 

n'a pas eu comme conséquence un changement substantiel de perméabilité intrinsèque. Les 

investigations de SEM sont conformées aux résultats des mesures de conductivité 

hydrauliques. L'augmentation de la concentration d'électrolyte ne modifie pas la structure 

d'une argile correctement compactée et confinée. 

0 L'acide et la base inorganiques avec des pH extrêmement bas et haut ont un léger 

effet sur la stmcture des argies de kaolin. Des réactions géochimiques. cependant, ont été 

détectées. La capacité tampon des particules d'argile pourrait avoir joué un rôle plus 

significatif en empêchant les particules d'être dissoute pendant la lixiviation, comme illustré 

par les observations de SEM de la microstructure. 

P Les échantillons imbibés dans les dissolvants organiques pour examiner l'impact du 

transfert de contaminant sous la diffusion pure sur la structure des argiles compactées ont 

confirmé les conclusions tirées sur les essais de lixiviation. Excepté les échantiiions imbibés 

en acide organique pur, on n'a observé aucune diffërence perceptible dans la microstructure 

de l'argile avec le Hydrite Flat-D ou le Hydrite R. 

P La méthode d'éléments finis est utilisée pour accomplir l'analyse analytique de cette 

recherche. La simulation numérique a semi comme passerelle en évaluant la corrélation entre 

les propriétés macroscopiques a microscopiques. Elle a également jeté plus de lumière sur 

l'ampleur de la validité de simuler le transfert de polluant à travers les sols par la méthode 

d'éléments finis. 



O La microscopie à balayage électronique s'est avérée être un outil puissant pour 

étudier la stnicture des sols au niveau microscopique. Le SEM met à jour la haute résolution 

sous le rapport optique et produit un champ de profondeur des images. Les ombres et la 

perspective des micrographes fournissent des informations topographiques abondantes de 

valeur inestimable aux études microscopiques des sols. Les plus petites partides peuvent être 

discernées des particules éloignées sur la photo. Les particules superposantes peuvent 

égaiement être identifiées. Néanmoins, l'application de SEM à l'observation microstruchirelie 

des xgiies compactées est provocante dû aux techniques compliquées, et pdois pénibles, de 

préparation des specimens et aux exécutions de SEM. 
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CHAPTER 1 

INTRODUCTION 

In the 1940s to 1960s, the industriahed countries of the world undenvent an 

enormous expansion in capacity for manufacturing goods, processing petroleum, and making 

new chemicals. Geotechnical engineers and earth scientists played an important role in that 

expansion by identifyuig mineral and petroleum resources, investigating subsurface 

stratigraphy and soi1 conditions, designing foundations for complex structures and rnachinery, 

and developing earthwork specifications. 

Despite the advances made in the field that we now c d  geotechnical engineering in 

the 1950s and 1960s, there was practicaüy no emphasis on environmental matters in 

geotechnical engineering practice during this period. By the end of the 1970s, though, the 

situation began to change markedly and imevocably. The production of ever increasing 

volumes of solid wastes and hazardous materials in that penod poses a senous challenge for 

civil engineers, in generai, and geotechnical engineers, in particular; specifically: how to Wear 

these waîles properlj to elhinute or, at leas!, minimize their putential threat to public 

heallh and the environnent. Despite various recently developed chernical, physid, and 

biological techniques of waste treatment, ground burial of wastes is ail1 a comrnon practice 

al1 over the world, especially in North Arnenca, for econornic and technological reasons. 

Regulations, performance standards, and technical guidelines for the design, construction, and 

operation of these waste disposal facilities have been issued by the concerned authorities, 

notably the U.S. Environmentai Protection Agency (U. S. EPA, 1985). 

The engineered double liner containment system is recommended for hazardous waste 

landfills, with leachate collection and leak deteetion layers located above and between the two 

liners, respectively, as shown in Fig . 1 .1.  These liners rnay be flexible membrane liners 



Figure 1.1 Minimum liner requirements of the US Environmental Protection 
Agency: (a) for hazardous waste landfills, and (b) for non-hazardous waste 
landfiils (afier U.S. EPA, 1985; Daniel, 1993). 



NOMENCLATURE 

Fiiter medium 

Prirnary leachate collection and 
removal system 

Prùnary geomernbrane liner 

Leak detection and removal system 

Composite 
secondary 

liner 

Secondary 
neomembrane liner 

Compacted clay 

Native soil foundation/sub-base 

-- 

MATERIAL 

Graded granular 
filter medium 

Granular drain 
material 

Flexible membrane 
liner (FML) 

Granular drain 
mat erid 

Flexible membrane 
liner (FML) 

Low permeability 
mil, compacted in 

lies 

DmENSIONS & 
SPECIFICATIONS 

Recommended t hickness > 
6 in (1 52 mm) 

Recommended thickness > 
12 in (305 mm). Hydraulic 
conductivity > 1 x 1 O-' mis 

Recommended thickness of 
FML > 30 mils (0.76 mm) 

Recommended thickness > 
12 in (305 mm). Hydraulic 
conductivitv > I x IO-' mis 

Recommended thickness of 
FML > 30 mils (0.76 mm) 

Recommended thickness > 
3 6  in (914 m m ) .  
Recommnided hydraulic 
conductivity < 1 x10a9 mis, 
prepared in 6 in. lies, 
surface scarified between 
lifts 

Unsaturated zone 

Saturated zone 

Figure 1.1 Minimum liner requirmrents of the US Environmental Protection Agency (after 
U. S. EPA, 1 985; Daniel, 1 993) [continued]. 



(FMLs), compacted soil layers, or a composite of both. Because of their extremely low values 

of hydraulic conductivity &et proper compaction, fine-grained soils have always been opted 

for as the preferred construction material of the hydraulic barriers for engineered landfills and 

surface impoundments. The recommended compacted clay liner has a minimum thickness of 

0.90 m (3 fi) and a hydraulic conductivity (k) of less than 1 x ~ O - ~  mk. Its purpose is to serve 

as the final barrier to waste leachate migration into surroundhg environment for at least 30 

years after the closure of a landfiii, even ifthe FML fails. The importance of these compacted 

ciay liners (CCLs) in the confinement of hazardous materials is evident. 

As a macroscopic parameter quantifjmg the integnty of a CCL, hydrauiic conductivity 

has long been known to be a function of compaction water content and compactive effort 

(Lambe, 1958b). Hydraulic conductivity values between a clay compacted dry of optimum 

and one compacted wet of optimum cm diEer by several orders of magnitude. Previous 

studies have indirectly demonstrated the dominant control of this property by the stnicture 

of compacted clay (Lambe, 1958a). Direct observations and detailed calculations, however, 

have yet tc be made on the fabric and pore characteristics of compacted clay. 

The preliminary purpose of this research is to examine the relation between the 

structure and the hydraulic conductivity of kaolinite compacted at optimum moisture content 

by direct observation using scaMùig electron microscopy (SEM) rnethod. Simulation of 

contaminant transport in mils by finite element method (FEM) is expected to serve as a bridge 

in evaluating the correlation between macroscopic and microscopic properties. 

The chemical compatibiiity of cornpacted soi1 has been of major concem for geo- 

environmental engineers and soi1 scientists since early 1980s when serious leakage of 

hazardous chernicals was discovered through ground burial faciiities of solid and hazardous 

wastes. Intensive studies have been perfonned on soil-chernical interactions and their effects 

on soil hydraulic conductivity. Due to the complexity of the problem, the different methods 

used in testing, and the variety of tested soüs and chemicaîs, the rrsults and conclusions made 



by Merent researchers are dinicuit to compare and some are even contradictory to each 

other. Changes in hydraulic conductivity due to chernical permeation are usuaily postulated 

to be the result of fabric changes by virtue of a different pore fluid chemistry. The diffuse 

double layer theory is often useâ as a qualitative explanation. A main goal of this research is 

to investigate the infiuence of various pollutants on both the structure and hydraulic 

conductivity of compacted clay. 

Specific objectives of this research are to: 

O better understand the structure of compacted clays at maximum dry density; 

O assess the compatibiiity of compacted clay with different contarninants and its impact on 

both the fabnc and hydraulic conductivity; 

O explore quantitative relationships between physical properties of permeants and hydraulic 

conductivity of compacted soils, and between clay characteristics and intnnsic permeability; 

O shed more light on the pore characteristics responsible for the hydraulic behavior of 

compacted clays; 

P explore the extent of validity of sidating the contaminant migration through soils by finite 

element method; 

P adopt scanning electron microscopy to study clay structure; and 

P establish viable protocols for chernical characterization of soils, leaching of compacted 

clays and preparation of contaminated specimens for SEM observations. 

1.3 Dissertation Omanwtion 

Chapter 2 provides a complete review of previous dwelopmmts in our knowledge 

regarding compaction theory and conduction phenornena. Also Uicluded in this chapter is a 

summary of previous studies of hydraulic co~ductivity with chernicals as permeants reporteci 

during the past decade. A preséntation of the basic concepts for describing contaminant 



transport in and through porous materials is also covered in cbapter 2. The chapter ends off 

with the purpose of the study defked and specified. 

Chapter 3 describes the properties of the materials used in the study . Advantages and 

drawbacks of adopted methods are also discussed, with their limitations cited. Special 

attention is paid to the methodology of the investigation and the unique approaches to 

accomplish the research objectives. Procedures of chernical characterization, static 

compaction, and hydraulic conductivity measurements have been established and are 

discussed. Test equipment and different protocols foUowed to conduct both leaching and 

soaking tests are presented in this chapter, and the termination criteria for the compatibility 

tests are discussed in detail. Distinct methods are adopted to analyze various leachates 

depending on the contaminant properties. Scanning electron microscopy (SEM) method is 

introduced in chapter 3 to study compacteci clays contaminateci with différent chernicals and 

compounds. P ~ c i p l e s  of contaminant transport modehg are also presented in this chapter, 

dong with the design of the finite elemem mesh and the specification of the boundary 

conditions. 

Chapter 4 presents the results of the study of both the structure of compacteci 

kaolinite at optimum moisture content and the soil-contaminant interactions. The compaction 

characteristics and d8erent hydraulic behavior of the clays have been obtained and are 

discussed based on microfabric features reveaied by SEM rnicrographs. The effects of sample 

exposure to organic compounds upon soaking with respect to soi1 structure and microfabric 

are aiso presented and discussed in chapter 4. Geochemical reactions occuning between clay 

particles and the pore fiuids during leaching and soaking are discussed in this chapter. 

Numencal simulation results are aiso presented and compared with the experirnental results 

to ver@ the validity of numerical modehg by f i t e  elemmt method. 

Chapter 5 summarizes the conclusions reached based upon the results of this study. 

The importance of clay microfabrc tu hydraulic cunductivity is emphasized. Microfabric 



changes resulting from contaminant leaching and exposure are verified, and the effect of 

measurement procedures on hydraulic conductivity is proposed. Fhally, advantages and 

disadvantages of different methods, inciuding scanning electron microscopy and Gnite element 

numerical simulation, are summarized in this chapter. 

Appendix A compiles and surnmarizes most of the basic principles related to the 

structure of clay and soil-contaminant interaction. 



CHAPTER 2 

OVERVIEW OF PREVIOUS STUDES 

2.1 Introduction 

Whilst disposal of waste, in the general context used in North Amenca, refers to the 

discharge of waste forrns into the atmosphere, receiving waters and land, the subject of 

concem to the geotechnical engineering cornrnunity is land disposal of waste. The immediate 

and pariicular concems regarding landfiiiiig technology relate to the availabiiity, or lack 

thereof, of proper specifications and technical information regarding disposal standards and 

criteria which are critical in the establishment of the basic land disposaVcontainment design 

standards and technologicai requirements. 

Regardless of how the waste material is generated (produced), and regardless of the 

procedures taken to neutralize or treat the waste matenal, the final resting place for the 

industrial or consumer waste that cannot be recycled, or has been recycled, is in the ground. 

Burial in the ground is the ultimate disposal mode for rnost waste produas. Therefore, special 

care must be exercised if we are to avoid problems created by land disposa1 of waste. 

In geoenvironmentai technology, the problem of waste management requires solution 

of waste containment (in the ground) in a manner that cm satisQ criteria designed to protect 

both human health and the environment. This requires attention not only to waste water 

quality and treatments needed to improve the quality of the discharge areams to meet 

environmentaily acceptable standards, but also to ground water protection and the various 

problems of d e  ground containment and isolation of waste and its leachates. The choice of 

solution, together with the emphasis, detaii, and scope of attention to the various constituent 

parts of the problem of waste management requires proper study ofwaste characteristics and 

substrate material. in partidar, the interaction between waste and substrate soi1 must be weii 

understood. 



A necessary iùnction of the grouiid in containment of waste matenal, and in protection 

of the quality of groundwater, is to provide the capability to bder  the waste leachates such 

that the contaminating constituents are retained within the soil matrix. For proper design 

considerations or d y s i s ,  it is indispensable to study and understand the many kinds of 

interactions established between the various contaminants and soi1 constituents. To do so, one 

needs to understand what constitutes the waste material being disposed of, and in tum 

understand what the soil constituents are, since interactions established are directly related 

to the characteristics and properties of the interacting partners. 

As illustrated in the previous chapter (cf. Division 1. l), one of the principal features 

of a secure landfill is an impermeable base and sides to prevent the escape of leachates. This 

is accomplished by using double- or single-membrane synthetic liners (e.g., polyethylene) with 

filter separations to permit drainage, dong with a compacted natural clay liner to create 

engineered barriers (Fig. 1.1). The basic intent in safe landfilhg can be expressed in one of 

two forms: 1) Providing a totally secure leakproof side and bottom liner system which will 

contain 'Yorever " the waste material and whatever leachates generated within the waste pile, 

or 2) Using the ground substrate system, i.e. the substrate soii underlying the landfill, as a 

physical and chernical bde r  to accumulate and attenuate contaminant leachates emanating 

fiom the waae pile. in the second intent, it is accepted that no linw system can fully contain 

the waste leachates 'Torever." Thus, the second intent requires the physical and chernical 

buffer system of the substrate soil to reduce the concentration of pollutants such that when 

(or if) the pollutants reach the groundwater system, the concentrations wili be below 

acceptable limits. This requirement places a large burdm of responsibiîity on the landfil 

constmctor to properly determine the capability of the mil to perfonn its buffering functions. 

Two absoluteiy important conditions need to be fuüilled: 

1. Development of a proper understandmg of the contaminant migration process in 

compacted clays; and 

2. Development of a viable and reliable analytical mode1 which cm acwately predict 

transport performance of the contaminant plume for the t h e  penod of concem. 



This study is focused on contributing to the fuifiUment of the fira condition. 

An extensive literature review focusing on the aspects relevant to the migration of 

contaminants through compacted clay liners is compiled and surnmarized in this chapter. 

These are discussed and criticized in the foUowing divisions: theory of compaction, 

conduction phenornena, soil-chernical interactions, contaminant transport, and purpose of 

study. It has to be noted that the basic principles comprising the foundation for a better 

understanding of these topics and the present study are presented in appendix A of the 

dissertation. 

Compociion is the process of increasing the density of a soil by packing the particles 

closer together with a reduction in the volume of air; there is no significant change in the 

volume of water in the soil. It is an ancient technique by which the mechanical and hydraulic 

properties of a soil can greatly be improved making use of some combinations of water 

content and compactive effon. The fact that soils compacted dry of optimum and wet of 

optimum behave in significantly different ways has inspired relentless investigations. The 

importance of fabnc to the engineering behavior of compacted clay was first studied in the 

1950s by Lambe (1958), and Seed and Chan (1959). Less swell-shrinkage and higher as- 

compacted shear arength can be found in soil compacted dry of optimum. The flocculated 

armure of soils compacted dry of optimum contributes to hydraulic conductivities two to 

three orders of magnitude higher than those mils compacted wet of optimum. Dispersed 

fabric would rnake the soi1 compacted wet of optimum mucb leu permeable (Mitchell et al., 

1965). Structure is considered to be the most important variable influencing the hydraulic 

conductivity of a compacted soil. 

Lambe (1958a) was one of the fist investigators to hypothesize a mode1 for the WC 

of compacted clay. He postulateci that indmdual clay particles are the predominant units that 



duence the compaction characteristics and behavior of a soil mass (Lambe, 1958b). By 

adopting the d f i s e  double layer theory, Lambe (1958a) proposed the fabric mode1 of soil 

compacted at different water contents and Merent compactive efforts as shown in Fig. 2.1. 

At the same compactive effon, with increasing water content, the soil fabric becomes 

increasingly oriented. Dry of optimum the soils are always flocculated, whereas wet of 

optimum the fabric becomes more oriented or dispersed. In Fig. 2.1, for example, the fabric 

at point C is more onented than at point A. Now, ifthe compactive effort is hcreased, the soii 

tends to become more onented, even dry of optimum. Again, referring to Fig. 2.1, a sample 

at point E is more oriented than at point A. Wet of optimum, the fabric at point D will be 

somewhat more oriented than at point C, although the effect is less pronounced compared to 

that at dry of optimum. At point B, that is near or at optimum, the fabric is a combination of 

flocculated and dispersed structures. 

Accordhg to Larnbe (1 958a) an Uicrease in molding water content would increase the 

dispersion tendency of clay particles because a decrease in electrolyte concentration tends to 

increase the thickness of the diaise double layer leading to a relatively high repulsive force. 

As a result, soii compacted dry of optimum exhibits a flocculated structure with the clay 

particles contacting each other in randomly face-to-edge configurations and a corresponding 

low compacted dry density. Soi1 compacted at the optimum water content possesses a more 

dispersed fabric and a maximum dry density. Thougb soi1 compacted wet of optimum has a 

totally dispersed fabric composed of face-to-face arranged particles, its compacted dry density 

decreases due to the added water occupyhg more space in the mil mass. The increase in 

compactive effort would result in more preferentidy oriented clay particles, and thus increase 

soii density by Wnie of more energy input into the system. Limitations to the application of 

the diffuse double layer theory to soi1 have been describeci in Lambe (1 958a). Secause the 

theory was derived for very dilute coUoidai suspensions, higher particle concentrations, 

extremely srnall interparticle spacing, and extenially applied forces are arnong the factors that 

invalidate direct application of the theory to mil. Furthemore, the amount of water used in 

clay compaction is always less than wbat is needed for a M y  developed diffuse double layer 
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Figure 2.1 Effect of compaction on soi1 structure (aer Lambe, 1958a). 



around particles (Larnbe, 1958a). The compaction theory was confirmed by measurements 

of particle orientation as a function of compaction water contents using MitcheWs (1956) 

optical microscope method. Higher compaction water content lads to a more parallel 

arrangement of clay particles. 

Seed and Chan (1959) emphasized the effect of the compaction process on the 

structure, and thus on the engureering behavior, of cornpacted clays. Compaction was 

considered to be a dispersion process by which the induced shear strain would produce a 

great degree of particle orientation, and even a flocculated fabric could be changed into a 

dispersed one. Comparatively, soi1 compacted dry of optimum tends to retain its flocculated 

fabric resulting fiom mucing due to stronger attractive force between particles. However, soi1 

compacted wet of optimum would suffer greater shear deformation, and hence tends to be 

more dispersed with particles preferentially onented as a result of increase in repulsive forces 

between particles leading to a reduction in shear strength. Mitchell et al. (1965) amibuted the 

extremely high hydraulic conductivity of soils compacted dry of optimum to the existence of 

large flow channels. The dispersion process, caused by either increase in water content or 

compactive effort, reduces the number of large channels. Consequently, the average pore size 

decreases and the hydraulic conductivity is drasticdiy reduced. 

When it was possible to examine particle-to-particle relationships of a clay by carbon 

replica using a transmission electron microscope, the hypothetical fabnc composed of 

individual clay particles (either oriented or random) was rejected (Sloane and Kell, 1966). 

Inaead, the fabric was found to consia of parallel and random arrangements of packets of 

oriented clay flakes. Apparently, the packets are domains of oriented clay platelets as 

described by Aylmore and Quirk (1960). Though the degree of parailel orientation of the 

packets incteases with increasing water content, the effect of shear strain induced on the 

fabric during compaction was found to be partial remolding; that is, trajectories of parallel 

packets with essentially randomly oriented zones of packets. The bookhouse structure was 



proposed as an analog to the cardhouse fabric to describe the randomly ananged fabnc 

composed mainiy of packets (Sloane and Kell, 1966). 

Aggregation and its effect on enginee~g behavior of compacted clay was studied by 

Barden and Sides (1 970), in which they have proposed a revision of Lambe's compacted clay 

mode1 and reached the conclusion that the behavior and characteristics of a compacted clay 

can be explained in tems of a defomable aggregate soil model. In their low mgdication 

scanning electron microscope investigation, Barden and Sides (1 970) observeci pellet-like 

macropeds in soils compacted dry of optimum, but a homogeneous structure was apparent 

in soils compacted wet of optimum. Pnor to compaction, the soil particles are grouped in 

agglomerations or "peds" whose size and strength characteristics are innuenced by the 

molding water content. During compaction at low water contents (below optimum), these 

peds or aggregates have a high strength and are better able to resist the compaction pressures 

without rnuch distortion. Thus, there exkt two networks of pore space in the clay mass: a 

network of large inter-aggregate pores, and a network of small intra-aggregate pores. As the 

molding water content increases (dry of optimum), the aggregates decrease in strength and 

s ae r  greater deformation during compaction. This results in a decrease in inter-aggregate 

pore space and an increase in dry density. Olson (1 963), Langfelder et al. (1 968). and Barden 

and Sides (1 970) have all found that clays compacted near their optimum moisture contents 

have zero air permeability, which could indicate that the inter-aggregate pore network is no 

longer continuous. With increasing water content above optimum, the aggregates are easily 

diaorted and fuse together making them indistinguishable. Individual particle reorientation 

and dispersion may occur at this stage. Pore size distribution rneasurements of compacted 

clays by Diamond (1 970, 197 1 ). Sridharan et ai. ( 197 1 ), and Ahmed et al. ( 1 974) have also 

provided strong evidence for a defomable aggregate soil model. 

Other studies have found that increasing the compactive effort on the dry side of 

optimum for a given soii decreases the total porosity and diminishes the fiaction of large 



pores. However, inmeashg the compaction effort on the wet side of optimum had Mle effect 

on either the total porosity or the distribution of pore sizes. 

Diamond ( 197 1 ) investigated the importance of pore size distribution by cornparkg 

sanning electron microscope images to mercury intrusion porosimetry data of compacted 

kaolinite and illite. Regardless of compaction water content and compactive effon, there were 

always small pores with modal diameters between 0.02-0.08 prn existing in compacted 

kaohnite. Nevertheles, large modal pore diameters between 0.1 and 5.0 pm were observed 

in clay compacted dry of optimum or at lower compactive efforts. The large pores are 

believed to be cmstituted by domains or aggregates composed of individual kaolinite flakes 

in approximately parallel orientation. Diamond ( 197 1 ) concluded that soi1 compacted dry of 

optimum is composed of domains or aggregates randomly touching each other at peripheral 

points to fom large interdomain void spaces. Domains in soi1 compacted wet of optimum are 

in close contact and boundaries between domains are difficult to distinguish. Very few 

interdomain spaces are thus formed. On the other hand, small pores, formed irrespective of 

compactive conditions, were assumed to be intradomain pores between individual clay 

platelets. No attempt was made to distinguish the difference between domain and aggregate. 

Porosimetry tests also revealed bimodal pore size distributions in a series of 

compacted silt-kaolinite mixtures (Garcia-Bengochea et al., 1979). Large modal pore 

diameters occumng from 1 .O Fm to 10.0 pm were assumed to be intersilt and inter-aggregate 

pores. The volumetric frequency distribution and dominant pore sizes were sensitive to 

changes in rnolding water content, compactive effon, and silt content. Yet, the small modal 

pore diameter occurs consistently at 0.1 pm regardless of compaction conditions in a given 

soil. It was hypotheswd that these were intra-aggregate pores. As a matter of fact, the 

dominant siie and the characteristic volumetric frequency of the large pores provide a bridge 

connecting the macrostnicture of compacted soil to its hydrauiic conductivity. Increasing 

compaction water content, increasing compactive effort, and decreasing silt or increasing clay 

content resuh in lower hydraulic conductivity by Wtue of reducing the percentage of pores 



and/or decreasing the sire of large pores. Though a quantitative relationship was given based 

on several models relating pore size distribution to intrinsic pemeability, no direct 

observation was made to confinn the existence of aggregation in the soils. 

Scanning electron microscopy (SEM) observations cm be used to correlate the 

characteristics of compacted kaolinite obtained fiom pore size measurements by mercury 

porosirnetry (Acar and Olivieri, 1989). Both bimodal and unimodal distributions were 

revealed by the difEerent methods in kaoiinite compacted dry of optimum and wet of 

optimum, respectively. SEM photomicrographs of compacted kaolinite and Ca- 

montmoriiionite showed that clay compacted dry of optimum was composed of a floccuiated 

fabric with individual M e s  randomly ananged in edge-to-face contacts; while clay 

compacted wet of optimum was characterized by a dispersed fabnc with dominant face-to- 

face association between individual flakes. Though the difference of surface roughness 

between soils compacted dry and wet of optimum hinteâ the existence of micropeds 

(aggregates), no details were provideci about the aggregates and their intemal structure. 

In this research, emphasis is on correlating the structure of compacted clay at 

optimum moisture content with its hydraulic behavior. The particular fabric of compacted clay 

is exposed by means of detailed direct observations using scanning electron microscopy, 

which also helps in defining the difference between domain and aggregate. The existence of 

aggregation in clays compacted at their maximum dry density is verified to weigh its role in 

the conduction process. The presem study puts in place the final block of compaction theory 

in regard to soi1 structure. 

2.3 Conduction Pbenomena 

Virtuaîly ail geotechnicai problems involve soil (or rock) defonnation and stabiiity, 

volume change, and/or the flow of fluids, chernicals, and eaergy in various foms. 

F u r t b t e ,  the flows ofim play a vital role in the deformation, volume change, and stabiiity 



behavior itself. Water flow has been extensively studied because of its important role in 

problems of seepage, consolidation, and stabiiity, which fom a major part of soil and rock 

engineering analysis and design. As a result, much is known about the hydraulic conductivity 

and pemeabiüty of earth materiais. 

Chernical, thermal, and electncal flows in soiis are also important. Chernical transport 

through the ground is of a major concem in connection with groundwater poliution, waste 

disposai and storage, remediation of contaminated sites, corrosion, leaching phenornena, 

osmotic effects in clay layers, and soil stabilization. Heat flows are important relative to fiost 

action, construction in permafirost areas, insulation, underground storage, thermal pollution, 

ternporary ground stabilization by freezing, permanent ground stabilization by heating, 

underground transmission of electncity, and other problems. Electncal flows are important 

to the transport of water and ground stabhtion by electroosmosis, insulation, corrosion, 

and subsurface investigations. 

In addition to the above four flow types, Le., hydraulic, chemical, thermal, and 

electrical flows, each driven by its own potential gradient, coupied fiows may be important 

under a vmiety of circumstances. A coupled flow is a fiow of one type, such as hydraulic, 

driven by a potential gradient of another type, such as electricai. 

2.3.1 Fiow Laws and Relitionships 

Fluids, electricity, chernicals and heat al1 flow through soils. It has been well 

established that, provided the flow process does not change the state of the soil, each flow 

rate or flux J, (as shown in Fig. 2.2) relates linearly to its corresponding driving force X, 

according to 



Darcy's Law 

Ohm's Law 

Fourier's Law 

Fickss Law 

Figure 2.2 Four types of direct flow through a mil mass (Mitchefl, 1993). 



in which L ,  is the conductivity coefficient for flow. When written specifically for a particular 

flow type and in terms of familiar phenomenological coefficients, Eq. 2.1 becomes 

Water flow q, = kh i, Darcy's lm 

Heat flow q, = k, i ,  F b e r ' s  lm 
Electncal flow I = a, J, Ohm's km 
Chernical flow J,  = D i ,  Fick's lm 

In these equations qh , q, , 1, and J, are the water, heat, electrical, and chemical flow rates per 

unit area, respectively. The coefficients kh , kt ,  O#, and D are the hydraulic, themal, ekctrical 

conductivities and the diffusion coefficient, respectively. The drivhg forces for flow are given 

by the respective hydraulic, thermal, electrical, and chemical gradients, i, . i, . i, , and i,  . 

The terms in Eqs. 2.2 are identified in Fig. 2.2, which shows analogs between the 

various flow types. As long as the flow rates and gradients are linearly relateci, the 

mathematical treatrnent of each flow type is the sarne, and solutions for 00w of one type may 

be used for problems of another type provided the property values and boundary conditions 

are properly represented. A weu-known practical illustration of this is the use of electrical 

analogies for the study of seepage problems. 

In most cases, however, there are simultaneous flows of different types, even when 

only one type of driving force is acting. For example, when pore water containing chemicals 

flows under the action of a hydraulic gradient, there is a concurrent flow of chemical through 

the soil. This type of chemicai transport is termed advection. In addition, owing to the 

existence of surface charges in soi1 minerals, especidy the clays, there are nonuniforni 

distributions of cations and anions within soi1 pores resulting fiom the attraction of cations 

to and repulsion of anions fiom the negatively charged paîtide surfaces. Because of the srnall 

pore sizes in fine-gained soüs and the electical fields within them, clay layers may exhibit 

membrane properties, which means that the passage of certain ions and molecules tlnough the 

clay may be restricted in pari or in fidl on both microscopie and macroscopic levels. 



Owing to the interna1 nonhomogeneities in ion distributions, restrictions on ion 

movements caused by electrostatic attractions and repulsions and the dependence of these 

interactions on temperature, a var-iety of microscopie and macroscopic effects may be 

observed when a wet soil mass is subjected to flow gradients of different types. In particular, 

it has been observed that a gradient of one type can cause a flow of another type, accordhg 

to 

The L, are temed coupling coefficients. They are properties that may or rnay not be of 

significant magnitude in any given soil. The types of coupled flow that can occur are listed 

in Table 2.1, dong with the tenns commonly used to descnbe them. 

Of the twelve coupled flows show in Table 2.1, several are known to be significant 

in soil-water systems, at leaa under some conditions. Thermoosmosis, which is water 

rnovement under a temperature gradient, is important in panly saturated soils, but of limited 

influence in fuUy sahiiated soils. Electrmsmosis has been used for many years as a means for 

comrol of water flow and for consolidation of soils. Chernical osmosis, the flow of water 

caused by a chemical gradient acting across a clay layer, is being studied in some detail 

presently, owing to its importance in waste containment systems. 

Isothermuiheat pansfer, caused by heat flow dong with water flow, has caused great 

difficulties in the creation of fiozen soü barriers in the presence of flowing groundwater. 

Electricaiiy dnven k a t  fiow, the Peltier efject, and chemically driven heat flow, the Dufm~r 

efect, are not known to be of significance in soils; however, they appear not to have b e n  

studied in any detaii in relation to geotechnical problems. 

Streaming mrrent, the tenn apptied to both hydraulicaiiy dnven electrical curent and 

ion flows has importance to both chemical flow through the ground (advection) and the 

development of demical potentials, which may, in tum, influence both fluid and ion flows as 



Table 2.1 Direct and coupled flow phenornena (Mitchell, 1993). 

Gradient X 

Chernical 
Flow I Hvdraulic hcad f empcracure Elecuical concentration 

Fiurd Hydraulic Thermoosmolis Eiccrrwsmosis Cherniml osmais 
conduction 
Dmy 'r &w 

Heat tsothennal hea t Thenna1 Peltier cffcct Dufour cffcct 
rrrnsfcr conduaion 

FowVl's law 
Cuncnr Streamingcurrent Thcrmotlecmciry Eiectnc Difiusion and 

k&ck gecr conduction mernbnnc 
Ohm's law potcntids 

Ion Streming cuncnt Thermal diffusion Utcrropborcsis D a i o n  
of cltctmlyre Pik 's la w 
50-t &Cr 



a result of additional coupling effects. The complete roles of thermoeiectricity or Seebeck 

efect and difision and membrane potentiaîs are not known; however, electricd potentials 

generated by temperature and chemical gradients are important in corrosion and in sume 

groundwater flow and stabüity problems. 

Whether themial diffusion of electrolytes, the Soret effec~, is important in soils has not 

been evaluated; however, since chemical activity is highly temperature dependent, it may be 

a sipficant process in some systems. Finally, electrophoreesis, the movement of charged 

particles in an electncal field, has been used for concentration of mine waste and high water 

content clays. 

2-3.2 Hydraulie Conductivity 

Darcy's "law" which was established empirically by Darcy ( 1  856) based on the resuhs 

of flow tests through sands, and whose general validity for the description of hydraulic flow 

through most soi1 types has been verified by many subsequent studies, States that there exists 

a direct proportionality between flow velocity v, or flow rate q,, and hydraulic gradient i, ; Le., 

where A is the cross section a r a  normal to the direction of flow. The constant k, is a properiy 

of the material. Vimidly d steady-state and transient flow analyses in soils are based on 

Darcy's Iaw. In many instances, more attention is directeci at the analysis, rather than at the 

value of k, . This is unfortunate, since no other property of importance in geotechnical 

problems is iikely to exhibit such a great range of values, up to ten orders of magnitude, fiom 

coarse to very fine graiaed soils, or show the variability in a given deposit as does the 

hydraulic conductivity. Even a given soi1 may exhiait a few orders of magnitude variation in 

hydraulic conductivity as a result of changes in fabric, void ratio, and water content. A 



cornparison ofhydraulic conductivities measured in the laboratory and in situ which highlights 

the remarkable variation in hydraulic conductivity, even for the same soi1 deposit, is presented 

by Olson and Daniel (1981). 

2.3.2.1 The Validity of Darcy's Law 

Darcy's law is not universally valid for all conditions of liquid flow in porous media. 

The two conditions implied in the Darcy relationship are: (a) flow rate is directly proportional 

to hydraulic gradient, and (b) the relationship between flow rate and hydraulic gradient is 

linear through the origin It has long been recognized that the linearity of the flow rate versus 

hydraulic gradient relationship fails at high flow velocities, where inertial forces are no longer 

negligible compared to viscous forces. Darcy's law applies oniy as long as flow is laminar, and 

where soil-water interaction does not result in a change of fiuidity or pemeability with a 

change in gradient. 

Deviations fiom Darcy's law may also occur at the opposite end of the flow-velocity 

range, narnely, at low gradients and in small pores. The condition of linearity between flow 

rate and hydraulic gradient is valid for porous media and for many clay soils. However, the 

condition specimg linearity through the origin has been shown not to be valid for al! clays. 

The saturated flow tests penormed by the Swedish Geotechnical Institute (Hmsbo, 1960, 

1973) on undisturbed natural clays show the existence of both a cntical gradient and an 

apparent t hreshold gradient (Fig . 2.3). 

The reported deviations fiom linearity between flow rate and hydraulic gradient are 

most significant in the Iowa range of gradients. In the field, the hydraulic gradients are 

seldom much p a t e r  than one. Thus, deviations fiom Darcy's law, if r d ,  could have vey  

important implications for the applicability ofsteady-state and transient flow analyses that are 

based on this law. Furthemore, gradients that are typically used in laboratory testing are high, 

commody more than 10, and oflen up to several hundred. This brings the suitability of 

laboratory test results as indicators of field behavior into question. 



"0 'c 
Hydmlic Gradient, i - 

Figure 2.3 Hydraulic flow rates vs. hydrauîic gradients (der  Hansbo, 1960). 



Three hypotheses have been advanced to account for noniinearity between flow 

velocity and gradient: 

(1) non-Newtonian water flow properties; 

(2) particle migrations that cause blocking and unblocking of flow passages; and 

(3) local consoiidation and sweüing that is inevitable when hydraulic gradients are 

imposed across a compressible soi at the start of hydraulic conductivity testing. 

The apparent existence of a threshold gradient below which flow was not detected was 

attributed to a quasi-crystalline water structure. It is now known, however, tbat many of the 

effects interpreted as due to unusual water properties can be ascribed to undetected 

expenmental enors arising from contamination of measuring systems (Olsen, 1965), local 

consolidation and swelling, and bacterial growth (Gupta and Swartzendruber, 1962). 

Additional careful measurements by a number of investigators (e.g., Olsen, 1969; Gray and 

Mitchell, 1 967; Mitchell and Younger, 1 967; Miller et ai., 1969; Chan and K e ~ e y ,  1973) 

failed to contirm the existence of a threshold gradient in clays. In fact, Darcy's law was obeyed 

exactly in several of these studies. Therefore, it is uniikely that unusual water properties can 

lead to non-Darcy flow behavior. 

On the other hand, particle migrations leading to void plugging and unplugging, 

electrokinetic effects, and chernical concentration gradients cm cause apparent deviations 

fiom Darcy's law. Analysis of interparticle bond strengths in relation to the magnitude of 

seepage forces shows that particles that are not participating in the load-carrying sketeton of 

a soi1 mass can be moved under moderate values of hydraulic gradient. Soils with open, 

flocculated fabrics and soils with a relatively low content of clay appear particularly 

susceptible to the movement of fine particles d u ~ g  permeation. Intemal swelling and 

dispersion of clay particles during permeation can dso cause changes in flow rate and 

apparent non-Darcy behavior. 

Nevertheless, available evidmce indicates that Darcy's law is vaiid, provided rhca all 

systeni vuaiables me held collstant. Udess fabric changes, particle migrations, and internai 



void ratio redistributions caused by effective stress and chemical changes c m  be show to be 

negligible, hydraulic conductivity measurements in the laboratory should be made under 

conditions of temperature, pressure, hydraulic gradient, and pore fluid chernistry as closely 

approximating those in the field as possible. This has become a pariicularly important issue 

in comection with the testing of clays as potential waste contairiment barriers, such as liners 

for landfiils and irnpoundments. 

Unfortunately, duplication of field conditions is not always possible, especially as 

regards the hydraulic gradient. If hydraulic gradients low enough to duplicate those in most 

field situations are used, then the testing time usually becomes unacceptably long. In such 

cases, tests over a range of gradients are desirable in order to assess the stability of the soi1 

to stnicture changes due to seepage forces. 

2.3.2.2 Theoretical Equations for Hydradic Conductivity 

Fluid flow through mils finer than coarse grave1 is laminar. Equations have been 

developed to relate the hydraulic conductivity to properties of the soil and permeating fluid. 

A usual starting point for derivation of such equations is Poiseuille's Iaw for flow through a 

round capillary, which gives the average flow velocity v, , according to 

w here p is viscosity, R is tube radius, and y, is unit weight of the penneant . Because the flow 

channels in a soil are of various sues, a characteristic dimension is needed to describe average 

sue. The hydraulic radius RH 

RH = 
f70w channef cross section cnea 

wetted perimeter 



For a circular tube flowing full, 

so Poiseuille's equation becomes 

where a is the cross-sectional area of the tube. For other shapes of cross section, an equation 

of the sarne form will hold, differing only in the value of a shape coefficient C, 

For a bundle of paraüel tubes of constant but irregular cross section contributing to 

a total cross-sectional area A (comprishg soilds and voids), the area of flow passages A,filled 

with water is 

A f = S n A  

where S is the degree of saturation, and n i 

radius is given by 

s the poro sity. For this condition th 

(2.10) 

e hydraulic 

where P is the wetted perimeter, L is the length of fiow channel in the direction of flow, Y,  

is the volume of solids and S, is the wetted d a c e  per unit volume of particles. The wetted 

surfke depends on the panide &es and the soi1 M c .  It is iess than the total specific surface 

area of the mil, since flow wiU not ocnir adjacent to al1 particle surnices. 



For void ratio e and volume of solids V,, the volume of water is 

V, = e V, S 

Thus, Eq. 2.9 becomes 

and substitution for RH gives 

By analogy with Darcy's law, 

For the case of full saturation, S = 1 ,  and denoting C, by Il(&, P), where k, is a pore shape 

factor and T is a torniosity factor, Eq. 2.15 becomes 

This is the well-known Kozeny-Carman equation for the permeability of porous media 

(Kozeny, 1927; Carman, 1956). 

In principle, the effects of permeant properties are accounted for by the (p . y,) term. 

The pore shape factor k, has a value of about 2.5 and the tonuosity factor has a value of 

about J2 in porous media contairhg approximately unSom pore sizes. The hydraulic 

conductivity kh has units of velocity (LT'), and the absolute or invinsic permeability K has 

unit s of area (L2). 



Although the Kozeny-Carman equation accounts well for the dependency of 

permeability on void ratio in unifonnly graded sands and some silts, serious discrepancies are 

found in clays. The main reason for these discrepancies is that most clays do not contain 

unifonn pore sizes. Particles in clays are grouped in clusters or aggregates that produce large 

intercluster pores and s m d  intracluster pores. 

Provided cornparisons are made using samples having the sarne fabric, the influence 

of permeant on hydraulic conductivity is quite weU accounted for by the (p y& term. If, 

however, a fine-grained soil is molded or compacteci in difYerent penneants, then the fabrics 

may be quste different, and the hydraulic conductivities for samples at the sarne void ratio can 

differ greatly. 

Despite the inability ofthe theoretical equations to predict the hydraulic conductivity 

accurately in many cases, they do reflect the overwhelming importance of pore size. Flow 

velocity depends on the square of pore radius, and hence, the flow rate depends on radius to 

the fourth power. The specific surface in the Kozeny-Carman equation is a measure of the 

pore size. For a soil having a homogeneous fabric, the hydraulic conductivity depends more 

on the îine particles than on the large. A smail percentage of fines cm clog the pores of an 

othenuise couse materiai and result in a rnanyfold lower hydraulic conductivity. On the other 

hand, the presence of fissures, cracks, etc. «in result in enormous increases in the rate of 

water flow through an othenvise compact soil layer. 

Finally, Eq. 2.1 5 predicts that the hydraulic conductivity should Vary with the cube of 

the degree of saturation, and experimental data support this, even in the case of fine-grained 

soils. 

2.3.2.3 Fabric and Hydraulic Conductivity 

The theoretical relationships developed in the previous subsection indicate t hat the 

flow velocity should depend on the square of the pore radius, and the flow rate is proportional 



to the fourth power of the radius. Thus, for a given soü, fabrics with a high proportion of 

large pores are much more pervious than those with smail pores. For example, remolding 

undisturbed sofi clays has been found to reduce the hydraulic conductivity by as much as a 

factor of 4, with an average of about 2 (Mitchell, 1956). This can be explained by the 

breakdown of a flocculated open fabric and the destruction of large pores. 

A typical illustration of the profound influence of compaction water content on the 

hydraulic conductivity of a fme-grained soil is shown in Fig. 2.4. For the case shown, aiî 

sarnples were compacted to the same density. For sarnples compacted using the same 

compactive effort, curves such as those in Fig. 2.5 are typical. For compaction dry of 

optimum, clay particles and aggregates are flocculated (Fig. 2. l), the resistance to 

remangement during compaction is high, and a fabric with comparatively large pores is 

formed. For higher water contents, the particle groups are weaker, and fabrics with smaiier 

average pore sues are fonned. Considerably lower values of hydraulic conductivity are 

obtained wet of optimum in the case of kneading compaction than by static compaction (Fig. 

2.5), because the high shear arains induced by the kneading compaction method break down 

flocculated fabric units. 

Three levels of fabric are important when considering the hydraulic conductivity of 

fine-grained soiis (cf. Subsection A.3.1.3), namely, the microfabric, minifabric, and 

macrofabric (Collins and McGown, 1974). 

Al1 the above considerations are of particular importance when it cornes to the 

hydraulic conductivity of compacted clays used as barrien for waste containment in 

environmental applications. The controlling units in these materials are the clods, which would 

correspond to the minifabric units. It has been shown (Benson and Daniel, 1990) that 

acceptably low values of hydraulic conductivity can be obtained only if clods and interclod 

pores are eliminated during compaction. This requires that compaction be done wet of 



Figure 2.4 Hydraulic conductivity as a function of molding 
wats cornent for samples of silty clay pnpared to constant 
density by bieading compaction (Mitchell, 1993). 



Figure 2.5 Influence of compaction method on the hydraulic 
conduaivity of silty clay. Constant compactive effort for ail 
samples (Mitchell, 1993). 



optimum ushg a high effort and a method that produces large shear strains, such as 

sheepsfoot rollers. 

The wide range of values of hydraulic conductivity of compacted fine-grained mils 

resulting from the large Merences in fabric associated with compaction to Werent water 

contents and densities is illustrated by Fig. 2.6. The grouping of contours means that selection 

of a representative value for use in a seepage analysis is difficult and that precise predictions 

cannot usualiy be made. In addition, if it is required that the hydraulic conductivity of 

earthwork not exceed a certain value, such as may be the case for a clay liner, then 

specifications must be carefiilly drawn. In so doing, it mut be recognized also that other 

properties, such as strength, also vary with compaction water content and density, and that 

the compaction conditions that are optimal for one property may not be suitable for the other. 

A procedure for the development of suitable specifications for compacted clay liners is given 

by Daniel and Benson (1 990). 

In a classic study, Olsen (1 962) showed that the reason equation such as Eq. 2.16 fails 

to account quantitatively for the variation of the hydraulic conductivity of fine-grained soils 

with void ratio was the existence of unequal pore sizes. A typical soi1 will have a fabric 

composed of small aggregates or clusters as show schematically in Fig. 2.7, having an 

intracluster void ratio e, The spaces between the aggregates comprise the intercluster voids 

and are responsible for the intercluster void ratio e, The total void ratio e,is equal to the sum 

of e, and e,. The clusters and intracluster void ratio correspond to the rnicrofkbric; whereas, 

the assemblage of clusters (including intercluster void ratio) comprises the midabric. Fluid 

flow in such a system is dominated by flow through the intercluster pores. 

The size of clusters that fonn depends on the mineralogical and pore fluid 

compositions and the formational process. These conditions that favor aggregation of 

individual clay plates produce larger cfustas than deflocculating, dispershg eavironments, 

and there is a general consistency with the interparticle double layer interactions discussed in 



Figure 2.6 Contours of constant hydraulic condudvity 
for silty clay compacted using kneading compaction 
(Mitcheu, 1993). 

Figure 2.7 Cluster mode1 for permeab~ty 
prediction (after Oisen, 1%2). 



section A.2.3. When a aven fine-grained soil is sedimented in or mixed with water of different 

electrolyte concentration or type, or with fluids of different dielectric constants, quite different 

fabks result. This explains why the (p . y,) terni in the Kozeny-Cannan equation is 

inadequate to account for pore fluid diierences, unless coinparisons are made using sarnples 

having identical fabrics. This is likely to be the case only when a pore fluid of one type 

replaces one of another type without disturbance to the soil. 

The cluster model developed by Olsen ( 1962) accounts for discrepancies between the 

predicted and measured variations in flow rates through different soils such as those show 

in Fig. 2.8 for severai clays. The foUowllig equation can be denved for the ratio of estimated 

flow rate for a cluster model q,,, to the flow rate predicted by the Kozeny-Cannan equation 

with N the number of particles per cluster. 

Application of Eq. 2.17 requires assumptions for the vanations of e, with e, th 

accompany compression and rebound. Such assumptions, shown in Fig. 2.9, were based on 

considerations of the relative compressibilities of individual clusters and cluster assemblages. 

The compressibility of individual clusters is small at high total void ratios, so compression is 

accompanied by reduction in the intercluster pore &es, but with little change in intracluster 

void ratio. As a result, the actual hydraulic conductivity decreases more rapidîy with 

decreasing void ratio during compression than predicted by the Kozeny-Camian equation until 

the intercluster pore space is comparable to that in a system of closely packed spheres, when 

the clusters themselves begin to coinpress. Further decreases in porosity involve decreases 

in both e, and e, As the intercluster void ratio now decreases less rapidly, the hydraulic 

conductivity decreases at a slower rate with decreasing porosity than predicted by the 

Kozeny-Carman equation. The behavior during rebound, Fig. 2.8b, reflects the fact tbat the 



Figure 2.8 Discrepancies between measured and predicted flow rates (Olsen, 
1962). (a) Compression cycles. (b) Rebound cycles. 

Figure 2.9 A s m d  relationships between the total, cluster, 
and intercluster void ratios (Olsen, 1962). 



increase in porosity develops mady by sweliing of the clusters; whereas, the flow rate 

continues to be controlled pMianCy by the intercluster voids. 

The discrepancies between predicted flow through a cluster mode1 as a function of 

porosity and that predicted by the Kozeny-Carman equation are shown in Fig. 2.10. The 

agreement between the actuai behavior shown in Fig. 2.8 and the predicted behavior shown 

in Fig. 2.10 is surprisingly good. 

One of the main contributions of the present study is the examination of the structure 

of compacted clay responsible for conducting fluids through the porous matenal by direct 

observation using high-resolution, highrnagnification scannhg electron micrographs. 

2.4 Soil-Chernical Interactions 

The study of mil-chernical interactions and their effects on engineering propenies of 

mils began in the 1950s. Michaels and Lin (1954) found that the intrinsic pemieability of 

kaolinite at any void ratio decreases with increases in the polarity of dEerent organic 

permeants. Soi1 for the column tests was obtained by mixing dried kaolinite with the 

permeants, then the suspension was compacted in permemeter cells under slight vacuum and 

top loading. The dispersion and orientation of clay particles are the major Eictors responsible 

for the low hydraulic conductivity when water is used as permeant. The high values of 

hydraulic conductivity with organic chemicals of low pedttivity are caused by the 

remangement and flocculation of clay particles. Shrinkage and the accompanying cracks of 

soi1 column, and side-wall leakage were considered by Michaels and Lin (1 954) to be the main 

cause of increased hydraulic conductivity. 

Systematic reductions of hydraulic conductivity were measured whm a series of 

inorganic sait solutions of decreasing concentrations were permeated through a mural siity 

loam composed of 80% sand and süt, and 20% kaoünite and iüite clays (Quirk and Schofield, 



Figure 2.10 Hydraulic conduaivity discrepancies according to 
the cluster mode1 (Olsen, 1962). 



1955). The soil was loosely placed in a permemeter with no compaction, except for tapping 

the permeameter to get a uniform pack of soil. Though no definite mechanism was given, 

three possible processes were inferred: 

Sweliing resulting in the blocking, or partial blocking, of the larger conducting 

pores. 

Failure of the soil aggregates caused by stress resulting from unequal sweliing 

throughout the soil mass. 

Occurrence of deflocculation or dispersion of clay particles when the charged 

particles are separated fiom each other due to the dominance of repuisive forces 

between t hem. 

Intensive investigations on the compatibility of compacted soil to chemicals were not 

conducted until the early 1980s when extensive leakage of chemical waste was detected 

through hydraulic barriers of landfills and sunace irnpoundrnents. Except for field operation- 

related macroscopic defects, such as cracks, rootholes, slickensides, and sand pockets, there 

is considerable concem for the integrity of the barriers resulting from waste-soi1 interactions. 

Numerous laboratory tests have been performed to detect changes in hydraulic conductivity 

when soil columns are permeated by various chemicals. There bas been a considerable 

increase in our knowledge on soil-chemical compatibüity and its effects on the engineering 

behavior of soil, notably the hydraulic conductivity. A review of our conternporary knowledge 

regarding liquid-soi1 compatibiiity used in evaluating waste-soil interactions is presented in 

Shackelford (1994). However, there has been large variations, and sometimes even 

contradictions, between the published results of these studies. Factors, such as difference in 

soi1 constitution and mineralogical composition, chemical pemeants, soil column preparation 

methods, hydraulic conductivity measurement procedures, al1 have significant infiuences on 

the results. 

When penneated by a spectrum of pure organic Liquids, four types of naturai soil, 

narnely, non-calcareous smectite, calcareous smectite, kaoiinite, and illite, showed two to 



three orders of magnitude increase in hydraulic conductivity over baseiine results obtained 

with 0.005 M CaSO, solution (Anderson et al., 1985a). M e r  compaction, the mil columns 

were tested in compaction-mold permeameters without back-pressuring saturation, and thus 

no information on sample saturation was provided. The change of a massive structure of the 

soi1 to a blocky one after the treatment indicated the dominance of flocculation of clay 

particles caused by shrinkage of the diffuse double layer around the particles. Lower 

permittivities of the organic chemicals relative to water were attributed to soil-chernical 

reactions resulting in cracks and macropores for easier passage of fluids. 

Femandez and Quigley (1 985) funher showed that water-insoluble hydrocarbons of 

low permittivity (benzene, cyclohexane, and xylene) do not cause a drarnatic increase in 

hydraulic conductivity, except when the water-soluble alcohol was first introduced into the 

soil column to expel the pore water. The hydrophobic nature of the non-polar hydrocarbons 

restricted them to the inter-connecteci macropores (about lû?? of total pores) during 

permeation. Hydrophiiic alcohol acts as a medium to replace pore water and was then 

removed by the hydrocarbons. 

Bowders and Daniel ( 1  987) concluded that dilute organic chernicals had little effect 

on soil fabric, and thus hydraulic conductivity, when a commercial kaolinite and a natural 

iliite-chlorite were tested using different organic chernicals of various concentrations. 

Sedimentation tests were first performed and the results showed that the suspensions of the 

two types of soil settled rapidly in concentrated chemicals due to the formation of flocculated 

aggregates, but very slowly or not at al1 in dilute organic solutions as weii as water. The low 

permittivities of concentrated chemicals were believed to cause shrinkage of clay particles. 

On the other hand, the permittivity of dilute solutions are so high (greater than 60-70) that 

no flocculation took place. It was logicaüy suggested that ifan organic liquid does not cause 

soi1 particles to flocnilate in a suspension, it will not cause neither an alteration in the fabric 

of compacted clay nor an increase in hydraulic conductivity. This assurnption was seemingly 

confhed by the resuits obtaineà fiom compaction-rnold permeameter tests. The results 



showed that dilute organic chemicals could not cause significant changes in the hydraulic 

conductivity of moa soils, but pure organic chemicals do. 

The results of soil-organic chemical interaction were found to be very sensitive to the 

apparatus and testing procedures (Foreman and Daniel, 1986). Thrw types of perrneameter, 

compaction-mold, consolidation cell, and flexible-wall permeameters, were used for 

permeating both commercial kaolinite and two natural soils with methanol and heptane. 

Similar hydraulic conductivity values with baseline water were obtained by al1 three 

permeameters. The soils in compaction-mold showed significant increases in hydraulic 

conductivity when they were permeated by concentrated organic chemicals. Comparatively, 

no significant changes in intrinsic permeability for methanol permeation were observed in 

flexible-wall permeameter whiîe the hydraulic conductivity of soils was practically zero for 

heptane permeation. The high hydraulic conductivity values obtained by compaction-rnolds 

were ascribed to the combination of lower confining stresses and sidewall leakage. The fact 

that hydraulic conductivity decreased with increasing effective stress applied on the samples 

in flexible-wall permeameters suggeas that the cracks or macropores caused by flocculation 

of soil particles were forced to close. 

The importance of testing procedures on the hydraulic conductivity of fine-grained 

soil resulting from chemical permeation was also emphasized by Acar et al. (1985a), and A w  

and Olivieri (1989). Their results showed that flexible-wall penneameters always yieId 

decreased or insijpficantly hcreased hydraulic conductivities when both commercial kaoiinite 

and Ca-montmorillonite were permeated by a spectrum of pure organic chemicals with 

different permittivities. Back pressures of 4 14 to 449 kPa (60-65 psi) were used to saturate 

the specimens during the tests, and an effective stress of 69 kPa (10 psi) was maintaineci in 

the samples (Acar et al., 198%). A specitic trend was not observed between the hydraulic 

conduct~ty values and the permittivities of orgaric fluids in the study (Acar and Olivieri, 

1989). By cornparison, fixeci-wall ce11 tests on compacted kaolinite penneated by acetone 

revealed hydraulic conductivity values almost two orders of magnitude higher than that 



obtained in the flexible-wail cell. The difference was attributed exclusively to sidewall leakage 

due to the shrinkage of the specimen during the test (Acar at al., 1985a). Furthemore, 

hydrauiic conductivity would hcrease by nearly an order of magnitude when the effective 

stress in the sarnple was decreased from 69 kPa (1 0 psi) to 13.8 kPa (2 psi). The insolubiiity 

of the organic chemicals, pH value, and confining pressure are among other factors a f f ' n g  

the hydraulic conductivity (Acar and Olivieri, 1989). 

Hydraulic conductivity of soi1 is considered to be the most variable soil parameter in 

geotechnical engineering @UM and Mitchell, 1984). Among the factors important to test 

results are: (1) the compaction method used; (2) the effect of increased hydraulic gradient; 

(3) the saturation procedure and verification of the degree of saturation; (4) the use of the 

proper permeant; (5) consideration of the sample consolidation state throughout the test; and 

(6) the time (thixotropic) effect. Theu hydraulic conductivity results showed that there is 

significant difference between values obtahed when pemeating soils with distilled water, tap 

water, and a synthetic lead-zinc tailing leachate. Static compaction, which is considered to 

produce less dispersed fabric by Whle of lower level shear drain, was used to prepare two 

natural clayey soils predorninantly composed of montmorillonite and kaolinite, respectively. 

The faci that the hydraulic conductivity obtained by the permeation of tap water and distilled 

water decreased with time was believed to be caused by leaching of soluble salts in the soi1 

resulting in a more dispersed fabnc. Permeation of the lead-zinc tailing leachate with a pH of 

2.5 resulted in an increase in hydraulic conductivity over that measured using tap water by 1 

to 2 orders of magnitude. Ion exchange of divaient Pb and Zn for monovalent Na and the low 

pH of the permeant were considered to contribute to the flocculation of clay particles @unn 

and Mitchell, 1984). 

The importance of initial soil fabric and conhing pressure during tests of the 

hydrauiic conductivity of clays was recognued by Yang and Barbour (1 992) and Barbour and 

Yang (1993). A Ca-montrnonllonitic glacial clay mil fiom western Canada was permeated 

by a concentrated NaCl brim in a fixeci-wall penmameter. The soil was thought to be 



composed of aggregates of elementary clay particles. This soil fabric can be described in terms 

of microfabric as referring to an association within individual aggregates, and mini- or 

rnacrofabric considering the arrangement of the aggregates. Soils prepared by kneading 

compaction, static compaction, and slurring have different arrangement of aggregates, and 

consequently different distributions of interaggregate pores while clay aggregates have the 

same interna1 stmcture. The penneation of sarnples prepared fiom slurry by brine results in 

shrinkage of the difise double layer caushg contraction of individual clay aggregates, but 

it does not change the microfabric. Any change in hydraulic conductivity is caused by change 

in minifabric and macrofabric, opening of interaggregate pores, and formation of tiacturing 

or fissuring, resulting h m  a reduction in the net physico-chernical repulsive force. The 

increase in hydraulic conductivity due to the permeation of brine was rearicted by an increase 

in vertical confining pressure in the permeameter. This confirrns the fact that extemal stress 

is able to limit the opening of macropores caused by shrinkage of the diffise double layer and 

contraction of clay aggregates. 

The interaction between clay particles and chernicals, and its possible effects on soil 

engineering properties have been justified theoretically by a change in pore fluid chemistry. 

Evans et al. ((1985) summarized the influence of various factors in pore fluid on the thickness 

of the difise double layer and soil fabric. The summary tabulated in Table 2.2 was extended 

to include the potential effects of these factors on the hydraulic conductivity of fine-grained 

soils by Madsen and Mitchell (1 987). 

In practice, however, other factors related to soil properties and testing procedures 

seem to play a key role in the detennination of hydraulic conductivity. Madsen and Mitchell 

(1 987) emphasized the importance of the constrained condition to the flocculation-dispersion 

of clay particles in a soil mass. 



Table 2.2 Effect of relative changes in major pore fluid parmeters on hydraulic 

conductivity of clay soils based on fabnc (adapted fiom Madsen and Mitchell, 1987). 

Effect of Relative Change in Parameter 
- 

Decrease in DDL thickness, 

Pore Fluid flocculated fabric, and an 

Paramet er increase in hydraulic 

conductivity 

Electrolyte 

Concentration 
Increase 

Cation Valence Increase 

Permittivity Decrease 

PH Decrease 

Cation Size Decrease 

Anion Adsorption Decrease 

Increase in DDL thickness, 

dispersed fabric, and a 

decrease in hydrauiic 

conductivity 

Decrease 

Decrease 

Increase 

Increase 

lncrease 

Increase 

DDL = dif i se  double layer 



2.4.1 Chemicd Compatibüity and Hydrrulic Conductivity 

Ofspecial concem in recent years has been the compatibility between waste chemicals, 

especially liquid organics, and cornpacted clay liners and slurry wall barriers constructed to 

contain them. Numerous studies have been done to evaluate chernical effects on clay hydraulic 

conductivity, because of fears that prolonged exposure may compromise the integrity of the 

liners and barriers and because tests have shown that under certain conditions clays can shrink 

and crack when permeated by some classes of chemicals. Summaries ofthe results of chernical 

compatibility studies are given by Quigley and Femandez (1994, 1989) and Mitchell and 

Madsen (1 987), and factors controlling the long-term stability of clay liners are discussed by 

Mitcheu and Jaber (1990). 

Rigid-wall (including consolidorneters) and flexible-wall permeamters are used for 

compatibility testing in the laboratory. These types of test apparatus are described and 

discussed in detail by Daniel et al. (1985) and Daniel (1994). In the past several years a 

controversy has developed over the use of fixed-wall versus flexible-wall penneameters for 

measuring the hydraulic conductivity of clayey soiis. AU permeameters have important 

advantages and serious limitations (Daniel et al., 1985; Daniel, 1994). The rigid-wail system 

overestimates hydraulic conductivity whenever chernical-clay interactions cause shrinkage and 

cracking; however, it is well suited for qualitative determination of whether or not there may 

be adverse interactions. In the flexible-wall qstem, the lateral confining pressure prevents 

cracks fiom opening; thus there is risk of underestimating the hydrauiic conductivity of sorne 

soils. The consolidometer permeamter system aiiows for testing clays under a range of 

conthhg stress States that are representative of those in the field and for quantitative 

assessrnent of the effects of chernical interactions on volume stability and hydraulic 

conductivity. A swnmary of hydraulic conductivity ceiis used in over 50 conducted studies, 

published between 1980 and 1992, is given by Daniel (1 994). The literature suggests a mix 

(roughiy 50-50) of rigid- and flexible-wall permeameters. Severai imrestigators used both 

types of cells. Daniel (1994) also presmted a cornpuison of hydraulic conductivity 



detennined in rigid-wall, compaction-mold permeameters to the hydraulic conductivity 

determined in flexible-wall permeameters. AU specimens were pemeated with de-aired water 

to strip air fiom specimens during penneation and the tests continued for a sufficient period 

of time to ensure equal intlow and outnow as well as steady hydraulic conductivity. Under 

these circumstances, there is good agreement between the results of rigid-wall and flexible- 

wall penneameters. 

The effects of chernicals on the hydraulic conductivity ofhigh water content clays, as 

used in slurry walls, are likely to be much greater than on lower water content, high density 

clays, as those used in compacted clay liners. This is because of the greater particle mobility 

and easier oppominity for fabnc changes in the higher water content system. A high 

compactive effort or an effective confuiing stress greater than about 70 kPa can rnake a 

properiy compacted clay invulnerable to attack by concentrated organic chernicals (Broderick 

and Daniel, 1990). Unfortunately, it is not always possible to insure high-density compaction 

or to maintain high confining pressures, so it is useful to h o w  the general effects of different 

chemical types on hydraulic conductivity. 

2.4.1.1 lnorganic Chernicais 

The effects of inorganic chernicals on hydraulic conductivity are consistent with (1) 

their effects on the double-layer and inter-particle forces that promote flocculation, 

dispersion, shrinkage, and swelling; (2) their effects on surfàce and edge charges on particles 

and the influences of these charges on flocculation and deflocculation; and (3) their effects 

on pH. 

Acids cause solutioning of carbonates, iron ondes, and the alumina octahedral layers 

of the clay minerais. Bases cause solutioning of siüca tetrahedrai layers, and to a lesser extem, 

dumina octahedrd layers of clay minerais. Removal of dissoived materiai can cause increases 

in hydraulic conductivity; whereas, precipitation of this material can cause pore clogging and 

hydraulic conductivity decreases. 



2.4.1.2 Organic Chernicals 

Clay-organic reactions have been studied for many years because of their importance 

in such fields as agriculture and petroleum engineering. They are important in the technology 

of drilling fluids, in the stability control of clay suspensions, and in the manufacture of 

lubricants. In recent years, clay-organic interactions have become of great interest to geo- 

environmental engheers because of the need to solve problems in the migration, containment, 

and cleanup of toxic wastes. 

Organics interact with clays by adsorption on particle sufiaces, ion exchange, and 

intercalation (Lagaly, 1984). Intercalation involves the entry of organic molecules between 

silicate layers, and is particulariy important to the kaolin minerals. Adsorption of organic 

compounds on clay surfaces in aqueous systems depends on the available surface and the 

ability of the organic molecules to dispiace water molecules. Cationic organics can exchange 

for inorganic adsorbed cations; however, if the organic cation is larger than the cation site, 

then al1 exchangeable cations cannot be displaced. Attraction of large organic molecules to 

clay surfaces by van der Waals forces may contribute to the total amount of organics held 

(Raussell-Colom and Serratosa, 1987). 

The most important fàctors controllhg the effects of organic chernicals on hydraulic 

conductivity are (1) their water solubility, (2) their dielectric constant, ( 3 )  their polarity, and 

(4) whether or not the clay is exposed to the pure organic or a dilute solution. In practice, 

exposure of clay barriers to water-insoluble pure or concentrated organics is likely only in the 

case of spüls, leakllig tanks, and with dense nonaqueous phase liquids (DNAPLs) or "sinkers" 

that accumulate above low spots in liners. Some general conclusions about the influences of 

organics on the hydraulic conductivity are (Mitchell, 1993): 

1. Solutions of compounds having a low solubility in water, such as the hydrocarbons, 

have no large effect on the hydraulic conductivity. This is in contrast to dilute 



solutions of inorganic compounds that may have significant efkts as a result of their 

influence on flocculation and dispersion of the clay particles. 

Water-soluble organics, such as the simple alcohols and ketones, have no effect on 

hydraulic conductMty at concentrations less than about 75 to 80 percent. 

Many water-insoluble organic liquids cm cause shrinkage and cracking of clays, with 

concurrent increases in hydraulic conductivity. 

Hydraulic conductivity increases caused by penneation with organics are partly 

reversible when water is reintroduced as the permeant. 

Concentrated hydrophobic compounds permeate soils through cracks and 

macropores. Water remains within mini- and micropores. 

Hydrophilic compounds permeate the soil more uniformiy, as the polar molecules can 

replace the water in hydration layers of the cations and are more readily adsorbed on 

particle surfaces. 

Organic acids can dissolve carbonates and iron oxides. Butferhg of the acid can lead 

to downstream precipitation and pore clogging. However, after long tirne periods, 

these precipitates may be redissolved and removed, thus leadhg to an increase in 

hydraulic conductivity. 

Pure bases can cause a large increase in the hydraulic conductivity; whereas, 

concentrations at or below the solubility limit in water have no effect. 

Organic acids do not cause large scale dissolution of clay particles. 

The combined effects of confining pressure and concentration, as weU as penneant density 

and viscosity, are illustrated by Fig. 2.11 (Femandez and Quigley, 1988). The data are for 

water-compacted, brown Sarnia clay penneated by solutions of dioxane in domestic landfiil 

leachate. Increases in hydrocahon concentration cause decreases in hydraulic conductivity 

up to concentrations of about 70 percent, after which the hydraulic conductivity increased by 

about three orders of magnitude for pure dioxane (Fig. 2.1 la), for samples that were 

unconfined by a vertical stress (o, = O). On the other hand, the data points for samples 

maintained under a vertical confining stress of 160 kPa indicate no eff- of the dioxane on 
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Figure 2.1 1 (a) Hyârauiic conductivity and (b) intrinsic permeability of 
compacted Samia clay permeated with leachate-dioxane mixtures (Femandez 
and Quigley, 1988). 



hydrauiic conductivity relative to water. The decreases in hydraulic conductivity for dioxane 

concentrations up to 70 percent can be accounted for in terms of tluid density and vixosity, 

as may be seen in Fig. 2.1 1 b where the intrinsic values of permeability are shown. As noted 

earlier in the previous division, in comection with the development of Eq. 2.16, the intrinsic 

permeability is defined by K = k (p y). 

While many researchers seem content to find out the variations associated with 

transport of contaminants through soils, scrutinking the structure of leached specimens in 

order to understand the genuine nature of these variations is the focal point of this study. As 

a result, the prirnary objective of the present research is to investigate clay-contaminant 

interactions, iike intercalation and dissolution-precipitation phenornena, by detecting their 

influence on the fabric of compacted clays. Even though the importance of soi1 fabric on 

hydraulic conductivity values has long been recognized, and justified theoretically, there are 

not enough studies devoted to providing sound experimental evidence of stnictural alteration 

caused by contaminant migration through soils. It is in this context that this research occupies 

its own distinctive place arnong others contributing to the advancement of our knowledge in 

the field called geoenvironrnental engineering. 

Aithough many chemicals do not have a significant effect on the hydraulic 

conductivity of clay barriers, this does not mean that they wiii not be aansported through the 

clay. Unless adsorbed by the clay or by organic matter within the clay, the chemicals will be 

transponed by advection and diffusion. Furtherrnore, the actual transit time through a b h e r  

by advection; i. e., the tirne for chemicals moving with the seepage water, rnay be fàr less than 

estimated using the conventional seepage velocity. The seepage velocity is usually defined by 

the Darcy velocity (k,, . i,), divided by the total porosity n. In systems with unequal pore sizes, 

however, the flow is almoa totally through mini- and rnacropores, which comprise the 

effective porosity ne , wbch may be sevsd tirnes smaller than the total porosity. Thus 

compaction of clay bamers that e b t e s  clods and aggregates has the added advantage of 



increasing the proportion of the porosity that is effective porosity, thereby increasing the 

transit the .  

2.5 Contaminant Trins~ort 

The main dnving forces in contaminant transport in mils are advective and diffusive 

in nature. Advective flow can be described by groundwater flow models, and dispersion of 

molecules during advective flow wiîi depend on several constraints dictated by pore geometry 

and continuity in the porous media (soil), and the hydrogeological setting. It is important that 

attention be given to a proper description of the hydrogeological sethg because the control 

and propagation of the contaminant plume will be highly dependent on this setting. 

Attenuation of advective-dnven contaminants in the substrate soil will be primarily due to 

physical constraints dictated by the setting, and to a lesser extent to the chemically driven 

interactions as a result of the relative velocity of flow of the soil water. 

When advective flow is not a sigmficant componem of the problem, diffusion-driven 

contaminants are more likely to develop physico-chernid interactions with the soi1 

constituents. Adsorption isothems can be obtained and the chemistry of adsorption can be 

studied for particular soi1 compositions and specific types of contaminants. Several major 

difficulties must be faced, however, in using this information to mode1 contaminant transport 

under natural soil conditions. The boundary conditions are often difficult to specify. 

Moreover, many reactions, especially slow reversible reactions, are not at equilibnum and 

hence the themodynamic descriptions that assume equilibrium are not vaiid. The error in 

using thermodynamic equilibtium constants is not known. Also, of greater concern is the 

variability of soi1 characteristics, such as hydraulic conductivity, in space and tirne. This lads 

to m m  when using detenninistic models; probability hctions in stochastic models lead to 

better predictions of contaminant transport (Yong et al, 1992). 



The purpose of the following discussion is to present the basic concepts for describing 

contaminant transpon in and through porous materials The matenal covered, however, is 

limited to one-dimensional transport of miscible contaminants (i.e., solutes) in saturated 

porous media. 

2.5.1 Transport Procases 

Transport processes include advection, diffusion, coupled tlow, mechanical dispersion, 

and combined transpon. 

2.5.1 . 1  Advection 

Advection is the process by which solutes are transported dong with the flowing fluid 

or solvent, typically water, in response to a gradient in total hydraulic head. Due to advection, 

non-reactive solutes (i.e., solutes which are not subject to chemicd or biological reactions) 

are transported at an average rate equal to the seepage velocity of the fluid, or 

where v, is the seepage or average linear velocity of the water (solvent), n is the total porosity 

of the porous material, and v is the tlux of water (i.e., quantity of flow per unit area per unit 

time). Equation 2.18 presupposes that al1 of the voids in a porous material are equally 

effective in conducting flow. The flux is given by Darcy's law which, for one-dimensional 

flow, can be written as (cf Eq. 2.4) 

where q is the volumetric flow rate of the water per unit the,  A is the total cross-sectional 

a r a  (solids plus voids) perpendicular to the direction of flow, k is the hydraulic conductivity, 

h is the total hydraulic head, x is the direction of flow, and i is the dimensionless hydraulic 



gradient. The seepage velocity, v,, reflects the fact that the fluid actuaiiy cm flow only 

through the void space of the porous matenal, whereas the flux, v, represents the volumetric 

flow of fluid through the total cross-sectional area of the materid. 

The time required for a nonreactive solute to migrate through a saturated soil of 

thickness L, known as the solute transit tirne, due to advection can be estimated using the 

seepage velocity as follows: 

where t is the transit time. When Eq. 2.20 is used to estirnate the transit the  of the solute, 

it is implied that al1 solute constituents are carried dong with the fluid at the velocity v,. 

Under these conditions, the advective mass flux of a particular chernical species can be 

calculated as 

where J ,  is the advective mass flux (mass flowing through a unit cross-sectional area in a unit 

of time), and c is the concentration of the solute in the liquid phase of the porous material 

based on the volume of solution in the porous materiai (i.e., mass of solute per unit volume 

of mixture). 

With some porous materials, e.g., fiactured soil or rock, most of the advective flow 

occurs through only part of the total void space of the material. For these materials, an 

effective porosity, n, is defined as the volume of fluid conducting pores divided by the total 

volume (pores plus solids) of the material. For materials with ne < n, ne should be substituted 

for n in Eqs. 2.18,2.20 and 2.21. 



Difjusn may be thought of as a transport process in which a chernicd or chemical 

species migrates in response to a gradient in its concentration, although the actual driving 

force for diffusive transport is the gradient in chemical potentiai of the solute (Robinson and 

Stokes, 1959). A hydraulic gradient is not required for transport of contaminants by diffusion. 

The fundamental equation for diffusion is Fick's fira law which, for one-dimensional 

transport, can be written as 

whereJ' is the diffusive mas flux, x is the direction of transport, and D, is the "free-solution" 

diffision coefficient. Equation 2.22 represents the one-dimensional form of Fick's first law 

descnbing diffusion in aqueous or free solution (i.e., no porous materiai). 

For difision in saturated porous material, a modified form of Fick's first law is used; 

where ris a dirnensionless tortuosity factor, and D' is the "effective" diffision coefficient. The 

porosity term is required in Eq. 2.24 since the m s i v e  flux, JD, is defined with respect to the 

total cross-sectional area of the porous medium. The tortuosity factor accounts for the 

increased distance of transport and the more tortuous pathways expenenced by solutes 

difishg through porous media. Tortuosity is expressed as 



where L is the macroscopic, straight-îine distance between two points defining the flow path, 

and L, is the actual, microscopic or effective distance of transport between the same two 

points. Since L, > L, r < 1 .O and De < D,. Therefore, mass transport due to difision in 

porous materials is slower than mass transport due to diffusion in free or aqueous solution. 

Typical values of r are reported in the range 0.0 1 to 0.67 (Freeze and Cherry, 1979; 

Shackelford, 1989; Shackelford and Daniel, 1991). In some instances, however, the porosity 

term in Eq. 2.24 is included in the definition of the effective diffision d c i e n t  (Shackelford 

and Daniel, 1 99 1 ; Shackelford, 199 1 ). 

2.5.1.3 Coupled Flow Processes 

As was discussed in section 2.3.1, water can flow through porous media not only in 

response to a gradient in total hydraulic head but also in response to gradients in chernical 

composition (chemicai osmosis), electncity (electroosmosis), and temperature 

(thermoosmosis) [cf Table 2.11. Also, in the absence of advective tlow, solutes can migrate 

through porous materials not ody in response to a concentration gradient but a h  in response 

to an electrical gradient (electrophonsis) and a thennal gradient ( t h e d  diffusion). Solutes 

may also be filtered (ultrafiltration) by some porous materials These additional flow 

processes typically are referred to as cm~pIedfruwprocesses in order to distinguish them fhm 

the direct flow processes represented by advection and dinusion. 

The description of coupled flow processes is based on the theory of the 

thennodynamics of irreversible processes. A description of this theory is beyond the scope 

of the current presentation, but an excellent review of the relation of the theory to coupled 

and direct flow processes can be found in Bear (1972). Mitcheli (1993) provides examples 

of the application of coupled flow processes to typical geotechnical engineering problems. 



In the formulation of the contaminant transport equations, coupled flow processes 

often are neglected or are considered to be insigdcant for at least two reasons (Shackelford, 

1993). Fust, coupled flow processes are significant only at the relatively low flow rates which 

typically are associated with flow through fine-grained soiis (e.g., clays and silts). Since most 

of the applications of contaminant transport theory traditiondly have been associated with 

problems penaining to the transport of contaminants througb highly permeable, granular 

materials (e.g . , aquifers), the effect s of coupled flow processes typically have been assumed 

to be negligible. Nevertheless, coupled flow processes may be significant in materiais with 

high activity and/or low void ratio (Olsen, 1969; Greenberg et al., 1973). Second, the 

determination of the phenomenological coefficients associated with the equations describing 

coupled flow processes is ditficult, at best. As a result, such determinations usually cm be 

perfonned only under highly controlled conditions in the laboratory, and extrapolation of the 

results to field situations is uncertain. 

2.5.1 .4 Mec hanical Dispersion 

In traditional contaminant transport theory, a mechaniculdispersive flux, J,,, is added 

to the total mass flux of the solute to account for the spreading of the solute due to variations 

in the seepage velocity, v,, which occur dunng transport in and through porous materials. On 

a microscopie level, these variations are thought to be related to the three difrenr effects 

iiiustrated in Fig. 2.12 (Fried, 1975; Bear, 1979; Freeze and Cherry, 1979). Fust, the velocity 

of tiow across any given pore channel within the material will be greater in the rniddle of the 

pore channel than it is near the walls of the pore channel (Fig. 2.12a). This is the sarne effect 

which is known to occur in fluid flow through pipes and in rivers, strearns, and channels. 

Second, the equation of continuity predicts that the flow velocity across a smaller pore 

opening will be greater than that across a larger pore opening as illustrateci in Fig. 2.12b. 

FinaMy, velocity variations will result due to the tomious nature of the flow paths existing in 

nearly al1 porous matenais (Fig. 2.12~). 



Figure 2.12 Microscopie dispersion in soil: (a) effect of 
velocity distribution across single pore; (b) &ect of variation 
in pore sizes; and (c) e&ct of tortuous nature of flow paths 
(fier Freeze and Cherry, 1979). 



On a larger scale, mechanical dispersion is thought to be caused by the dinerent flow 

rates resulting from heterogeneities that typically are encountered whenever transport occurs 

over relatively large areas or regions. This type of dispersion is illustrateci in Fig. 2.13 where 

flow through the buik sand medium is shown to be intemipted by the existence of the low- 

hydraulic-conductivity clay lenses dispersed throughout the sand layer. Due to the existence 

of the clay ienses, the transport proceeds around rather than through the clay resulting in a 

situation which is analogous to that shown in Fig. 2 . 1 2 ~  for microscopie dispersion. 

Therefore, the dispersion iilustrated in Fig. 2.13 may be thought to be due to a 'macroscopic 

tomiosity effect.' 

The mechanical dispersive flux typically is assumed to be a Fickian process which, for 

one dimension, can be expressed as 

where J, is the mechanical dispenive flux, and Dm is the mechanical dispersion coefficient. 

Since mechanical dispersion results from variations in the magnitude of the seepage velocity, 

the mechanical dispersion coefficient often is assumed to be a fùnction of the seepage 

velocity, or 

where a, is the longitudinal dispersivity of the porous medium in the direction of transport, 

and p is an empiricdy detennined constant between 1 and 2 (Freeze and Cherry, 1979). In 

most applications, the exponent, P, is assumeci to be unity, i.e., Dm is assumed to be a linear 

function of v, in Eq. 2.27. However, P may be greater than unity in many situations 

(Anderson, 1984; Bear and Vemijt, 1987). A h ,  the dispersivity, a,, is probably =ale 

dependent with larger values for a, being associated with p a t e r  transport distances (Pickens 

and Grisak, 198 1). For example, values of dispersivity reported nom the results of field 
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Figure 2.13 Mechanical dispersion on large or regional sale (Shackelford, 
1993). 



studies may be as much as four to six orders-of-magnitude greater than the correspondhg 

laboratory measured values (Freeze and Cherry, 1979). 

Regardless of the appropriate values for aL and /?, the relationship for Dm in Eq. 2.27 

indicates that the effect of mechanical dispersion increases as the seepage velocity increases 

and vice versa. As a result, for typical problems involving low-hydraulic~~~nductivity barrier 

materials, mechanical dispersion does not appear to be sigiuficant due to the relatively low 

flow rates (Rowe, 1987). 

2.5.1 .5 Combined Transport 

In the absence of coupled flow processes, the total mass flux, J, of the solute or 

contaminant species is the sum of the advective, diffusive, and dispersive fluxes, or 

Based on Eqs. 2.2 1,2.24, and 2.26, the total mus flux for onedimensional transport 

in saturated porous material is 

where D,, is the hydrodynamic dispersion coefficient given by 

D, = D m  + D m  = D m  + a~ v s  



The exponent f l  in Eq. 2.27 has been assumeci to be unity in the formulation of Eq. 2.3 1. The 

hydrodynamic dispersion coefficient accounts for dispersion of the solute due to both 

diffusion and mechanical dispersion. 

2.5.2 Transient Transport 

2.5.2.1 Conservation of Mass 

The transient transport of a chemical species through saturated material is based on 

the conservation of mass for a representative elementary volume (REV) of soil, or (Freeze 

and Cherry, 1979) 

net rate of mass increase within the REV = mass flux into the REV - mass 

flux out of the REV + increase (or decrease) in mass due to chemical 

reactions occumng within the REV 

A REV is the minimum volume that d l  allow for the application of the continuum approach 

to flow or transport through porous media (Bear, 1972, 1979; Bear and Vernlijt, 1987). In 

mathematical terminology, the conservation of mass is reflected by the continuity equation, 

or 

where m is the total (adsorbed plus liquid phase) mass of solute per unit volume of soil, A is 

a general rate constant used to describe such reactions as radioactive and/or biologicai decay 

and R is a general terni representing aü other chernical and biological reactions. The positive 

signs (+) in Eq. 2.32 are used for concentration source tems (e.g., minera1 dissolution), 

whereas the (-) signs are used for temis representing concentration sinks (e.g., precipitation). 

2.5 -2.2 Advection-Dispersion Equation 



A number of simplifjmg assumptions ofken are required in practice to reduce Eg. 2.32 

to a more usable fotm. For instance, the porous medium often is assumed to be homogeneous, 

isotropic, and non-deformable, and transport is assurned to be governed by steady flow of an 

incompressible fluid. Also, only trace concentrations of solut es typically are considered so that 

changes in fluid density due to changes in solute concentrations can be negiected. Coupled 

flow processes usually are neglected and only equilibrium exchange reactions (e.g., reversible 

sorption reactions) are included routinely in the modeling of the transport of reactive solutes 

through porous media. When these assumptions are acceptable, and amsport is assumed to 

occur only in one direction (say, the x-direction), Eq. 2.30 cm be used for the flux term, J, 

and Eq. 2.32 can be reduced to (Freeze and Cherry, 1979) 

where Rd is the dhensionless retardation factor. In the study of contaminant transpon, Eq. 

2.3 3 commonly is refened to as the one-dimensional advectio~tdispersion epation. When 

the seepage velocity is sufficiently low such that mechanical dispersion is negligible, the 

advection-dispersion equation (Eq. 2.33) effectively reduces to an advection-diffusion 

equation since the hydrodynamic dispersion coefficient from Eq. 2.3 1 is dominated by the 

effective diffusion coefficient (i.e., D, -- De). 

The retardation factor represents the relative rate of fiuid flow to the transpon rate 

of a reactive solute (Freeze and Cherry, 1979), or 

where v, is the transport rate, or velocity, for the center of mass of the reactive solute. For 

nomeactive (nonadsorbing) solutes, such as chloride (Cl-), the retardation factor is unity and 

the solute is transported at the rate of the seepage velocity in accordance with Eq. 2.34. As 

a result, Eq. 2.3 3 may be written as 



However, for reactive (adsorbing solutes), the retardation factor is greater than unity, i. e., Rd 

> 1. Therefore, Eq. 2.34 indicates that adsorbing solutes are transported at a reduced rate, 

v,, relative to nonadsorbing solutes. In such cases, it ofien is convenient to rewrite the 

advection-dispersion equation, Eq. 2.33, for adsorbing solutes by u t i h g  Eq. 2.34 as 

where DR = D, R, 

The value of Rd typicdy is determined in the laboratory fiom the results of either 

column tests or batch equilibnurn tests using the relationship (Shackelford, 1993): 

where p, is the bulk (dry) density of the soil, and K, is the 'partition coefficient.' The partition 

coefficient relates the change in the adsorbed concentration relative to a change in the 

equilibrium concentration of the chernical species as 

where S is the adsorbed concentration, or mass of solute adsorbed per rnass of mil. Equation 

2.38 represents the slope of a plot of S versus c, also known as an adsorption isothem. The 

term 'partition coefficient' applies when the adsorption isot h e m  is nonlinear and, therefore, 

when K, is dependent on the equiiibrium concentration, i-e., K, = f(c) . Therefore, the partition 

coefficient of a nonlinear adsorption isothenn is qua1 to the tangentid slope of the adsorption 

isothem evaluated at a specific value for the equilibrium concentration, c. When the 



adsorption isothem is linear, the partition c d a e n t  is constant and is caiied the 'distribution 

coefficient, K,' 

In general, there are two types of nonlinear adsorption isotherms - concave and 

convex - as weiî as the linear adsorption isotherms which are of interest in contaminant 

transport (Melnyk, 1985; Shackelford and Daniel, 1991). In chemical engineering, concave 

and convex adsorption isotherms ofien are refened to as favorable and unfavorable isotherms, 

respectively (Weber and Smith, 1987). Concave isotherms are the more common type of 

nonlinear isotherms for transport in soils. The difference in the three types of isotherms is 

illustrateci schematically in Fig. 2.14. In a concave isotherm, the slope of the isotherm at a 

lower equilibrium concentration is greater than it is at a higher equiiibrium concentration, 

whereas the opposite is tnie for a convex isothem (compare points for c, and c2 in Fig. 2.14). 

Since the rate of transport for a reactive solute (v,) is inversely proponional to the retardation 

factor (RJ and, therefore, the partition coefficient (K') [compare Eqs. 2.34,2.37, and 2.381, 

a reactive solute will be transported faster at a higher concentration for a concave isotherm, 

whereas the opposite is mie for a convex isotherm (see Figs. 2.1 Sa and 2.1 Sb). As a result, 

the concentration profile described by a convex isotherm (Fig. 2.15b) tends to spread out 

more during transport and foms what is known as a 'concentration wave.' 

However, since it is physidy impossible for a higher concentration of a given solute 

to reach a specified distance before a lower concentration of the same solute reaches the sarne 

distance, the concentration profile shown in Fig. 2.1 Sa for concave adsorption behavior tends 

to form what is known as a 'concentration aep.' As a result, the limiting partition coefficient 

for reactive solutes described by concave isotherms is based on the use of secant lines instead 

of tangent iiies, as shown in Fig. 2.1% (Melnyk, 1985). The use of secant ünes forces d 

equilibrium concentrations of a soiute up to the value at the intersection of the secam line and 

the adsorption isothem (i.e., c2 in Fig. 2.15~) to have the same value for the partition 

coefficient and, consequently, the sarne transport rate. In essence, the dope of the secant line 



Figure 2.14 General types of adsorption isothems 
(after Shackefford and Daniel, 199 1). 



Figure 2.15 Effects of different types of adsorption isotherms: (a) 
concentration-distance c w e  for concave adsorption behavior; @) 
concentration-distance curve for convex adsorption behavior; (c) secant 
fonnuiation for concave isotherm; and (d) distribution coefficient for linear 
adsorption isothem (Shackelford, 1993). 
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is analogous to the dope associated with a constant, distribution coefficient for a hear  

isotherm (Fig. 2.15d). The above concepts are descnbed in more detail by Melnyk (1985). 

In most applications, nonlinear adsorption behavior is described by either a Freundlich 

or a Langmuir isotherm equation, as 

where S is the adsorbed concentration, Kf and N are the Freundlich isotherm equation 

parameters, and KL and Mare the Langmuir isotherm equation parameters. 

For the cases of a nodinear, convex adsorption isothem described by a Freundlich 

or a Langmuir isotherm, the retardation factor becomes, respectively 

When the adsorption behavior is described by nonlinear, concave isothms, the lirniting 

partition coefficient can be evaluated using a secant formulation, or 



where c, is the equiiibriurn concentration which defines the particular dope of the secant line 

used for the evaluation of K, (e.g., c2 in Fig. 2.15~). For secant lines passing through the 

ongin of the adsorption isotherm, the Limiting retardation factors based on the Freundiich and 

Langmuir isotherm equations are, respectively 

and 

Retardation factors based on Eqs. 2.44 or 2.45 can be used to estimate the extent of migration 

of the center of mass of a contaminant plume in the case of noniinear, concave adsorption 

behavior. However, it is unlikely that accurate estimates of the distribution of contarninants 

in the soi1 can be made using retardation factors based on Eqs. 2.44 or 2.45 due to the 

approximation of the nonlinear adsorption behavior by linear secant formulations. 

For the case of a linear adsorption isothem (Fig. 2.1 5d), the retardation factor is 

written simply as 

As a result, aii concentrations have the same transport rate, Le., the slope of the isotherm is 

constant at al1 equilibrium concentrations. 

2.5.2.3 Transport of Readve ( Adsorbing) Organic Compounds 

The adsorption of hydrophobic organic contarninants at relatively low concentrations 

also c m  be descnbed adequately by Eq. 2.46, provided that the distribution coefficient is 

defined as 



where f, is the fraction (by weight) of organic carbon in the soil, and K, is the organic carbon 

partition coefficient (Karichoff et al., 1979). The organic carbon partition coefficient has been 

conelated ernpiricdy with a number of parameters, particularly the octanol-water partition 

coefficient, Km. These empirical correlations are covered in more detail by Griflin and Roy 

(1 985). 

2.5.2.4 Fick's Second Law 

At low values for the seepage velocity, difision is more significant relative to 

advection. In the limit, i.e., as v, - O, Eqs. 2.33 and 2.3 5 reduce to the following two 

expressions for Fick's 2nd law for diffusion of adsorbing and nonadsorbing solutes, 

and 

ere DeA in Eq. 2.48 is referred to a s an 'apparent difiùsi, 

(2.49) 

on coefficient' (Li and Gregory, 

1974) and D, is known as the 'effective diffusion coefficient of the reaaive solute' (Gillham 

et al., 1 984; Quigley et al., 1 987b). The result of using Di or D, in Eq. 2 A8 is that oniy one 

unkwwn must be solved inaead of the two unknowns, since DmA = D, = D m & . .  Shackelford 

(1 99 1) and Shackelford and Daniel (1 991) discuss the use of D; or D, in application and 

summarize several other expressions for Fick's 2nd law of diffusion which exist due to 

dEerences in the definitions of Do and differences in the expression of the solute 

concentration. 



2.5.3 Eff'ts of Material Propertics 

The effects of several m a t h  properties (Rd Dm, Dg, k, and n) on the transport of 

solutes in saturated porous media cm be iilustrated with the aid of solute breakthrough 

m e s .  Breakthrough curves represent the temporal variation in the concentration of a solute 

at the effluent end of a coiumn of porous material. Breakthrough curves cm be measured 

using laboratory columns by: 

1. establishing steady-state fiuid flow conditions; 

2. continuously introducing at the influent end of the column a liquid contahing a 

solute at concentration c,; and 

3. monitoring the solute concentration at the effluent end. 

A schematic representation of a solute breakthrough curve for a conthuous source 

concentration for a column of length L is presented in Fig. 2.16a. The effluent concentration, 

c, is express4 for convenience as a relative concentration, c,c,. 

With respect to Fig. 2.16% the breakthrough curve can be divided h o  ihree distinct 

zones. Zone 1 represents the time (t,) required for the solute to reach the efnuent end of the 

column. Zone 3 represents the steady-state transport condition with respect to the solute, 

which occurs d e r  time i,, where the effluent concentration is the same as the influent 

concentration, c,. It is important to note that it takes some time before steady-state solute 

transport occurs, whereas steady-state fluid (solvent) fiow is a pre-condition for the column 

test. Zone 2 is a transient, transitional zone wherein the etnuent concentration is gradudy 

nsing from zero to c,. 

h ie  to the spreading &ect of the solute fiont in zone 2, there are an infinite number 

of possible transit times depending on the parti& choice of the relative concentration, cx,. 

However, the 'usud' practice has been to dedine the transit t h e  with respect to a relative 

concentration of 0.5, which is time t, in Fig. 2.16a (Bowders et ai., 1986). The concentration- 
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Figure 2.16 Solute breakthrough curve for constant source 
concentration: (a) concentration-time profile; and @) 
concentration-distance profiles for different times 
(Shackelford, 1993). 



distance curves for this case are illustrated in Fig. 2.16b for three different elapsed tirnes &er 

the introduction of the solute at the influent end of the column. 

2.5.3.1 Effect of Retardation 

The effect of retardation on the transport of a solute is iîiustrated in Fig. 2.17a. The 

abscissas for the breakthrough curves in Fig. 2.17 have been defined in tems of pore volumes 

of flow instead of time. The number of pore volumes of flow (Pm is equal to the cumulative 

volume of flow through the sample divided by the volume of void space in the material, or 

where A is the cross-sectional area of the material and L is the length of the colurnn. Under 

steady-state fluid flow conditions, Eq. 2.50 indicates that the number of pore volumes of flow 

is directly proportional to time. For purely advective transport of nonreactive solutes, the 

velocity of the solute, v,, is the same as the seepage velocity, v,, and (provided n, = ri) 

complete breakthrwgh of the solute wiil occur at one PVF (curve 1 in Fig. 2.17a). This ideal 

condition is often referred to as 'piston' or 'plug' flow since there is no spreading of the solute 

fiont. 

For solutes subject to reversible sorption reactions, i.e., reaaive solutes, v, < v, and 

the solute will be retarded. This retardation effkct is manifesteci as an offset in the solute 

breakthrough curve ofthe reactive solute relative to the nonreactive solute (distance A in Fig. 

2.1 7a). Wit h respect to the advective transport of an adsorbing solute, v, (=L/t) in Eq. 2.50 

represents the 'velocity' ofthe retarded solute. The transit t h e  based solely on the advective 

transport of adsorbing solutes can be eaimated fiom the retarded solute velocity as 



Figure 2.17 Effect of material 

curves for constant source 
concentration: (a) effect of retardation 
- piston flow; (b) effect of effective 
porosity - piston flow; (c) effect of 
mechanical dispersion; and (d) effect 
of difision. Note: curves 1&3 - 
nomeactive solutes; curves 2&4 - 
reactive solutes (Shackelford, 1993). 



Since Rd > 1 .O for retarded solutes the transit time based on Eq. 2.5 1 for adsorbing solutes 

will be greater than the transit time for nonadsorbing solutes (Eq. 2.20). 

Again, it is important to distinguish clearly between steady-state fluid flow and aeady- 

date solute transport. The retardation factor Rd as defmed by Eq. 2.34 is a measure of how 

much slower a retarded solute moves relative to the steady-state movement of the fluid, or 

solvent. Once complete breakthrough of the solute has occurred, the solute is no longer 

retarded (as the term is used here) since 'steady-state' solute transport, by dennition, means 

that the influent and effluent m a s  fluxes of the solute are equai. As a result, steady-state 

transport is achieved oniy afler the liquid-phase concentration of the solute is in equilibrium 

with the solid-phase concentration of the solute throughout the entire length of the column. 

A cornparison of Eqs. 2.34 and 2.50 reveds that the retardation factor, R, is equal 

to the number of pore volumes of flow, PVF, it takes for the solute to break through the 

effluent end of the column. This relationship can be utiiized to detennine the value for the 

retardation factor for an adsorbing solute. For example, the breakthrough cuve in Fig. 2.17a 

for the retarded solute is given by curve 2, so the retardation factor is 2 .O, Le., Rd = PVF = 

2.0. 

2.5.3.2 Effective Porosity 

In fine-grained soils, some of the fluid in the pore space may be immobile due to dead- 

end pores and/or attraction of fluid molecules to the surface of the soi1 particles (Bear, 1972, 

1979). As a result, the portion of the pore space available for solute transpon rnay be 

significantly less than the total pore space. In such cases, an effective porosity, n,, should be 

used instead of the total porosity, IJ, in Eq. 2.18 to detennine the seepage velocity. Effective 

porosities on the order of 2-100% of the total porosity have been measured in compacted 

mils (Honon et aL, 1985; Liao and Daniel, 1989). 



The effect of effective porosity on purely advective (piston) transport of solutes is 

illustrated by the offset B in Fig. 2.17b. Since ne < n, the seepage velocity is greater than that 

predicted using the total porosity, and actual breakthrough of the solutes occurs eariier than 

expected. For the case shown in Fig. 2.17b, B represents 0.25 PVF, and, therefore, only 75% 

of the total pore space is efféctive in conducting the fluid flow (Le., ne = 0.75 n). As a result, 

breakthrough of nonreactive (nonadsorbing) solutes will occur &er only 0.75 PVF (cuve 3) 

rather than afker one PVF (curve 1). 

On the other hand, complete breakthrough (i.e., assuming piston transport) of reactive 

solutes occurs after (Rd (1 - B) J pore volumes of flow, or (Rd .  B) pore volumes sooner than 

expected. For example, Rd for the reactive solute in Fig. 2.17 is 2 and, therefore, 

breakthrough of the reactive solute is expected at 2 PVF (curve 2) .  However, due to the 

effective porosity effect, breakthrough of the remive solute actually occurs d e r  only 1.5 

PVF (curve 4). 

2.5.3.3 Mec hanical Dispersion 

In general, cornplete breakthrough of a solute wiU not occur instantaneously. Instead, 

there is a gradua1 nse in the solute concentration fiom c = O to c = c, due to the spreading 

effect caused, in part, by mechanical dispersion. This spreading effect gives the solute 

breakthrough cuve its characteristic S-shape shown in Fig. 2. Ma. The effects of mechanical 

dispersion on the breakthrough cunres üiustrated in Fig. 2.17a are shown in Fig. 2 .17~ .  At 

relatively high seepage velocities, mechanical dispersion dominates the mixing process and 

the solute breakthrough curves, including the &ects of mechanical dispersion, imersect those 

for piston flow at a relative concentration, c q ,  of O. 5, as shown in Fig. 2.17~. 

2.5.3.4 Effkct of Dfision 

The breakihrough curves iiiustrated in Fig. 2.17~ represent spreading of the solute 

fiont priniarily due to mechanical dispersion, i.e., spreading due to diffusion is negligible. This 

is the case commonly refmed to in groundwata hyârology textbooks because the primary 



concem is with contaminant migration in aquifers, i.e., coarse-grained, water-bearing strata 

subject to relatively high seepage velocities. Curves 3 and 4 in Fig. 2.17d represent 

breakthrough curves for nonreactive and reactive solutes, respectively, when the seepage 

velocity is sufficiently low such that the effect of diffusion is not masked by the effect of 

advection, including mechanical dispersion. For cornparison, the breakthrough curves of Fig. 

2 . 1 7 ~  are also provided in Fig. 2.17d. The spreading effect is stili noticeable in Fig. 2.17d, but 

curves 1 and 3 and curves 2 and 4 do not intersect each other at c/f, = 0.5. Instead, curves 

3 and 4 are displaced to the lefl of curves 1 and 2, respectively. This displacement due to 

diffusion can result in transit times (at o'c, = O. 5 )  which, in some cases, cm be much less than 

those predicted by conside~g only advection. This effect previously has been recognized 

analytically by De Weist (1 965) and experimentally by Biggar and Nielsen (1 960). 

The decrease in the transit time, iilustrated in Fig. 2.17d, due to diffusion is a function 

of the magnitude of the seepage velocity. This dependence is iliustrated in Fig. 2.18 where the 

transit time for purely advective, purely difisive, and advective-dispersive transport is 

presented as a fùnction of the logarithrn of the seepage velocity. Figure 2.18a presents the 

qualitative relationship between transit time and seepage velocity for nonreactive solutes (Rd 

= l),  while Fig. 2.18b demonstrates the sarne relationship for reactive solutes (Rd > 1). 

Although no data are provided in Fig. 2.18, the general trends are apparent from previous 

analyses (S hackelford, 1 988,1989). The horizontal distance between the purely advective and 

the advective-dispersive curve in Fig. 2.18 represents the offset distance in Fig. 2.17d for a 

given seepage velocity. The independence of pure diffusion on hydraulic conductivity is 

indicated by the vertical h e .  

From the trends presented in Fig. 2.1 8, it is apparent that the effect of diffusion on 

transit tirne incruises as the seepage velocity decreases. The seepage velocity at which 

diffusion begins to dominate solute transport is indicated by the idection point in the 

advective-dispersive cuve. Available evidence indicates that difhsion can be a significant 

transport process when the seepage velocity is in the range 0.064-0.09 mfyr (Rowe et ai., 
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Figure 2.18 Schernatic relationship between transit time and 
seepage velocity for a transport distance L and a constant 
source concentration: (a) nomeactive solutes; and (b) reactive 
solutes (fier Shackeiford, 1 989, 199 1 ). 



1988), and a dominant transport process when v, is s 0.005 m/yr (Gillharn et al., 1984; 

Shackefford, 1988, 1989). 

The efFect of diffusion on solute breakthrough c w e s  is sirnifar to the effect of 

effective porosity (cf Figs. 2.17b and 2.1 7d). Whereas the effect of diaision is noticeable 

only at relatively low seepage velocities, the effect of e f fdve  porosity is expected to be 

independent of the seepage velocity. However, there is some indication that the value of ne 

can be a function of the hydraulic gradient (and, consequently, v,) imposed in the study, with 

lower values of n, being observed at lower hydraulic gradients (Liao and Daniel, 1 989). Thus, 

attempts to discem the effective porosity of a soil, e.g., by performing colurnn tests at 

elevated seepage velocities, may not prove successful. 

The andytical phase of the present study is accomplished by means of finite element 

analyses of the transport of contamiriants through the clay soüs. The correlation between 

macroscopic properties, as obtained from the leaching tests, and microscopie features, as 

reveaied by the scanning electron micrographs, is cross-referred and evaluated through the 

numerical modeling to explore the extent of validity of simulating leachate migration in 

cornpacted clays. 

2.6 Purnose of Studv 

Based on a review of the iiterature related to the migration of contaminants and 

cornpacted clays, it cm be concluded that a great deal is known about hydraulic conductivity 

and the interrehtionships between specimen characteristics, permeant properties, and the 

equipment needed to conduct the compatibility tests. Excluding the impact of test equipment, 

relatively fast permeability rates (10"' to IO-' mis) appear to be a fûnction of the variables 

associated with the macrostructure of the soii. Mineraiogy and stress history ailow 

assemblages of soi1 particles that exhiit high porosity and low dry unit weight. The 



macrofabric provides a highly interconnected void space that allows pemieants to flow easily 

through soils. 

Conversely, relatively low permeability rates (lwg to 1VI2 mls) seem to be controUed 

by those variables directly affecthg the microfabric of clays and the diffuse double layer. Such 

factors becorne evident and have a significant impact on hydraulic conductivity. For low flow 

situations, it appears that alteration of any one variable rnay lead to physico-chernical changes 

in the other variables, therefore inducing changes in the response variable, narnely, hydraulic 

conductivity. Organics in the pemeant a d o r  soii interact with the clay-water syaem by 

varying the rate of ion exchange, hence altering the magnitude of the forces acting at the soil 

pmicles interface and ultimately affecthg the structure of clays. Expanded exposure t h e  

between the pore fiuid and the clay particles also results in opportunity for increased ion 

exchange. The effects of surface force interactions and small particle size of clays are 

manifested by a variety of interparticle attractive and repulsive forces, which, in tum, 

influence the flocculation-deflocculation behavior of clays in suspension. It is these forces that 

this research is focused on investigating and detecting by means of direct observations of the 

structure of compacted clay d e r  pemeation with and exposure to a wide range of 

contaminants. 

The rigid-wall permeameters simulate a worst case scenario for a clay liner. In such 

a situation, there is no vertical overburden applied to the soil; for instance, a liner for a liquid 

impoundment faciiity. The lack of overburden results in low-effective stresses in the iiner. 

Soils under low-effective stresses being leached with contaminants that are susceptible to 

altering their structure can develop shrinkage stresses, shrinkage cracks, and increased 

hydraulic conductivity. Consequently, the use of rigid-wall ceus could help in the detection 

of the influence of contaminants on soii stnictwe. On the other hand, flexible-waii 

permeameters apply a confining stress to the soii specimen that results in the specimen having 

increased effective stress and resist ance against development of cracks when undergoing 

volume change. Such a situation is representative of a soil liner overlain by soiid waste and 



a soi1 cover. The hcreased stress due to the overburden lessens the chance of developing 

shrinkage cracks duNig volume change, thus masking the impact of contaminant transport 

on the soil fabric. 

Although much care and study have been directed to the question of pemeability of 

soils, not enough research has been performed for the purpose of figuring out what son of 

contaminants would have a detrimental effect on the structure of compacted clays, thus 

calling into question the integrity of compacted clay liners commody employed in waste 

containment facilities. Indeed, it is possible that soil-contarninant interactions may result in 

a substantid alteration of the compacted soii stmcture, which can lead to catastrophic failures 

of clay barriers in engineered landfills and sunace impoundments, and dangerous outcomes 

threatening the environment and public health. Nonetheless, it is rare to find published studies 

that have focused on examining the subtle dserences in the structure of compacted clay 

associated with ditTetent permeants, and the impact these pollutants have upon migration 

through soils. The purpose of the present study is to till in the lack of research dedicated to 

investigating t his crucial point. 



CHAPTER 3 

MATERIALS AND METHODS 

Chapter 3 presents the materials used in the research, their properties and 

charactenstics. The chapter also disaisses and justifies the methods employed in the study 

through its various divisions. The divisions of the chapter include: materials, leaching tests, 

soaking tests, scasming electron microscopy, and contaminant transpoxt modeling. 

3.1 Materials 

The materials used in this research include kaolinite as a clay mineral, and a spectrum 

of fluids representing a variety of contamuiants. 

3.1.1 Soils 

Two types of HydriteD Kaolin (HK) clays, produced by the Dry Branch Kaolin 

Company of Dty Branch, Georgia, are used for the curent investigation. The trade naine of 

these processed clay soils is H ' i t e  FIat-D, and H ' r i t e  R, respectively. They were chosen 

because they cover a wide range of particle site, even though their principal mineral is 

kaolinite. 

3.1.1.1 Physicd and Geotechnical Properties 

The Dry Branch Kaolin Company repons that HK soil consists, on average, of 96% 

(dry weight) kaolinite mineral. The physical and geotechnical properties of the processed 

kaolin soüs are show in Table 3.1. Those were detemiined by performing the respective tests 

following the ASTM standards (ASTM, 1995). The particle-sue distribution curves for the 

two types of kaolinite are iiiustrated in Fig. 3.1. It can readily be seen fiom that figure that 

the H ' t e  Fiat-D is identified by a well-graded silt- and clay-sizd materials, whereas the 

Hydite R is composed of 20% siit-sue particles and 800? clay-sW particles. B a d  on the 



Table 3.1 Physical and geotechnical properties of the processed clay soils. 

Principal Mineral 

Water Content, % 
(ASTM D 22 16) 

Specific Gravity 
(ASTM D 854) 

Liquid Limit, % 
(ASTM D 43 18) 

Plasticity Index, % 
(ASTM D 43 18) 

Particle Size: 
silt (74-2 pm) 
clay (< 2 pm) 

Act ivity ' 

Classification 
by uscs 

(ASTM D 2487) 

Max. Dry Density, 
Mg/m3 

( A S M  D 698[A]) 

Opt. Moisture Cont., 
% 

% 

Kaolinite 

White 

0.30 

Kaolinit e 

White 

0.40 

* Advity = Piasticity Index (%) / % < 2 pm 
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Figurc 3.1 ?ipical particle-sizc distribution curvcs 
of the processed clay soils (ASTM D 422). 
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detennined liquid Iunit and plasticity index of Hydrite R, it is classified as fat clay (CH) 

according to the Unified Soi1 Classification System (USCS) (ASTM D2487). The Hydrire 

Flat-D, on the other hand, is classified as silt (ML) following the same classification system. 

The moisture content of the clay as-supplied was found to range between 0.3 and 

0 A%. The specsc gravi@, however, varies from 2.5 to 2.6 for the two types of kaolin clays. 

Activity is used as an index for identmng the swelling potential of clay soils. The greater the 

activity of a given soil, the higher its swelling potential is expected to be. The activity of 

Hyciiite Flat-D was calculated to be 0.48, whereas it is 0.3 5 for the Hydrite R. 

Standard Proctor compaction tests were conducted following ASTM standard, 

method D698, procedure A. Tap water was used as the molding fluid. The specifications for 

compaction are 

i Mass of manual rarnmer: 2.5 kg (S. 5 lb); 

i Height of free fall: 305 mm (1 2 in); 

Volume of compaction mold: 944 x ~ O - ~  m3 (1/30 fi3); 

8 Number of sample layers: 3; and 

8 Number of blows per layer: 25. 

The clay was prepared for compaction by unifody spraying the airadried kaolinite with tap 

water. Following the gradua1 moistening, the sample was further mixed rnanually to break clay 

ciods or peds, making it as homogenous as possible. The total mass of the clay was rneasured 

&er compaction. Specimens were taken fiom the top, middle, and bottom of the compacted 

clay for water content measurements. Dry density of each compacted clay was then 

caiculated. Consequently, a plot of dry density versus moiding water content can be obteined 

for a given clay. The compaction curves of the two processed clay soils are shown in Fig. 3.2 

dong with their saturation curves. The maximum dry density and optimum moisture content 

values of Hydnle FIat-D, and Hydrite R, respectively, are presented in Table 3.1. 



3.1.1.2 Chemical Properties 

The chemical properties of the processed clay are shown in Table 3.2. The reported 

values are averages of, at ieast, three measurements. The chemicd analyses were perfonned 

at the Analyticai Geochemistry laboratory. 

HK clays are water processed soiis, according to the Dry Branch Kaolin Co., to 

reduce soluble salt contents to extremely low levels. The measured Na' concentrations of the 

supplied kaolinite, however, were far fiom being low as indicated in Table 3.2. The soluble 

salts in the two types of kaolin clays were determined by the saturation extract method 

(Rhoades, 1982b). The ammonium acetate (TW,OAc), on the other hand, was used to 

determine the exchangeable cation concentrations based on the procedure of Thomas (1 982). 

The saturated paste properties of Hydrite F/at-D, and Hjdrite R, respectively, were 

detennined following the appropriate methods of chernical analyses (Hesse, 1 97 1 ). The 

saturation percentage is defined as the loss in weight of the oven-dried saturated soi1 paste 

multipiied by 100 and divided by the oven-dry weight. The high values of electricai 

conductance of the saturated pastes reflect the fact that both soils contain high concentrations 

of Na*. Major chemical constituents and carbonate content of the two types of kaolin clay, 

included in Table 3.2, were found to be aimost identical, contimiing the uniformity of the 

parent kaolinite. 

The cation exchange capacity (CEC) was determined following a procedure adapted 

der  Chapman's (1965) ammonium saturation method (Cabral, 1992). The test was 

conducted, in part, at the Environmental Enginee~g laboratory. The Atornic Absorption 

Spectrometer ( A M )  of the Analytical Geochemistry laboratory was used, however, to 

analyze the colleçted supernatants. The results of such analyses, dong with the CEC for each 

kaolin clay, are shown in Table 3 -3. The CEC values for the two types of kaolinite used in this 

study Vary from 2.19 to 5.82 meq1100 g, falling in the Iowa range of those vahes reported 



Table 3.2 Chernical properties of the processed clay soils. 

Trade Nme 

a)  Saturated Paste: 

- Percent Saturation, g/g 

- Electrical Conductance at 
25 O C ,  mS/m 

b) Soluble Salts. m a :  

Ca" 

Mg- 

Na' 

Cl- 

c) Exchanaeable Cations, 
meal 1 00 a: 

CaZ- 

M&- 
Na' 

dl Maior Constituents, 
perccntane bv mass: 

Silicon Dioxide (Si03 

Aluminum Oxide (AI,O,) 

Iron Oxide (F%03) 

Hydrite Fht-D 



Table 3 .3  Cation exchange capacity of the supplied kaolinite. 

Trade N m e  

Exchangeable Cations, 
meq/l O0 g 

Na' 

K - 
Ca2' 

Mg- 
Al3' 

H' 

CEC, meq/ 100 g 

Hydrite Fiat-D Hydrite R 



in the literature, namely, 3 to 1 5 meq/ 1 00 g (e.g., Grlln, 1968; Lambe and Whitman, 1979; 

Mitchell, 1993). 

3.1.1.3 Morphology and Specific Surface 

The Dry Branch Kaolin Company reports that HKs fmer than 2 pm are t h ,  flat, 

hexagonal plates, whereas those coarser than 2 um consist of particles occumng as stadcs of 

such plates and are bound together as a single particle. This statement was confimied by 

subsequent scanning electron microscopy observations. 

Surface area largely determines many physical and chemical properties of materials. 

Physical adsorption of molecules, heat loss or gain resulting from that adsorption, swelling 

and shnnkage, water retention and movement, and cation exchange capacity, to nme jua a 

few, are al1 physical and chemical processes closely related to the specific surface (defined as 

the surface area per unit mass of soil). Specific surface is usually expressed in square meters 

per gram of dry soil (m2/g). 

Soils Vary widely in their reactive surface because of differences in mineralogical 

composition and in their particle-sire distribution. Clay-size particles, and particularly some 

layer silicate minerals, contribute rnost of the inorganic surface area to soils. Nonexpanding 

layer silicates such as kaoiinite and some micas have only extemal surfaces. The specific 

sudace of these rninerals ranges from 10 to 70 m2/g. Expanding layer silicates, such as 

montmorillonites, other smectites, and vermicuiites, have extensive intemal as well as extemal 

surface, giving specific surfaces up to 8 10 m2/g, depending upon the arnount of internai 

surface exposed by expansion. Consequently, the types of rninerals present in a given soi1 

largely determine its specific surface and related properties. 

The purpose of surface-area measurements is commonly to determine the accessibility 

of intemal surfaces of the clay mineral complex to molecules or ions which can be adsorbed 

thereon. Many methods and approaches have been employed to measure the specific surface 



of soils and minerais. Some methods are themodynamically sound but too timeaflsuming, 

or they require too much specialized apparatus to be used on a routine basis. Therefore, other 

relatively rapid but less accurate methods have been developed. The assumptions required and 

the meral factors infiuencing results from most of these latter procedures give us merely an 

assessrnent but not a real measure of the specific surface. Absolute measurements are difficult 

to attain end interpret because of the interactions of several factors such as the adsorbed 

cation, the orientation of the adsorbed molecules, mono- or duo-layer coverage in the 

interlayer spacing, and sample water-content. 

Ethylene glycol monoethyl ether (EGME) appearç to be adsorbed on clay minera1 

surfaces a d  to adsorbed cations to essentially the same extent, and probably by the same 

mechanisms, as is water in hydrated systerns (Carter et al., 1986). For this particular reason, 

the EGME was opted for as the adsorbate for determining the specific surface of the 

processed soi1 in hand. The guidelines mentioned by Carter et al. (1986) were foliowed in 

carrying out the test which was perfonned in the Environmental Engineering laboratory. The 

specific surface of HyuFite FIat-D and Hydrite R was found to be 11 and 16 m21g7 

respectively. The obtained results are averages of three measurements for each type of 

kaolinite. The resulted values of the test fa11 well in the range of the recognized values of 

specific surface for kaolinite, which varies £iom 10 to 20 mt/g (e.g., Gnm, 1968; Lambe and 

Whitman, 1979; Mitchell, 1993). Moreover, the reported trend is in the nght direction, i.e., 

the finer the particle size, the higher the specific surface. 

Waste liquids in the environment may result from several sources, e.g., uncontrolled 

dumping of pure solvents, spills, or infiltration of water through solid waste resuhing in 

leachate. Waste liquids may be categorhed as aqueous liquids or solutions containing 

contaminants which are mixible in water ( a h  known as hydrophilic or "water-lovingn), non- 

aqueous liquids consisting of organic compounds immiscible in water (also known as 



hydrophobie or "water-hating"), or mixtures of both aqueous and non-aqueous liquids 

resulting in the formation oftwo separate liquid phases. The migration of mixtures containhg 

two separate liquid phases in liquid saturated mil, referred to as "two-phase flow," requires 

speciai consideration for the interaction between the two liquid phases. This interaction is 

particularly important in the case of peneation of a water saturated soil by a non-polar 

organic liquid. Due to surface and interfacial tension effas ,  the non-polar liquid (a "non- 

wetting fluid") cm displace the free water (or "wetting fluid") in the pore space of the soil 

ody after a minimum pressure, hown as the "entry pressure," for the non-wetting fluid is 

reac hed. 

In some cases, the acniai waste liquid is either unknown or is not readiiy available for 

use in laboratory tests. In such cases, a synthetic liquid made to simulate the properties 

expected for the actual waste liquid typically is used. The chemical properties of the synthetic 

waste liquid which typically are measured or controlled include: (1) the concentration and 

types of chernicals present in the liquid; (2) the density and viscosity of the liquid; (3) the pH 

and specific (or electrical) conductance (EC) of aqueous liquids; and (4) the polarity, 

solubility, and dielectric constant (or relative permittivity) of organic compounds. ûther 

parameters, such as the electron potential (Eh), total dissolved solids (TDS), total organic 

carbon (TOC), chernid oxygen demand (COD), and biological oxygen demand (BOD), also 

may be important. 

In the present research, tap water is used to set up a baseline in laboratory soil- 

chemical compatibility tests. It also serves as the standard fluid for compaction, saturation, 

and al1 reference hydraulic conductivity measurements. The type and concentration of 

electrolytes are arnong the most important characteristics of tap water. The guality of tap 

water was determinecl by the Atomic Absorption Spectrometer ( A M )  of the Analytical 

Geochemîstry laboratory, and is presented in Fig. 3 -3. 



Sodium Potiissium Calcium Megnssturn 

Figure 3.3 Quality data of tap water detennuied by Atomic Absorption 
Spectrometer. 



Inorganic salt solution, inorganic acidic and basic solutions, neutral polar alcohol, 

neutral non-polar hydrocarbon, and organic acid and base, are selected to permeate the 

compacted clay samples to study the effects of these chemicds on clay structure and hydraulc 

conductivity. The magnitude of the sigiuficant properties of the selected chemicds at 25 OC 

is listed in Table 3.4. The ambient temperature, however, in which the tests are conducted 

varies from 22°C to 24°C. The main purpose of using NaCl solution of such high 

concentration is to explore the influence of electrolyte concentration on the hydraulic 

conductivity of compacted kaolinite and, ultimately, its internai structure. Permeation with 

inorganic and organic acids and bases is expected to provide insight into the effect of 

hydrogen ions on the thickness of the diffuse double layer and on dissolution-precipitation 

processes of kaolin mineral. The use of organic contaminants also helps to investigate the 

influence of permittivity, solubility, and the interfacial tension of the pore fluid on the 

microscopic and macroscopic properties of compacted clay. 

3.2 Leacbinn Tests 

3.2.1 Test Equipmeat 

The experimental set-up of the leaching test comprises two major parts, namely, a 

hydraulic control system and a permemeter cell. A schernatic diagram of the test equiprnent 

is shown in Fig. 3.4. 

3 -2.1.1 Hydraulic Control System 

Hydraulic control systems are needed to control the delivery of fluid to a pemearneter 

ceU. Darcy's law (Eq. 2.4) relates the rate of flow, q, to the hydraulic gradient, i .  It may be 

assumed that in al1 hydraulic conductivity tests, the length, L, and cross-sectional area, A, of 

the test specirnen are known. Thus, in order to daennine the hydraulic conductivity, one rnust 

measure the flow rate, q, and head loss, AH. To accomplish this task, several approaches are 

possible: 



Table 3.4 Properties of chemicals selected as permeants. 

(a) Inorganic chemicals 

Density (kW) 

Viscosity (mPa. s) 

Perrneant 

Concentration 

Electncal Conductivity 
(S/m) 0.03 24.1 0.58 4.5 

(b) Organic compounds 

Tap Water 

Permeant 

NaCl 
1 .  

5M 

Pure Concentration 

Density (kg/m3) 

Viscosity (@a. s) 

Dipole Moment (Debye) 

Relative Pennittivity 

Solubility in Water (kg/m3) 

Surface Tension ( N m )  

Pure 

1020 

3.85 

1.55 

6.89 

36 

4 

HCl 

0.01 M 

NaOH 

0.25 M 

Pure 

790 

1 .O7 

1.69 

24.30 

00 

22 

Pure 

680 

0.39 

O 

I .90 

< 0.3 

20 
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Rigid-Wall Permeameter 

Graduated Effluent Bottle 

Figure 3.4 Test equipment of the leaching tests. 



Constant-head test in which the head loss is kept constant and the corresponding 

rate of flow is measured. 

Varying-head test in which the head loss declines with time in a measured manner 

and the rate of flow is computed from the change in water level and the area of the 

tube in whkh the head faiis. 

Constant-rate-of-flow test in which the rate of flow is kept constant and the 

conesponding head loss is measured. 

For the present research, a constant-head hydraulic control system was adopted. T L  main 

advantages of a constant head test are: (1) the relative simplicity of calculation of hydraulic 

conductivity, and (2) the maintenance of constant water pressure in the test sarnple. If the 

water pressure in the test sample varies, air bubbles can change volume and the soi1 sarnple 

itself can change volume in cenain types of permeameters. 

There are several ways, though, of maintainhg a constant head. An overtlow drain 

in the influent resmoir would sustain a constant water level in the influent reservoir, provided 

the supply line feeds enough water to the reservoir to supply the permeameter and drain. 

Altematively, one can simply use a very large reservoir of influent liquid such that the water 

level in the reservoir does not change significantly during the permeation stage. A small 

change in head occurs, but if the reservoir is large enough, the change would be trivial and 

can be ignored. 

Another way for maintainhg a constant head is achieved by applying a constant 

pressure gradient through the sarnple. A cornputer-controlied digital pressure controller of 

GDS Instruments Ltd. (Fig. 3.4) was employed in the current investigation to conduct 

constant-head tests (bde~e!~, 1988; Olsen et al., 1 988b). The used pressure controllers have 

an accuracy of 1 Wa. The target pressure was introduced and rnaintained by entering its 

specific value through a program built with HP's viwaf engineering environment (HP VEE) 

programming language. The program allows communication with instruments fiom the visual 



environment ~Nlj.ng on an MS-Windows platform. The measured flow rates, while the test 

was in progress, were recorded to the nearest 1 md, at equal specified time intervals, using 

the same program. 

A water-contaminant interface was necessary to separate physically the various 

chernicals from the pressurized water. and also to minimize human exposure to hazardous 

contaminants, as shown in Fig. 3.4. Such interface may also help to reduce the dissolved air 

content in the contaminant liquid relative to the pressurized water. An elevated dissolved air 

content in the contaminant liquid may result in non-representative oxidation-reduction 

reactions in the test sample dunng permeation. A high grade stainless steel cylinder, equipped 

with a floating piston, was adapted and calibrated to work as the water-contaminant interface 

in this study. Vitonf O-rings were employed to sustain the attack of aggressive chernicals. 

3 2.1.2 Rigid-Wall Permemeter 

The second major part of the experimentai set-up of the leaching tests is the hydraulic 

conductivity ceil. Several types of hydraulic conductivity cells are available for testing the 

chernical compatibility and hydraulic conductivity of soils. The cells may be divided, however, 

into two broad categories: rigid-wail and flexible-wall permeameters. The advantages and 

limitations of these penneameters were elaborately discussed in chapter 2 (cf. Section 2.4.1). 

The principal drawback of rigid-wall permeameters was reported by many researchers 

to be the sidewall leakage. Sidewall leakage, however, is not a problem for laboratory- 

compacted clay soils that are permeated with water (no backpressure) in a rigid-wall, 

compaction-mold permearneter. Sweliing of the soii upon wetting seems to sed off potential 

sidewall leaks (Daniel, 1994). Another major disadvantage of the rigid-wall permemeter is 

the fact that stresses on specimen are unknown and uncontrollable. To overcome the 

inconveniences of rigid-wall permeameters, Mitchell and Madsen (1987) recomrnend the use 

of the consolidation-ce1 pennemeter. The vertically appiied stress conditions help to 

minimize sidewall leakage and aiîow for measurement of hydraulic conductivity under a range 



of stress conditions. While this capability for the consolidation-ce11 permeameter is 

recognized, the question as to which pemeameter is '%estm depends on the intended purpose. 

For instance, a rigid-wall test may be the best permeameter to indicate the potential for 

excessive shrinkage of the soil sample upon exposure to the contaminant liquid, and therefore 

to examine the impact of contaminant migration on soi1 fabnc. For measurement of saturated 

hydraulic conductivity at a prescribed effective stress, the flexible-wail permeameter would 

be preferred since the test sample can be backpressure-saturated relatively easily and the 

stresses can be controlled. 

On the other hand, the main advantages of the rigid-wdl permeameters are: (1) 

simplicity of constniction and operation of cell, (2) low cost of cell, (3) useful for cornpacted 

soil, (4) wide range of materials can be used (including chemically resiaant materials), (5) 

very large permeameters can be constructed fairly conveniently, (6) no confining pressures 

required, (7) unrestrained vertical swelling can be allowed, (8) zero vertical stress can be 

applied, if desired, and (9) sidewall leakage may provide rapid indication of incompatibility 

between soil and contaminant. 

Based on the specific considerations of the current investigation, a ngid-wall 

permeameter was opted for as the hydraulic conductivity ce11 for the present research as 

shown in Fig. 3.4. The intemal diameter of the cells used for the leaching tests of this study 

measures 76.2 mm (3 in). The cells, which have a clear height of 30 mm, are made fiom high- 

molecular weight polyethylene (HMWPE); a non-corrosive, non-reactive matenal capable of 

resisting the attack of the selected contaminants for this research. Moreover, the valves, 

fittings and tubing of the cells are al1 made fiom Teflonm for the very sarne reason. 

~algene' narrow-mouth Boston round bottles of Nalge Company, Rochester, New 

York, served as the leachate coiiecting syaem in the present research (Fig. 3.4). This type of 

bonles is hi- reiiable and durable for long-term use. It is made from high-density 

polyethylme (HIPE), which is a resin known for its excellent chemical resiaance, thus 



m a h g  the bottles suitabie for use with most corrosives. Two sizes of capacity 125 and 175 

rnL, respectively, were used and caiibrated to the nearest 2 mL. The bottles were thoroughly 

cleaned before usage. They were washed in a mild detergent, followed by a rinse with tap 

water, and then distilled water. A dilute solution of nitnc acid (50% concentration) was also 

used to avert any possible contamination of the collecting bottles. 

3.2.2 Sample Preparation 

Sarnple preparation consists of statically compacting the soil at its optimum moisture 

content or slightly wet of optimum (i.e., optimum + 1%). Tap water is used as the standard 

fluid for compaction. The processed kaolin clays are suppüed by the manufacturer in 22.7 kg 

(50 lb) sacks each. Before compaction, the soi1 was air-dried. Referring to Fig. 3.2, the exact 

weight of soil for each type of kaolinite could be determined at a given moisture content, 

provided the volume of soil is known. The volume of molding water could also be defined 

afler consulting Table 3.1 for the optimum moisture content value of the respective kaolinite, 

and based on the selected water content. 

The soi1 was then hydrated manually to obtain the desired rnoisture content (near 

optimum). Hydration was completed by spraying water ont0 the soil and then mixing the soi1 

wîth a trowel. Water was sprayed in stages to prevent the soil fiom lumping together and 

producing clod-size particles. Preventing clods formation produced a relatively uniforni soil 

material that was necessary to prepare test samples with similar porosity, dry unit weight, and 

hydraulic conductivity. The hydrated soil was wrapped in plastic bags and stored for at least 

24 hours in a temperature- controlled room (hurnid chamber) to equilibrate prior to 

compaction. 



3.2.3 Static Compaction 

A hydraulic jack was adapted to statically compact the soil in its leacbg celi to the 

desired thickness (30 mm). A wet filter paper was placed on both the top and bonom of the 

sample before compaction. They prevent the sticking of soil on the piston &er removing the 

static charge. The hvdraulic jack was modified in a manner to allow an even application of the 

pressure on the top and bottom faces of the sarnple during compaction. The transrnitted static 

pressure measures 12.4 MPa (1,800 psi). This charge was applied on the sample for 30 

minutes to minimize the effects of soi1 rebound &er compaction. 

Mer  the completion of compaction, the 30-mm thick clay sample in its leaching ce11 

was mounted between the cap and base of the rigid-wall pemeameter. Two satwated porous 

aones were placed on the top and bottom sides of the sample, respectively, and overlain by 

a filter paper. The pemeameter was then assembled by evenly tightening the ciamping rods 

comecting the cap, cell, and base. 

3.2.4 Test Procedures 

3 .U. 1 Saturation Procedure 

M e r  static compaction and before saturation, the clay samples were found to have 

a degree of saturation varying around 91%. In pincipie, one could eliminate gas bubbles in 

a nad-wall ce1 with backpressure. "Backpressure" means pressunzation of both the influent 

and effluent liquid. Pressurizing the water in the test spechen reduces the volume of air 

present by cornpressing air bubbles and dissolving air into the pore water (backpressure 

dissolves air because the arnount of air that can be dissolved in water increases linearly with 

pressure in accord with Henry's law). Although it is physically possible to back pressure rigid- 

wall specimens, backpressure has not been found to work well in rigid-wail celis and is not 

recommended (Ed and Erickson, 1985). 



One of the most important characteristics of the permeant water is the amount of 

dissolved air in the water. Whenever rigid-wall permeameters are used, it is recommended 

that de-aired water be employed to strip air from the specimen during saturation and 

permeation. 'De-aired water" means water whose dissolved air has been substantially 

removed. A dissolved oxygen meter was used in this study to confirm proper d e - i ~ g .  At 

atmospheric pressure. water contained approximately 8-10 mgR. of dissolved oxygen. 

Properly de-aired water contained less than 3 mg/L of dissolved oxygen. Water is de-aired 

by either boiling the water or by plachg the water in a container that is subjected to vacuum. 

With a vacuum chamber, it is bea to stir the water while in the evacuated charnber (e.g., with 

a spinning motor) to expose a large SWface area of the water to vacuum and to facilitate rapid 

de-airing. ifthe tap water is boiled, care must be taken not to increase the salinity too much. 

In the present research, tap water was de-aired by using a vacuum container equipped with 

a spinning engine. 

In an attempt to saturate the soil as thoroughly as possible, the following steps were 

undertaken when permeating the laboratory-compacted kaolinite in the rigid-wall 

permemeter: (1) direction of flow is upward (fiom bottom-to-top) to fàcilitate the removing 

ofentrapped air during saturation; (2) penneant water is thoroughly de-aireci so that the water 

is constantly dissolving, and thereby removing, entrapped air; (3) saturation continues until 

outflow and i d o w  rates are equal; and (4) saturation continues until hydraulic conductivity 

is steady. The latter two requirernents usually force testing times of 1 to 8 weeks for soils 

having hydraulic conductivities of 1 x I O - ~  m/s or less (Daniel, 1994). For each sample of the 

current investigation, at least 15 Pore Volumes of Flow (PIF) were ailowed to percolate 

through the compacted kaolinite before aarting the hydraulic conductivity measurernents. At 

the end of saturation, the degree of saturation was calculated to be approximately 98%. 

3.2.4.2 Hydraulic Conductivity Measurements 

There currently is no officiai standard test procedure for evaluating the effect of soil- 

contaminant interactions on hydraulic conductivity. However, the unofficial "standard" 



iaboratory test procedure typicaily is perf'ormed by permeating a soil specimen with water to 

eaablish a reference value for the hydraulic conductivity followed by permeation of the same 

specimen with the contaminant liquid to d e t e d e  the change in hydraulic conductivity. 

These tests frequently are referred to as "compatibility tests" since the purpose of the test is 

ofien to determine whether or not the soil and the contaminant permeant are compatible wiîh 

respect to hydraulic conductivity. As a result of this test procedure, the final hydraulic 

conductivity value afler penneation with the contaminant permeant, k,, is measured relative 

to a reference hydraulic conductivity value, kW established by permeating the soil with water. 

A large change in hydraulic conductivity (k,, l kW = 1) is an indication that the contaminant and 

soil are not compatible. If there is a significant difFerence between the properties of the 

contaminant permeant and water, the evaluation of compatibility should be made in terms of 

the ratio of intrinsic penneability values, K, /&. 

The above described test procedure was followed in perfotrning the laboratory 

feachate tests of this research. Al1 tests were conducted by flowing liquid upward through the 

76-mm (3-in) diameter, 30-mm height, statically compacted clay samples. The eWuent 

pressure at the outfiow end of the permeameter was essentidy at atmospheric pressure for 

al1 teas and, therefore, the effective stress at the effluent interface between the soil sarnple 

and the porous Stone should have been greater than zero in dl cases. The reference hydraulic 

conductivity value, kW was obtained using de-aired tap water as recornmended by Chapuis 

et al. (1 989), Daniel (1 994) and ASTM D2434 and D5084. Yet, one has to keep in mind that 

the use of de-aired water may result in the artificial inducement of anaerobic conditions within 

the test specimen and influence the effects, if any, of chernical reactions (e.g., oxidation- 

reduction) on the hydraulic conductivity (Shackelford, 1994). 

Hydraulic conductivity defines the capacity of a porous medium to conduct a 

particular fluid, and is a fbnction of both the medium and the fluid. Permeability (ASTM, 

1985), also known as the intrinsic or absolute permeability, expresses the capacity of 0ow in 

ternis of the properties of the porous medium only. The intrinsic permeability (K, in square 



meters) and the coefficient of hydraulic conductivity (k, in meters per second) are related by 

the following equation: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  K = k p l y  (3.1) 

in which p = absolute or dynarnic viscosity of the permeant liquid (Pa.s), and y = unit weight 

of the permeant liquid (N.mJ). In this investigation, the fom of Darcy's law used to caidate 

the hydrauiic conductiMt): value, k, is as follows: 

k = q / ( ~ . i )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (32) 

where q = rate of flow (m3.s"), A = cross-sectional area of specimen perpendicular to 

direction of flow (m2), and i = hydraulic gradient (dirnensionless) = AH / L with AH = head 

loss across specimen (m) and L = length of specimen (m). 

Based on the adopted approach of a constant-head test employed in the present 

research, the head loss was kept constant and the corresponding rate of fiow was measured. 

Using the previously described cornputer automated data acquisition system (cf Subsection 

3.2.1.1), the measured flow rates were recorded to the nearest 1 mm3 at pre-set time intervals. 

Plots of hydraulic conductivity as a fùnction of pore volumes of flow (Pm are ploaed to 

illustrate and evaluate the hydraulic conductivity trend of the compacted clay soils permeated 

with various contarninants. A pore volume.of flow (PW) is the cumulative quantity of flow 

relative to the volume of void space conducting flow in the soi1 specimen, or: 

where t = cumulative tirne (s), n, = effeçtive porosity (dimensioniess), and other terms as 

defined before. The effective porosity represents the pore space in the soi1 available for flow 

relative to the total volume of the test specimen. An efféctive porosity might exist, for 

example, when the soi1 specimen is chaaerized by dead-end pore space or as a result of 

resistance of highly viscous, adsorbed water in tigbtly packed clay soils (Bear, 1972; Freeze 

and Cherry, 1979). Howwer, in most cases, the effective porosity is assumed to be equal to 



the total porosity, n. In the present research, the total porosity, n, for the H ' ~ l e  FIat-D and 

Hy&ite R were found to be 0.45 and 0.47, respectively . 

The permeation of immiscible, non-polar liquids (e.g., heptane of this study) may 

require excessively large entry pressures to achieve permeation. Large entry pressures 

correlate to large hydraulic gradients in hydraulic conductivity tests. For example, Foreman 

and Daniel (1986) found that the entry pressure for permeating water saturated kaolin with 

non-polar heptane to be greater than 324 kPa (47 psi) for flexible-wall tests, corresponding 

to hydrauiic gradients of more than 300. For sirnilar tests in compaction-mold permeameters, 

Foreman and Daniel (1986) found that the heptane would enter the water saturated kaolin at 

an entry pressure of oniy 55 kPa (8 psi), or a hydraulic gradient of 50. The difference was 

attributed to a few relatively larger pores in the compaction-rnold permeameter relative to the 

flexible-wall permeameter, presumably due to the absence of confinement in the rigid-wall 

permeamet er. 

Femandez and Quigley (1985) describe constant-flow hydrauiic conductivity tests in 

which two pore volumes of hydrophobie organic compounds (benzene, xylene, and 

cyclohexane) were forced through saturated compacted naturaf mils over a period of 4.2 

days. The flow rates resulted in induced hydraulic gradients of about 500, apparently due to 

the high entry pressures of the non-polar organics. Acar and Seals ( 1984) report that benzene 

could not be permeated through a water saturateci Ca-montmorillonite at a hydraulic gradient 

of 150. 

Based on the above discussion, an entry pressure of 11 5 kPa for penneating the 

compacted water-saturated kaolin of this research with non-polar heptane seems to be 

justified. An entry pressure of 1 15 kPa for heptane corresponds to a hydraulic gradient of 

about 578. The mtry pressure of heptane was the major factor for selecting a specific 

hydraulic gradient throughout the leaching tests, as investigating the iaaueace of Mirent 

hydraulic gradients on the test results for rigid-waU permeameters was beyond the objectives 



of the present mdy. A hydraulic gradient of about 578 was maintained for dl hydrauiic 

conductivity measurernents, corresponding to pressure gradients ranging fiom 1 1 5 kPa, in the 

case of heptane, to 220 kPa, for 5M NaCl solution, depending on the density of the different 

permeants (cf. Table 3.4). For tap water, a pressure of 170 kPa was necessary to uphold the 

hydraulic gradient at 578. Even though ASTM D5084 recommends limits on hydraulic 

gradient for testing low-hydraulic-conductivity soil, dowances for higher hydraulic gradients 

may have to be made for compatibility testing involving chernicals or leachate, where a 

minimum number of pore volumes of flow are required and where the only practical way of 

achieving this in a realistic time is to use elevated hydraulic gradients (Daniel, 1994). 

3.2.4.3 Termination Criteria 

M e r  saturation, the sample was permeated with tap water to establish the rderence 

value of hydraulic conductivity to water. The termination criteria proposed by Peirce and 

Witter (1986) for this initiai step of the compatibility test procedure seem to be acceptable. 

They suggest that clay permeability tests be continued until: (1) at lest one pore volume of 

permeant is passed througb the clay specimen; and (2) the slope of hydrauiic conductivity 

versus the number of cumulative pore volumes does not differ significantly from zero. 

Bowders (1988) noted that the termination critena proposed by Peirce and Witter (1986) 

were sound when the permeant is water, but suggested that the criteria are unacceptable in 

tenns of compatibility tests because the criteria account only for hydraulic conductivity 

equilibrium, not chernical equilibrium. 

Bowders et al. (1 986) suggest that compatibility tests should continue until: (1 ) at 

least two pore volumes of flow (PU') are achieved to ensure that the original soil-water in 

the test specimen is replaceci by the leachate; and (2) the efEluent concentration ratio (i.e., the 

effluent concentration, c, of each principal chernical species relative to the inhient 

concentration, c, of the same chernical species) approaches unity whm c, is maintainecl 

constant. Howwer, in his discussion on Peirce and Witter's (1986) paper, Bowdm (1988) 

presmted data which indicated that a significant increase (1 7X) in the hydraulic conductivity 



of a compacted specimen of kaolin clay to acetic acid occurred suddenly and only after more 

than six Pm. In addition, the hydraulic conductivity had stabillled essentially after six Pm. 
The test was performed in a rigid-waii 'Troctor" mold permemeter. There was no mention 

though of the flow direction. Based on this exarnple, both cnteria proposed by Peirce and 

Witter (1986), as weil as the criterion proposed by Bowders et ai. (1986) requiring the 

passage of a minimum oftwo P W ,  would not have been adequate. 

Bowders (1988) suggested that a number of cheMcal parameters, besides the relative 

effluent concentration of p ~ c i p a i  solutes, couid be monitored, such as the pH of acid 

solutions and the total organic carbon (TOC) content of organic liquids. However, TOC is 

not always a reiiable indicator of the potential impacts of organic iiquids since two organic 

liquids with the same TOC can have different impacts depending on the composition of the 

organic liquids (Shackelford, 1994). 

Based on these considerations, the criteria proposed by Peirce and Witter (1 986) seem 

to be reasonable for the initiai stage of the cornpatibility test procedure, i.e., establishing the 

reference value of hydraulic conductivity to water, kW However, with respect to the second 

stage of the leaching test procedure involving the use of a difEerent penneant than water and 

the rneasurement of the final hydraulic conductivity value after permeation with the waste 

liquid, k,, a criterion based on an arbitrary minimum number of PVF does not appear suitable. 

Therefore, the primary criterion for termination of cornpatibility tests should be the 

establishment of chernical equilibrium between the effluent and influent ends of the test. The 

establishment of hydraulic conductivity equilibrium for k, should be considered only &er the 

chernicd equilibrium criterion has been achieved (Shackelford, 1994). 

For the tests of this research, the pemieant solutions were only introduced &er 

fiilfilhg the requirements suggested by Peirce and Witter (1986) regarding the establishment 

of kW. A minimum of 10 PYF of de-aired tap water was aiioweâ to percolate through the clay 

specimen to establish a rderence value for the hydraulic conductivity before perrneating the 



same specimen with the contaminant liquid to determine the change in hydraulic conductivity. 

The pt-imary critenon for termination of the leaching tests of the present study, however, was 

the establishment of chemical equilibnum between the etnuent and the influent ofthe test. The 

establishment of hydraulic conductivity equilibrium for k, was only considered after the 

chernical equilibrium criterion has been achieved. Moreover, seven pore volumes of 

contaminant liquid (7 Pm, at least, were leached through the compacted clay soils before 

tenninating the test. 

Aqueous liquids contain inorganic chernicals (acids, bases, salts) andior hydrophilic 

organic compounds. Hydrophilic organic compounds are distinguished from hydrophobic 

organic compounds based on the concept of "Ne dissolves like," i.e., polar organic 

compounds usudly wiii readily dissolve in water, a polar molecule; whereas non-polar organic 

compounds are repelled by water. A hydrophobic compound also is fbrther separated into 

either a LNAPL &ight Non-Aqueous Fhase Liquid) or DNAPL (oense Non-Agueous Phase 

Liquid) based on whether the density of the compound is lower or greater than water, - 

respectively . 

The concentration and type of solutes in the pore fluid play an important role in 

determining the fabric of soil, and consequently its hydraulic conductivity (cf Table 2.2). In 

addition, available evidence indicates that ody pure organic solvents significantly alter soil 

hydraulic conductivity (e.g., Acar et al., 1 985a; Femandez and Quigley, 1985,1988; Foreman 

and Daniel, 1986; Bowders and Daniel, 1987; Acar and Olivieri, 1989). The significance of 

the density and viscosity of the liquid already has been mentioned in terms of Eq. 2.16, as welî 

as in the migration of DNAPLs and LNAPLs. This particular point was further discussed in 

the prewious chapter (cf Fig. 2.1 1). 



Two parameters which always should be rnea~u~ed are the electrical conductivity (EC) 

and the pH. Both of these parameters are relatively easy to measure using electrodes and 

provide fairly reproducible results. However, in the case of pH, care should be taken to 

measure the effluent pH soon after the leachate sample is recovered because release of 

aqueous phase carbon dioxide, C O U ,  into the atmosphere wiii result in a continual hcrease 

in the measured pH with tirne. Shackelford (1 994) reported data which iiiustrate the iduence 

of delay in meamernent of pH and EC on a backpressure saturated specimen of compacted 

kaolin penneated in a flexible-wall penneameter with 0.0 LM NaCl solution. These results 

demonstrate that the "delayed" pH values are consistently higher than the "irnrnediate" pH 

values (measured within minutes after collection), despite the fact that the samples which 

were analyzed for pH and EC at a later date (Le., delayed) were carefùlly preserved in "air- 

tight" containers. However, the EC measurements are very similar regardless of the elapsed 

time before measurement. Therefore, in order to rneasure an accurate pH of the pore liquid 

in the test specimen, the pH of the efauent sample should be measured as rapidy as possible 

after collection. ûtherwise, etevated pH values should be expeaed resulting in improper 

interpretation of the test results, such as in the case of exposure of soils to acidic permeants. 

The pH of solutions ranges fiom O to 14. Solutions which are highiy reactive with 

soils include strong acids (pH s 2) and arong bases (pH 2 12). Neutra1 solutions are 

characterized by pH values between about 5 and 9. The pH of a solution not only 

characterizes chemicai reactions (e.g., dissolution~precipitation) which are important in terms 

of soi1 hydraulic conductivity, but ais0 can affect significantly soi1 fabric. 

The EC of a solution is a measure of the abüity of the solution to carry an electrical 

current, and varies directly with the number and type of ions in solution. As a result, the 

electrical conductivity is an indirect indication of the strength of the solution, and is 

particularly usefiil for indicating the relative strength of a solution when detailed 

characterization of the concentration and types of chernical constituents is not possible. 



Moreover, EC provides an indirect measure of the potential for an electrolyte solution to 

affect the fabric of a clay s o l  

Concentrations of the chemical influents are measured before they are permeated 

througb the compacted kaolin soils of the present research and monitored on the effluent end 

dunng hydraulic conductivity testing. The main purpose of these measurements is to obtain 

the source loading and breakthrough curves. Those curves illustrate how relative 

concentrations of chemicals in the infiuent and effluent ends vary with t h e  or pore volumes 

of flow, Pm'. 

Typically, the breakthrough curve would not be steppeû like the source loading 

function due to chemical diffusion and mechanical dispersion as shown in Fig. 2.17. A zone 

of mixing between the baseline fluid and chernical permeant is inevitably created due to the 

hydrodynamic dispersion effect. As a result, some chemicals lave the soii column in advance. 

of the advective front (Fig. 2.1 7). Chernical anaîysis of the effluent is also expected to r e v d  

other reactions taking place between the soi1 and permeants, such as cation exchange, acid- 

base and sorption reactions. Different measurement approaches, however, are adopted for the 

distinct penneants of the cument study. 

i. Sat'itim Chloride 

For electrolytes, a certain relationship exists between the concentration of inorganic 

sait solutions, Wre sodium chioride, and their electricd conductivity (EC). Standard sait 

solutions of known concentrations were first prepared and their correspondhg EC was 

measured using the conductivity meter CDM 83 ofthe Environmental Engineering laboratory. 

The concentrations are plotted versvr EC values to create a standard m e  as shown in Fig. 

3.5. The main advantages of this method are its simpücity and relative ease of measurement. 

Electrical conductivity of the collecteci leachate at different P W  is also measured to 

monitor the brealahrough of the chemical permem. The results however, give only the total 
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Figure 3.5 Elecîrical conductivity of NaCl solutions. 
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Figure 3.6 Elecîrical conductMty of Ethanol solutions. 



concentration of ali ions. Further advanced measurements are necessary to detennine the 

specific concentration of certain ions. In this investigation, the ion analyzer of the 

Environmental Engineering laboratory was employed to detennine chloride concentrations 

(Cr) of the SM NaCl leaching test. The analyzer consists of an Accumet mode1 825MP, &om 

Fisher Scientific, and a halide electrode from Orion Research Inc. The readings were recorded 

in millivolts and then, based on standard curves, converted to Cl* concentrations in ppm 

@pm=mg/L=g/m.'). 

ii. Hydrochioric Acid and Soditm Hydroxide 

Acid and base solutions permeated through a soi1 sarnple attack the clay particles by 

virnie of their extremely high and low concentration of hydrogen ions, respectively. 

Monitoring the pH of the effluent is a must for the tests conducted using acid and base 

permeants. The pH of the collected leachate was measured by a pH meter within minutes afler 

collection to aven the detrimental effect of tirne on pH measurements. The pH meter 

Accumet 1 O of Fisher Scientific, equipped with a polymer body gel-filled electrode, was used 

for aii pH measurements of this study. The results are presented by plotting the pH values 

versus the PVF of the respective perrneant. 

In addition to the pH measurements the inorganic acid and base leachates of the 

present research were monitored during the tests by meaniring their electrical conductivity. 

The results of the relative EC between the intlow and outflow are plotted against the pore 

volumes of flow. 

iii. Acetic Acid and Aniline 

The previously described pH meter is used to monitor the breakthrough of the organic 

acid and base selected for this investigation. The obtained pH values are plotted for each pore 

volume of flow to indicate the establishment of chernical equiübriwn. 



Furthermore, the establishment of chemical equilibriurn between the effluent and the 

duent  ofthe test was cross-checked by determinhg the total organic carbon (TOC) content 

of the enluent. A more sophisticated analysis using a TOC analyzer fiom Dohrmann- 

Rosemount, USA, was conduaed to detemine the total organic carbon content of the 

effluent . The DC-190 TOC analyzer uses the combustion tube method to analyze the 

leachate. TOC contents are gaugeû by the device i&ared gas analyzer, which has a capacity 

up to 2500 ppm. The variation of the relative concentrations of TOC in the infiuent and 

effluent ends with pore volumes of flow, Pm, are reported in plots of the obtained results. 

iv. E h o l  (Ethyl A lcohoI) 

Because of the high polarity and nearly complete ionization of alcohols, standard 

curves as the one shown in Fig. 3.6 could be generated. The electrical conductivity of the 

different prepared concentrations was measured using the same conductivity meter mentioned 

earlier. The breakthrough of ethanol during the leaching tests was also monitored by 

measuring EC of the collected leachate at difEerent PM;. Those measurements are reported 

relative to the electrical conductivity of reference tap water, which varies around 320 mS/m, 

to indicate the establishment of chemical equilibrium between the effluent and the influent of 

the test. 

The establishment of chernical equiiibnum was funher verified by the masurement 

of TOC in the leachate. The same procedure that are used to monitor the effluent of acetic 

acid and aniline is employed for monitoring TOC concentration of ahmol leachate. 

v. Heptane 

Heptane is characterized by an extremely low solubility in water as a result of its non- 

polar properties. Volume measurements of chernical and water were perforrned by 

introducing the duent  into a titration burette &er evey 1 .O Pm. The contact face between 

heptane and water permits caldation of their respective volumes. The relative accumulated 

volume of heptane, V, 1' V,  is calculated by the foîiowing equation: 



where 5 = volume reading of heptane, Y,, = volume reading of water, and V= total volume 

reading of heptane and water. The results are ploned versus the pore volumes of flow. 

Sirnilar to the ot her organic compounds of this research, the breakthrough curve of 

heptane and the establishment of chemical equilibnum between the effluent and influent ends 

of the test were double-checked by the determination of TOC. The total organic carbon 

content of the leachate was d e t d e d  using the above described TOC analyzer. The relative 

TOC concentrations between the influent and effluent are presented in plots versus PM;. 

3.3 Soakinn Tests 

The main purpose of conducting the soaking tests is to investigate the compatibility 

of compacted kaolin clays with organic contaminants and its impact on the fabric under pure 

diffusion conditions. Difision may be thought of as a transport process in which a chemical 

or chernical species migrates in response to a gradient in its concentration, although the actual 

driving force for diffisive transpon is the gradient in chemical potential of the solute 

(Robinson and Stokes, 1959). 

Both Hydrite Fla-il and Hyciiite R kaolin clays are used as the testing soils to carry 

out the making tests of the present research. Acetic acid, aniline, ethanol, and heptane are the 

selected organics in which the soils were soaked. The properties of those contaminants are 

listed in Table 3.4. 



3.3.1 Test Equipment 

The test equipment of the soaking test consists of a rigid-wall cell. The rigid-wdl celi 

is made fiom hi@-molecular weight polyethylene (HMWPE); a non-corrosive, non-reactive 

material capable of resisting the attack of the selected organic contaminants. The valves, 

fittings and tubing of the celis are ail made h m  ~eflon' for the very sarne reason. The height 

of the cells used for the soaking tests measures 75 mm whereas their interna1 diameter 

measures 76.2 mm (3 in). 

The preparation of clay sarnples for the soaking tests involves preparing the soil for 

compaction a its optimum moisture content or slightly wet of optimum (i. e., optimum + 1 %). 

Tap water is used as the standard fluid for compaction. The same procedures used to prepare 

the test samples for leaching tests were duplicated for the soil sarnples of the soaking tests (d 

Section 3.2.2). 

3.3.3 Static Compaction 

The same hydraulic jack that was used to compact the samples of the leaching tests 

is employed to perform the aatic compaction of kaolin clays for the soaking tests. The soi1 

was compacted in its soaking ce11 foUowing the same protocol for the compaction of leaching 

test samples (cf Section 3.2.3). 

Mer the completion of compaction, the 30-mm thick clay sample in its cell was 

mounted between the cap and base of the rigid-wall soaking ceU. The soaking ceU was then 

assembled by tightening the clamping rods connecting the cap, ceil, and base. 



3.3.4 Test Procedures 

To assess the compatibility of compacted kaolin clays with the selected organic 

contaminants under pure difision, the soü was kept submerged beneath a 20-mm depth of 

contaminant liquid. A hydrauiic gradient is not required for transport of contaminants by 

difision. The concentration of contaminant iiquids was periodically refieshed at equal tirne 

intervals of 4 weeks each. 

The establishment of chemicd equilibnum between the fresh contaminant liquid and 

the 4-weeks-old leachate of the same contaminant was the principal cnterion for termina~on 

of the soaking tests. The soaking tests of Hydhte Flat-D lasted 24 consecutive weeks, while 

it took the tests with Hydrte R aimost 8 months (32 weeks) to establish the requirement of 

chernical equilibrium and terminate the test. 

3.3.5 Leacbing Analysis 

The establishment of chernical equilibrium was confinned by detennining the total 

organic carbon (TOC) content of the leachate at the predetennined tirne intervals. The 

previously described DC- 190 TOC anaiyzer was employed to analyze the 4-weeks-old 

leachate. The target ratio between TOC of the leachate and that of the fresh contaminant 

liquid should be close to unity. AN soaking tests of this study were terrninated only when the 

target ratio was just about unity. 

Of the available techniques for soil-fabric study, ody the electron microscope can 

reveal clay particles and their arrangements directiy (cf Fig. A. 18). The practical lirnit of 

resolution of the transmission electron microscope (TEM) is now less than 10 4 and atomic 

planes can be seen. The practical limit of the scanning electron microscope (SEM) is about 



100 4 however, lesser magdcation is sdcient to resoive details of clay particles and other 

very small soil constituents. The major advantages of the SEM relative to the TEM are the 

very great depth of field (some 300 times greater than that with the light microscope), the 

wide, continuous range of possible rnagnifications (about x20 to x20,000), and the ability to 

study surfaces directly. Either surface replicas or ultrathin sections are needed for the TEM. 

Many successful scanning electron microscopy observations have been made on 

different soils to study their micromorphology (Fitzpatrick, 1993). In this instrument, the 

SEM that is, soil fragments are examined. The bearn of high energy electrons hits the surface 

of the sample causing secondary electrons to be emitted. These can be detected by a 

secondary eiectron detector to fom an image of the specimen which can be recorded 

photographically. Conventional SEMs use tungsten filaments as a source of electrons, but 

field emission increases the brightness by a factor of about 1 O00 times dowing much finer 

details to be observed. This is a very popular and usefùl technique for studying the 

morphology of a number of features such as clay coatings. it is particularly usefid in the study 

of soluble salts that rnay be loa in the preparation of thin sections for transmission electron 

microscopy analysis. A few attempts have been made, however, to examine thin sections of 

soils with the SEM, but generally these have not been very successful because of the flat 

poiished surface of the specimens. Nevertheless, the application of SEM to microfabric 

observation on compacted clays is challenging due to the complicated, and sometimes tedious, 

specimen preparation procedures and SEM operations. 

3.4.1 Simple Pnparation 

Sample preparation techniques ciifFer according to the purpose of a particdar study. 

The '%est'' method of sample preparation should be selected after consideration of scde of 

the fabric featwes of interest, method of observation to be used, and the soi1 type and state 

as regards wata content, disturbance, strength, etc. With these factors in mind, the probable 

efFects of the differem preparation methods on the fabric can be assessed. For this 



investigation, the adopted procedures are thought to most suite the research objectives. 

Sectioning, pore fluid removal, and preparation of surfaces for study constitute the main 

procedures preceding the analysis ofthe kaolinite specimen by SEM to examine the duence 

of contaminant migration on the clay structure. 

Sectioning of the soi1 sample is conducted in a manner to study as few surfaces as 

possible, yet reflecting the structure ofthe whole sample. The various sections obtained at the 

end of the preparation procedures are shown in Fig. 3.7. Specimens representing the cross- 

section surface at three different levels, the influent, rniddle, and effluent, are examineci. 

Another three specimens at different radii fiom the center enable studying the fabric of the 

plan surface. Ordinary trimrning equipment, such as a wire saw, a sharp edge knife, etc., are 

used to carry out the sectioning operation; however, a certain degree of an and finesse is 

needed to obtain relatively undisturbed sarnples. 

Electron microscopy requires that the pore fluid be removed, replaced, or fiozen. To 

accomplish this without disturbance of the original fabric is difficult, and in most cases there 

is no way to determine how much disturbance there rnay have been. Air drying, as a technique 

for pore fluid removal, rnay be suitable for very s t S  soils and other soils that do not undergo 

significant shrinkage. For soft samples at high water content, oven drying rnay cause les  

fabric change than air drying, evidently because the longer tirne required for air drying allows 

for greater particle rearrarigement (Tovey and Won& 1973; Sman and Tovey, 1982). On the 

other hand, the stresses induced d u ~ g  oven drying rnay result in some particle breakage 

(Mitchell, 1993). 

Water removal by cntical-point drying has dso been used. The hi@ temperature and 

pressure involved in this technique, however, rnay change the arrangement of clay particles. 

To avoid this, replacement by carbon dioxide has been suggested. Stiîî, the procedure requires 

pnor irnpregnation of the sample with acetone which rnay alta the soi1 structure (Sman and 

Tovey, 1982). Pore fluid replacement may be necessary, though, where thin sections are 
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Figure 3.7 Sectioning of the soi1 sample for scanning electron microscopy. 



required or where drying shnnkage must be rninimized, but the presence of a material in pore 

spaces is not objectionable. Various resins and plastics have been used for this purpose. 

Freezedrying is a cornrnonly used technique for removai of pore water. Sublimation 

of the ice in a rapidly frozen soil avoids the problem of air-water interfaces and shrinkage 

which accompanies water rernoval by drying. Sample size must be small, though, ifdisruption 

due to nonunifon k i n g  is to be avoided. The quick fieezing of the kaolinite sample in this 

research is performed by direct immersion in liquid nitrogen at - 196°C. The fieezing 

temperature should be less than - 130" C to avoid formation of crystalline ice. At this point, 

the sample is fiactured to expose the surface for examination by the SEM. Sublimation ofthe 

ice is accomplished by prese~ng  the sample in a desiccator connected to the vacuum systern. 

The freezing process has been shown to produce fabric changes in very high water 

content systerns such as a 1 O percent by weight slurry of bentonite in water (Mitchell, 1993). 

However, with more typical saturated clays at consistencies likely to be encountered in 

geotechnicaf investigations, the effects of fieeze-drying on the fabric are minimal. The fieeze- 

drying-fracture technique adopted in this study appears to be the most suitable ofthe available 

alternatives. 

The main difficulty in the study of soil structure using SEM is the preparation of a 

sample surface that retains the undisturbed fabric of the onguial soil. In general, the higher 

the water content and void ratio of the original sample, the greater the likehood of 

disturbance. The surfaces chosen for study should reflect the original fabric of the soil and not 

the preparation method. G ~ d i n g  or cutting air-dried sarnples, for instance, rnay result in 

subaantial particle rearrangement at the sunace, thus m h g  them of little value for study 

by the electron microscope. In the current investigation, the fiactured surface of k e n  wet 

specimen is considered as represmtative as possible of the undisturbed fabric of compacted 

kaolin clays. Additional preparation such as gentle blowing of the surface is n d e d  fdowing 



fiachire, because there may be loose particles on the surface. The freeze-dned samples are 

further cut h o  blocks of approximately 10 mm thick without touchhg the finished surface. 

3.4.2 Scanning Electron Micrographs 

Until recently, wet soils could not be studied directly, because electron microscopes 

require an evacuated sarnple chamber (1 x 1 O-5 torr). A newiy developed technique, hown 

as "variable pressure" scanning electron microscope (VPSEM), provides the operator with 

control over the specimen charnber vacuum level and environment. Technically, any specimen 

rnay be insened directly into the VPSEM and observed in its natural state. Properly comrolied 

chamber vacuum pressure allows high resolution imaging of wet, oily, or nonconductive type 

specimens without the need for tedious specimen preparation techniques. The variable 

pressure mode of the VPSEM is expected to greatly expand the application limits of the 

conventional SEM. 

In this research, however, a conventional SEM model JEOL JSM-840 of the Centre 

for Microscopie Characterization of Materials (CM)' at École Polytechnique is used to 

examine the impact of contaminant migration on the structure of compacted kaolinite. 

Because of the requirement of an evacuated sample charnber, wet soils cannot be studied 

directly with this type of microscope. Cold stages are available, however, so that fiozen 

materials may be exaniined. It is also necessary for that model to coat the sample sunace of 

interest with a conducting film to prevent surface charging and loss of resolution. Gold placed 

as a very thin layer (20-30 nm) in a vacuum evaporator is usuaily used to provide that coat. 

Before coating, the specimen is fixed on a rnetallic stub by means of a conducting graphite 

paint. This paint assures sufficient electricai conductivity between the stub and specimen. 

After the coating operation, the specimen on its maallic stub is placed on the sample 

block of the SEM and attached to it using an electrical tape to ensure a certain dectrical 

conductance between the sample seat and the specimen stub.The sample sertt, with the coated 



specimen on top, is then inserted Uito the sample chamber of the SEM. At this point, the 

specimen is ready to be examuied by SEM. 

A series of calibration and adjustment is necessaiy before getthg a hi& resolution 

image of the investigated surface. Once a clear image is obtained, the surface is scnitinized 

before being recorded photographicaily. hiring the present study, many scawing electron 

micrographs of the Hyculie Ffat-D and Hydrite R were recorded at nonnalited 

rnagnfications. The normalized magnification enables the detection of substantiai changes in 

clay fabric that may result 6om contaminant migration. Kaolinite samples rnicrographs before 

(as-cornpacted) and &er permeation with the diflerent contaminants are examined and 

compared to correlate the structure changes, if' any, with the variation in hydraulic 

conductivity . 

3.5 Contaminant Tnnsmrt Modeling 

Modeling the movement of contaminants througb soil is a complex type of andysis. 

The contaminant transpon process is not only governed by water movement, but also is 

influenced by dispersion, moiecular difision, adsorption, and radioactive decay, if any. With 

so many factors involved, it can be confùsing and difncult to resolve the contribution of each 

component in the transport process. 

CTRANMT is a t'inite element software that can be used to mode1 the movement of 

contaminants through porous materials such as soil. The comprehensive formulation of the 

software makes it possible tu analyze problems varying fiom simple particie tracking in 

response to the movement of water, up to complex processes involving difision, dispersion, 

adsorption, and radioactive decay. Even though a finite ciifference method (FDM) analysis 

would have been sufficient in studying the one-dimensional transport problem of this research, 

scploiting the capacity and exaniimiig the vaiidity of a hi te  element methoci (FEM) anilysis 

were the main driving forces behind opting for CTRANM. 



CTRAN/W is integrated with SEEPIW, another soAware product fiom Geo-Slope 

Int '1. Ltd. of Alberta, Canada, that computes the flow velocity for a problem. CTRAN/W 

uthes the SEEP/W flow velocities to compute the movement of dissolved constituents in 

the pore-water. CTRANMIversion 4.2 which was used to simulate the contaminant migration 

through the compacted kaolin clays of this research operates under the MS-Windows 

graphical user interface. 

3.5.1 Contaminant Migration Procasa 

The factors which govem the migration of a contaminant cm be considered in terms 

of trunvort processes and attemrutio~t processes. The transport processes can be 

mathematically represented by equations based on flow laws. These equations can be 

combined into a mass balance equation with those processes causing the attenuation of the 

contaminant; this yields the general governing differential equation for contarninant migration. 

3.5.1.1 Transport Processes 

The two basic transport processes are adbecfion and dispersion. Advection is the 

movement of contaminant with the flowing water. Dispersion is the apparent m g  and 

spreading of the contaminant within the flow system. Whiîe the advection process is sirnply 

migration in response to the flowing water, the dispersion process consists of two 

components. One is an apparent "mixing" and the other is moleculm d~fision. 

The mixing component, often called mechanical diqversion, &ses fiom velocity 

variations in the porous media. Velocity variations rnay occur at the microscopic Ievel due to 

the fiction between the soi1 particles and the fluid, and also due to the curvatures in the fîow 

path (cf. Fig. 2.12). These velocity variations result in concentration variations. When the 

concentration variations are averaged over a given volume, the contaminant appears to have 

dispersed. 



Molecular d?ffuoion results in the spreading of contaminant due to concentration 

gradients. This process occurs even when the seepage velocity is zero. Molecular diffusion 

is dependent on the degree of saturation or voiumetric water content of the porous medium. 

In equation form, the dispersion process is characterized as: 

Dil= ~ * + a  vs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3 .5)  

where D, = coefficient of hydrodynamic dispersion (m2.s"), D' = coefficient of moleculat 

diffusion (m2.s"), a = dispersivity of the porous medium (m), and v, = seepage or average 

iinear velocity of the flow system (m. S-'). 

The diffision coefficients for electrolytes in aqueous solutions are well known. The 

major ions in groundwater (Na', K, Ca2-, Mg', CI') have diffision coefficients in the range 

1 x1w9 to 2 xlW9 m2/s at 25 O C  (Robinson and Stokes, 1959). The coefficients are 

temperature-dependent. At 5'C, for example, the coefficients are about 50 % smaller. 

Moreover, the effect of ionic strength is negligible. 

In porous media, the apparent difision coefficients for these ions are much smaller 

than in water because the ions follow longer paths of diffision caused by the presence of 

particles in the solid matrix and because of adsorption on the particles. The apparent difision 

coefficient for nonadsorbed species in porous media D' is represented by the relation: 

0' = w 0, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3 -6) 

where Do = aqueous solution diffusion coefficient (m2.s-'), and o, which is less than 1, is an 

empirical dimensioniess coefficient that takes into account the effect ofthe solid phase of the 

porous medium on diffusion. In laboratory studies on diffusion of nonadsorbed ions in porous 

geologic materiais, ovalues between about 0.5 and 0.0 1 are commonly observed (Freeze and 

Ch-, 1 979). In this research, ois  asswned to have a value ranging between 0.05 and 0.025, 

resulting in a coefficient of molecular das ion  Do of about 5 x10-" m2/s. This value is 



considered a representative value of a typicd molecular diffusion coefficient for noareactive 

chernical species in clayey geologic deposits. 

Nearly ail studies of dispersion reported in the literature have involved relatively 

homogeneous sandy materids under controlled conditions in the laboratory. These studies 

have indicated that the dispersivity of these materials is s m d .  Dispenivity values reponed 

From laboratory measurements are cornrnonly found to range between 0.1 and 10 mm. 

Whether or not these values are at dl indicative of dispersivities in field systems is subject to 

considerable controversy at the present time. Many investigators have concluded that values 

of longitudinal and transverse dispersivities in field systems are sigiilficantly larger than values 

obtained in laboratory experiments on homogeneous materials or on materials with simple 

heterogeneities. Values of longitudinal dispersivity a, as large as 100 m and lateral 

dispersivity aT values as large as 50 m have been used in mathematical simulation studies of 

the migration of large contaminant plumes in sandy aquifers (Freeze and Cherry, 1979). 

Based on the above considerations, a transverse dispersivity value of 10 mm for the 

kaolin clays of this research seems to be justifiable. The ratio between the longitudinal (q) 

and transverse (q-) dispersivity values are typicaiiy in the range of 5-20 (Freeze and Cherry, 

1979). Therefore, the longitudinal dispersivity aL of the soils andyzed by finite element 

method to mode1 the contaminant migration through cornpacted clays was taken as 50 mm. 

3.5.1 .2 Attenuation Processes 

The migration of a contaminant in a porous medium is attenuated by chernical 

reactions taking place d u ~ g  the migration process. These reactions cm occur between the 

contaminant mass and the soi1 particles, or between the contaminant mass and the pore fluid. 

Arnong these reactions, the process ofadrorption is believed to be the most important factor 

in attenuating the migration of contaminant. 



The effect of adsorption is that contaminant mass is withdrawn from the rnoving 

water, reducing the dissolved concentration and rate of movernent. The amount of adsorption 

that occurs is a fiinction of the contaminant concentration within the porous medium. This 

relationship is described by an adsorption function or an adsorption isothenn, as austrated 

qualitatively in Fig. 2.14. 

The slope of the adsorption isotherm dSldc is the partition coefficient, where S is the 

mass of contaminant adsorbed per unit mass of soi1 particles, and c is the concentration of 

contaminant in the porous medium. In the case of a hear adsorption isotherm, the partition 

coefficient is constant and is cded the distribution coefficient, K, The slope represents the 

partitioning of the contaminant mass between the solid (soil particles) and fluid phases of the 

porous medium. The chernical reactions that cause the partitioning are assumed to be 

instantaneous and reversible. 

For equiiibrium controlied ion exchange, where the concentration of one exchange ion 

is relatively low, the adsorption of this species can oflen be approximated by a linear 

relationship between the contaminant adsorbed and the concentration in the pore fluid (Rowe 

and Booker, 1985). For the contaminant migration modeling of the current study, and 

whenever adsorption was taken into account, a linear adsorption function defined as a straight 

iine with a slope of 1.0 was considered to be representative of al1 geochernical reactions 

taking place during the migration process. The linear relationship is a simplification of the real 

situation; however, this approach can be shown to be adequate for many practical 

applications, provided that the parameter K, is determined over a representative range of 

concentrations (Rowe and Booker, 1985). The use of this iinear approximation is analogous 

to the use of secant elastic moduli in settlement predictions. 



3.5.2 Governing Equation 

Consideration of the above transpon and attenuation processes, and the application 

of the principle of mass balance in an element of porous medium leads to the following 

advectiondisperszon equation (in one-dimensional form): 

where 0= volumeaic water content (dimensioniess), x = distance in the x direction (m), v = 

Darcian or discharge velocity (m. S-'), p, = bulk or dry mass density of the porous medium 

(g.mS3), t = time (s), and other terms as previously defined. 

The first tem in the equation represents transport by dispersion, while the second 

represents transport by advection. The tenn on the nght side of the equation represents 

storage of mass in the fluid phase and in the solid phase due to a change in concentration. 

3.5.2.1 Flow Velocity 

SEEP/W version 4.2 was used to compute the Darcian or discharge velocity. The 

Darcian velocity is the total flux Q divided by the fiil1 cross-sectional area A (voids and solids 

aiike). However, the actual cross-sectional area available for flow is less than the full area A 

due to the presence of solids. Consequently, the actual rate of flow is hi* than the Darcian 

velocity . 

By definition, the porosity n is the volume of voids divided by the total volume. 

Therefore, the actual cross-sectional area available for flow is the porosity times the total 

cross-sectionai area, and the seepage or average linear velocity of the pore fluid would be: 



where ail terms as defined before. The volume of water per unit volume of the porous 

material is the volumetric water content B. Under saturated conditions, as is the case for the 

present simulation, the volumetric water content 6 is equal to the porosity. The seepage 

velocity then is also equai to: 

C T R A N N  is fomulated on the assumption that the seepage velocity can be related 

to the volumetric water content for both saturated and unsaturated conditions. SEEP/W, 

being a saturated/unsaturated flow model, computes the volumetric water content. The 

SEEPN Darcian or discharge velocity divided by the SEEPAK volumetric water content is 

taken in the CTRANAV formulation as the seepage or average hear velocity. 

3.5.2.2 Mass Flux 

SEEPW has the ability to compute the seepage quantity that flows across a user- 

defined section. This quantity can be computed from the nodal heads and the coefficients of 

the finite element equation. 

From Darcy's law, the total flow between two points is: 

The coefficient c in Eq. 3.10 is a representation of the tem fi A L), with al1 other terms 

being defined elsewhere. The flow fiom node i to node j is therefore: 

$ = c Y  H - H  . . . . . . . . . . . . . . . . . . . . . . . . .  
( i  i) 

CTRAN/W c m  also compute the total mass flux acfoss a user-spded section. The 

mass flw across a section is composed of four components; the dispersive mass flux, the 

advective mass tha, the stored mass flux, and the decayed mass aux, ifany. nie totd mass 



flux Q across a section is the sum of all four components, as represented by the following 

equation: 

i. Dispersive Mars F h  

The dispersive mass flux is computed in the sarne way as SEEP/W cornputes the water 

flux across a section. For an element in the finite element mesh, the dispersive mass flux fiorn 

node i to node j is: 

The d coefficients in the above equation are a representation of the dispersive properties of 

the element, and c is the concentration. 

ii. Adv4ctive Mass Flux 

For an element in the finite element mesh, the advective mass flux fiorn node i to node 

j is: 

The a coefficients in the above equation are a representation of the advective properties of 

the elernent. and c is the concentration. 

iii. Stored M a s  Flux 

In general, the average change of concentration fiom node i to node j can be 

expressed as: 

Aci t Ac, 
. . . . . . . . . . . . . . . . . . . . . . . .  Ac4 = 

2 

Therefore, the stored mass flux fiom node i to node j due to a change in storage is: 



The s coefficient in the above equation is a representation of the storage properties of the 

element, and At is the t h e  dflerence between the start and end of a time step. 

3.5.3 Modeling Progression 

CTRANMl is a powerful analytical tool, but it will only provide valid solutions if the 

boundary condit ions, material properties, and time sequence are appropriat ely defined . A rule 

of thumb to follow in contaminant transport modeling is to progress from the simple to the 

complex. It is a good practice to define a simplified version of the problem and then buiid 

complexity in stages. Moving from the simple to the complex makes it easier to pinpoint 

difficulties with the mode1 when the results of the analysis are umealistic. 

3.5.3.1 Nurnencal Dispersion and Oscillation 

Numerical dispersion and oscillation are Uiherent in the finite element solution of the 

advection-dispersion equation. Nurnencal dispersion tends to spread out the contaminant 

more than what is predicted by analytical solutions. Numerical oscillation produces 

concentrations higher or lower than the maximum and minimum specified values. 

Numencal dispersion and oscillation cannot be elirninated; they can only be controiied 

or minimized. Two wideiy used criteria for controllhg the phenornena of numerical dispersion 

and oscillation are the Peclet Number and the Courant Number constraints. 

3.5.3.2 Peclet and Courant Number Criteria 

The Peclet and Courant Nurnber criteria are usually expressed in the ondimensional 

form as foliows: 



v, Ax 
Peclet Number = - 1 2  

4, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3.17) 
v, At 

Courant Number = - S 1 
Ax 

where v, = seepage or advective veiocity (m.~"), 4 = hydrodynamic dispersion coefficient 

(m2.s"), dr = nodal spacing (m), and At = incremental tirne aep. 

The Peclet Number constraint requires that the spatial discretization of the flow 

regime is not larger than twice the dispersion potential of the porous medium. The Courant 

Number constraint requires that the distance ttaveled by advection during one time step is not 

larger than one spatial increment (Le., one element). The Peclet and Courant Number 

constraims provide the necessary conditions for the finite element mesh design and the 

selection of time aeps in transpon modeling. 

3.5.3.3 Mesh Design 

In order to obtain stable solutions in a transpon analysis, both the Peclet Number and 

Courant Number criteria must be considered in the design of the finite element mesh. 

Rearranging Eq. 3.1 7, the spatial discretization requirements would be: 

3. AX > vS A t  ; and 



The above requirements indicate that the spatial discretization of the flow regime should not 

be larger than twice the dispersion potential of the porous medium, and should not also be 

smaller than the distance traveled by advection during one time step. 

As a broad mie, the discretization in the major flow direction should be about twice 

the longitudinal dispersivity q of the soil, and the discretkation in the minor flow direction 

should be about twice the transverse dispersivity a, of the soü. This will provide a aarting 

point for estirnating the required spatial discretization. 

A 25-element mesh was designed to sirnulate the contaminant migration through the 

compacted kaolin clays of this study, as shown in Fig. 3.8. The soi1 sample measures 76 mm 

in the x-direction and 30 mm in the y-direction, with an upward flow movement. A pattern 

of four-nded quadnlateral elements with one node at each corner and a thickness of 60 mm 

was selected as the finite element pattern for the soil cross-section. At the end of each 

simulation of the ninent research, the actual Peclet and Courant Numbers computed by 

CTRANN were checked to confirm that both the Peclet and Courant Number criteria are 

satisfied . 

3.5.3.4 Time S tep Design 

Numerical dispersion and oscillation are affected by the sue of the time step. To 

control the numerical dispersion and oscillation, the Courant Number constrauit mua be 

satisfied. The Courant Number constraim requires that the distance traveled by the advective 

component ofthe transport process during one time step ideally should not be larger than one 

element; that is, the advective component shodd not jump across elements in one tirne step. 

In order to s a t i e  the Courant Number constraim (cf. Eq. 3.17), the t h e  increment 

should be: 
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Figure 3.8 Finite element mesh of contaminant transport modeling. 



As a first approximation, the time step increment could be estimated based on the average size 

of the elements and the advective velocity. 

The design of tirne steps to analyze the transport of contaminants by finite element 

method for this study was conceived based on the above Courant Number critenon. The 

Courant Numbers computed by CTRANW were checked at the end of each analysis to 

codrm that the Courant Number constra.int is satisfied in al1 time steps. 

3.5.3.5 Boundary Conditions 

When specifying boundary conditions in a contaminant transpori analysis, it is 

important to recognize that there are two processes by which mass is carried across a 

boundary: one is by advection and the other is by dispersion. The advective component is due 

to the water movement across a boundary, while the dispersive process is due to the chernical 

(concentration) gradients between the boundary nodes and the nodes immediately inside the 

boundary. 

The advective component of the boundary mass flux is related to the water flux (Q,) 

across the boundary. This information is obtained from the SEEPN analysis. CTEAN/W uses 

the nodal Q, values from the SEEP/W head (H) fiie to compute the advective boundary flux. 

A clear understanding of the boundary water flux is essential in the spedcation of boundary 

conditions and the interpretation of computed results. 

In the SEEPAN simulation of this d y s i s ,  the influent and efluent boundaries were 

specified as total head or H boundaries with a magnitude of 17.4 m and 0.10 m, respectively, 

acting at the boundary nodes. The vertical boundaries of the f i t e  eletnent mesh were set as 



zero total nodal mass flux boundaries (no-mass flux condition), or Q, = 0 in the SEEP/W 

analysis and Q, = 0 for the CTRANMT modeling, as shown in Fig. 3.8. 

Source Concentration 

Whenever the concentration of the contaminated Quid is known, the boundary 

condition can be specified as C, (the concentration of the source) type. For the Cs boundary 

condition type, CTRANAV uses the concentration of the source to compute a nodal mass flux 

at the boundary. The mass flux is calculated as: 

Q,, = *c, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (3.18) 

where Q, = total nodal mass flux, Q, = nodal water flux from SEEP/W, and Cs = specified 

concentration of the source. 

Specifying a Cs boundary at the nodes is different than specdjmg a concentration 

boundary C equal to C,. Setting a node to C, implies that the computed nodal concentration 

will be less than C, during the early stage of the transport process. After some time, the 

computed concentration will become equal to C,. On the other hand, if the boundary 

condition is specified as a value C equal to C,, the computed nodal concentration would be 

equal to C, immediately. In other words, specifjmg Cs at a boundary is actually equivalent 

to defining a mass flux type boundary, whereas setting C equal to C, means specifjmg a 

concentration type boundary. 

In the contaminant transport modeling of this study, a Cs boundary type was specified 

at the influent nodes. Using C, as a boundary condition is a more realistic option than simply 

speclfjmg concentration at the nodes. In addition, it has the advantage of not creating 

excessive initial concentration gradients as does the concentration specification. The gradual 

build-up of concentration at the nodes tends to reduce numerical difficulties that may arise 

from excessively-high concentration gradients. 



f i i t  Condition 

At a boundary where neither the mass flux nor the concentration are known, or where 

the nodal water flux may reverse in direction during the transport process, an exit revkw 

boundary may be specified. When a boundary node is specified with exit review, the node is 

checked to see if an exit boundary should be applied at each time step. Ifthe water flux of the 

node is negative (Le., water flux is exithg at the boundary), the boundary condition of the 

node will be changed to an exit boundary. Ifthe water flux of the node is zero or positive, the 

boundary condition of the node is not changed. 

CTRANN offers two types of exit boundaries. The fira and stmplest option is one 

that ignores the dispersive flux across the exit boundary (Q, = O), and is ofien referred to as 

a zero dispersive mass tlux exit boundary. With this type of exit boundary, contaminant mass 

is assumed to lave the exit boundary by advection only. As a result, the concentration 

gradients at the boundary are forced to be zero, which causes the concentration contours to 

be perpendicular to the exit bowdary. The second type of exit boundary condition accounts 

for both advective and dispersive mass flux at the boundary (Q, > O), and is referred to as a 

fiee exit boundary. A fiee exit boundary accounts for both advective and dispersive mass flux 

across the boundary, which generally gives more realistic results. 

Since neither the mass flux nor the concentration are known at the exit boundaxy of 

the present simulation, the boundary is specified as Q, = O conditions with review for fke exit 

boundary (Q, > O), as shown in Fig. 3.8. 



CaAPTER 4 

RESULTS AND DISCUSSIONS 

Chapter 4 presents the results obtained throughout this research using the materials 

and methods described in the previous chapter. The chapter also discusses the sipificance of 

those results through its four divisions. Compaction characteristics, leaching test results, 

soaking test results, and contaminant transport simulation consiitute the four divisions of the 

chapter. 

4.1 Com~liction Characteristics 

Compaction is a dispersing process by which large shear strains are hduced in clay 

soils resulting in the dominance of defonned and smaller interdomain pores. hterestingly, 

minimum value of hydraulic conductivity could not be achieved in clays compacted at their 

optimum water content, even though the dry density is at its maximum and, thus, the void 

ratio is at its minimum. Instead, it appean that soils compacted wet of optimum have the 

minimum value of hydradic conductivity. Numerous studies have revealed this phenomenon 

(e.g., Lambe, 1954, 1958b; Mitchell et al., 1965). Compacting at the optimum water content 

does not guarantee minimum hydraulic conductivity of compacted clay, although a minimum 

void ratio can be obtained. Mitchell et al. (1965) reponed that hydraulic conductivity values 

of clay soil compacted at optimum water content were 150 t h e s  higher than the minimum 

values obtained with soil compacted wet of optimum. This phenomenon has not been 

investigated in detail due to lack of direct observations of the compacted clay microfabric. On 

the basis of SEM investigations, this behavior can be explained by examinhg the microfabnc 

and pore characteristics of the soil. The well-stackeâ aggregates of the clay compacted at 

optimum water content are certaidy responsible for the higher hydraulic conductivity. 

Because of the high resistance of aggregates to compaction stress, relatively large pores stiil 

exist d e r  compaction. These pores formed between the aggregates m e  as preferred 

passages for fluid during permeation. The maximum dry density at optimum water content 



is achieved by the densely stacked matrix whde the aggregated portion of the soi1 keeps the 

compacted clay relatively porous. Microfabric plays a more important role than compacted 

dry density in controUing the hydraulic property of a compacted clay. 

A microfabric mode1 proposed to describe the hydraulic behavior of a compacted clay 

is presented in chapter 2 (cf. Division 2.2). The structure of a compacted clay is a funaion 

of both compactive effort and molding water content. Hydraulic conductivity of a compacted 

Clay is controlled by its pore characteristics including void ratio and pore size distribution. 

Under a given compactive effon, clay samples compacted dry of optimum are composed of 

as-mixed aggregates. The aggregates are constructed by randomly arranged clay particles in 

edge-to-face contacts, rnaking the aggregates resistant to deformation. Relatively weak 

repulsive forces caused by the poorly developed difise double layer around clay particles are 

responsible for the flocculated structure due to low molding water content and low degree 

of saturation. Comparatively high values of hydraulic conductivity can be measured in clay 

compacted dry of optimum due to the existence of large inter-aggregats pores. Increase in 

moisture content wiii result in an increase in repulsive forces between clay particles and thus 

a decrease in the rigidity of the as-mixed aggregates. The deformation of the aggregates 

caused by compactive shear main reduces both void ratio and large inter-aggregate pores, 

leading to a decrease in hydraulic conductivity, 

When clay is compacted at optimum water content, or süghtly wet of optimum (i.e., 

optimum + 1%) as in this research, its microfabric is composed of both dispersai rnatrix and 

flocculated aggregates due to nonuniform distribution of water content. The rnatnx is 

characterized by densely aacked clay particles in face-to-face contacts; whereas aggregates 

are formed by stepped face-to-face and edge-to-face arrangements of clay particles. The 

maximum dry density of the clay compacted at optimum water content is achieved by dense 

stacking of clay particles in the rnatrix. However, a minimum hydraulic conductivity cannot 

be reached simultaneously due to the existence of large pores resulting fiom the high 



resistance of aggregates to compactive stress, even though an overd minimum void ratio is 

anained in the clay. 

Dispersed structure occurs in clay samples compacted wet of optimum due to the 

relative dominance of repulsive forces between clay particles as a result of the increased 

molding water content. Only few of as-mixed aggregates exist due to large shear strains 

induced by the compaction process. The microfabric of clay compacted wet of optimum is 

characterized by face-to-face and edge-to-eâge arrangements of clay particles preferentially 

aligneci in the direction perpendicular to the compactive stress. Minimum hydraulic 

conductivity is obtained in a clay with dispersed structure when compacted wet of optimum 

water content. increase in water content on the wet side of the optimum will make compacted 

clay more permeable by increasing its void ratio while retaining a dispersed structure. 

The standard compaction curves of the kaoliniies of this study are shown in Fig. 3.2. 

The optimum water content and maximum dry density are reported in Table 3.1. When the 

clay is cornpacted dry of optimum, the degree of saturation is sensitive to molding water 

content. When molding water content exceeds optimum, however, the degree of saturation 

is siightly above 90% regardless of the moisture content. Such value can be taken as the 

maximum degree of saturation the soi1 cm obtain naturally. Soaking after compaction 

increases water content of simples, but does not change their structure (Seed and Chan, 

1959). 

SEM rnicrographs ofHydnre FIat-D and Hy&te R staticaily compacted are presented 

in Figs. 4.1 and 4.2, respectively. Three samples of each kaolin clay were examined by SEM 

foUowing the procedures outlined in the previous chapter (cf Division 3 4. As predicted by 

engineering properties (Lambe, 1954, 1958% 1 958b; Seed and Chan, 1959; Mitchell et al., 

i 965) and iriferred fiom pore size distribution studies @iamond, 1970,197 1 ; Sridharan et ai., 

197 1; Ahmed et al., 1974; Garcia-Bengochea et al., 1979) kaolinite samples compacted at 

optimum water content show a more compla structure compared with soüs compacted dry- 



(a) cross-section: infîuent (bottom) 

(b) cross-section: effluent (top) 
Figure 4.1 Scanning electron micrographs of compacted 
Hydrite Flat-D. 



(c) plan: core 

(d) plan: edge 
Figure 4.1 Scenning electron micrograpbs of compacted 
Hydnte Flat-D [continucd]. 



(a) cross-section: influent (bottom) 

(b) cross-section: effluent (top) 
Figure 4.2 Scenning electron micrographs of compacted 
Hydrite R. 



(c) plan: core 

(d) plan: edge 
Figure 4.2 Scamiing electron micrographs of compacted 
Hydnte R [continued]. 

---. 



or wet-of-optimum. Clays compacted dry of optimum exhibit flocculated structures; whereas 

those compacted wet of optimum demonstrate dispersed fabric. 

The microfihic ofboth kaolin clays is composed ofa dispersed matrix and fiocculated 

aggregates as shown in Figs. 4.1 and 4.2. Single domains in the matrix seem to be much more 

sensitive to compactive effort, as indicated by a very dense aacking and perfectly orient4 

alignment. This dispersed arrangement of domains is called turbostratic structure (Barden, 

1972). However, aggregates retain their anangement in a much more porous stacking as 

shown in the scaMing electron rnicrographs of both Hjdriire Ffat-D and Hydite R. As a 

result, pore spaces in the soi1 are distributed nonunifody with relatively large pores 

dorninating within the flocculated portion of the specimen. The existence of those large inter- 

aggregate pores is probably caused as a result of friction between the aggregates and ma* 

indicating the strong resistance provided by aggregates to compaction. 

4.2 kachian Test Results 

Soil-chernical interactions are uivestigated by permeating compacted kaolinites with 

several organic and inorganic chemicals. The two soiis involved in the research are presented 

in chapter 3, and the various chemicals are listed in Table 3.4. Leachg tests are perforrned 

following the procedures outllned in the previous chapter. The measured hydraulic 

conductivity k is plotted as a fùnction of pore volwnes of flow (PYF). The ratio between the 

hydraulic conductivity to permeant, k,, and the reference hydraulic conductivity (hydraulic 

conductivity to water, kW) is calculated and presented as a function of pore volumes of flow. 

The effluent liquid of each test is monitored and analyzed to obtain its parhcular breakthrough 

curves. Bredcthrough curves are nonnaiized by dividing the effluent meaaired values by the 

influent readings, and iliustrated as a function of PVF. 

To examine the efTects of contaminant properties on hydraulic conchivity, the 

intrinsic permeability of the permeant K, is computed and reported as a fiinction of pore 



volumes of flow. Moreover, K, dues  are normalized by dividing by the permeability of water 

(reference intrinsic permeability, K), and the normalized values are plotted against the 

number of pore volumes of Bow. Mer  establishing the temination criteria for every leaching 

test, contaminated clays were sarnpled for SEM investigations. The SEM analysis is 

conducted followuig the protocol presented in chapter 3. 

4.2.1 Orginic Compounds 

4.2.1 - 1  Acetic Acid 

Leaching test results of compacted kaolinites permeated with acetic acid are presented 

in Figs. 4.3 through 4.8. Penneation of pure acetic acid resulted in a decrease in the hydraulic 

conductivity, as show in Fig. 4.6. The decrease is alrnost onehalfan order of magnitude for 

both kaolin clays. This decrease carmot be explained solely by difFerences in the density and 

viscosity between water and acetic acid as illustrated by Fig. 4.8. Using the properties of 

d c  acid and water as depicted in Table 3.4, the theoretical hydraulic conductivity ratio of 

acetic acid to water should be 0.88. Thus, if viscosity is the controllhg factor, then the 

hydrauiic conductivity of a soil at a given temperature and void ratio with acetic acid as the 

penneant will be lower by approximately 12% than that of the same soi1 with water as the 

penneant . Therefore, the permeability decreases of Fig. 4.7 indicate that factors other t han 

density and viscosity are controhg the clay soils conductivity . 

Four clay soils of different rnineralogies were tested for compatibility with a wide 

variety of organic solvents by Anderson et al. ( 198%) at Texas A&M University. Compacted 

wnples were tested in a fixed-wail permeametm. In Anderson et al. (1985a) acetic acid test 

with compacted kaoiinite, the soi1 showed continuous conductivity decreases throughout the 

test period. The main phenomenon observed by the authors was dissolution. According to 

Anderson et al. (1985a), dissolution resulted in smaller partictes. As puticles were 

transported by the penneant, they clogged the pores downstream, which caused the decrease 

in conductivity. Bowders and Daniel (1987) also noticed a relatively süght decrease in the 
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Figure 4.6 Relative hydrauiic conductivity of compacted liaolinites 
permeated with Acetic Acid. 
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hydraulic conductivity of compacted kaolinite permeated with different concentrations of 

acetic acid. The decrease was less than one-haif an order of magnitude. 

It is believed that the conductivity and permeability decreases of the present study are 

attributed to dissolution of some of the soil constituents at the infiuent end of the specirnen 

foliowed by precipitation of these constituents further downstream. The precipitates clogged 

the soil pores and effectively reduced the hydraulic conductivity. The high volume of flow 

(>7PVF) seems to be not enough for exhausting the buRering capacity of the clay and re- 

dissolving the precipitates, despite the full breakthrough of acetic acid at 3 P W  as show in 

Fig. 4.5. Scanning electron rnicrographs of both Hy&ite Flat-D and Hydrite R, presented in 

Figs. 4.9 and 4.1 0, respectively, support the dissolution-precipitation phenomenon. The fabric 

of both clays is significantly altered d e r  penneation with pure acetic acid, compared with the 

as-compacted structure of kaolinites shown in Figs. 4.1 and 4.2. The predorninant factor 

affecting conductivity in this case appears to be the ability of acetic acid to alter the amaural 

arrangement of soil particles. 

4.2.1.2 Aniline 

Hydraulic conductivity and intrinsic permeability to water for both kaolinites are 

presented in Figs. 4.11 and 4.12, respeaively. The values shown in these figures are 

considered as representative values of the reference hydraulic conductivity and intrinsic 

permeability of the compacted kaolin clays used in the present research. 

According to theory, a permeant liquid with the density and viscosity of aniline should 

resuh in a soil conductivity approxhately 76% lown than that obtained with water. 

However, in this study there was no measurable flow of aniline through the clay samples 

during an entire 72-hour testing period, as shown in Figs. 4.13 and 4.14. The soi1 columns 

were permeated by only 0.5-0.6 pore volume of aniline resuhing m a tremendous decrease in 

hydraulic conductivity, and the hydrauüc conducmiity masurements oftYs leaching test were 

consequdy forced to be terminateci premanrrdy. The clays Whidy behaved as an 





(a) cross-section: uifluent 

(b) plan: edge 
Figure 4.10 Scanning electron micrographs of compacted 
Hydnte R permeated with Acetic Acid. 
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Figure 4.13 Hybaulic conductivity of compacted liaohtes 
permeated with Aniline. 

Figure 4.14 Relative hydraulic conductivîty of compacted kaolinites 
permeated with Aniline. 



irnpervious barrier. In fact, inspection of the samples aAer the test revealed that aniline did not 

penetrate the kaolinite samples. Because the flow through the samples was negligible, it is 

believed that no reaction took place between the pemeant and the clay during the test, 

although aniline, an organic base, is positively charged and is capable of being adsorbed on 

the negatively charged clay surface, displacing the adsorbed water. 

Aniline is more than four times more viscous than water and is of very low solubility 

in water. A sUnilar mechanism by which heptane, a neutral non-polar hydrocarbon, interacts 

with clay can be drawn upon to explain the soil behavior with aniline. The hydrophobic nature 

of aniline, and let alone its significantly high viscosity, rnakes permeation at the best difficult. 

In this research, aniline permeated the porous Stone, but could not flow (during the time of 

the test) through the kaolin clays apparently due to th& srnall pore sizes. 

Anderson et al. (1985a) reported conductivity increases in the various compacted 

clays of their study ranging between one and two orders of magnitude when subjected to a 

pure aniline pemeant using rigid-wall permeameters. Contrq to their tests with acetic acid, 

Anderson et al. (1 985a) observed no signs of migrating soil particles in any Ieachate samples 

collected from the aniline-treated soils. According to those authors, aniline is too weak a base 

to cause significant dissolution of clay soil constituents. The discrepancy between the study 

of Anderson et al. (1 985a) and the present research could possibly emanate from the fact that 

the authors snidy was conducted on compacted soil spechens without sufficient pnor 

saturation. Their specimens probably were not W y  saturated duruig testing. This would dow 

aniline to permeate through the air voids within the non-saturated specimen and, possibly, 

cause chemical reactions, including particle aggregation, to take place. Such flow would not 

have taken place if the specimen were M y  saturated due to the Ynmiscibility of the two 

permeants. In another investigation by Uppot and Stephenson (1989) to study the change in 

clay permeability brought about by the soil-chernical interaction, the authors reported that 

aniline did flow through kaoliiiite, but at a sipficantly reduced permeability. The kaoünite 

clay subjected to pure aniliae in a flexible-wall permemeter had a permeabhty of about 400 



times less than the baseline pemeability. Aniline did not flow at all through the 

montmorillonite clay in the study of Uppot and Stephenson (1989). The authors attributed 

this behavior to the specific properiies of aniline, mainly its remarkably high viscosity and low 

water solubility, compared with water. 

4.2.1.3 Ethanol 

The relationships between flow and hydraulic conductivity for both kaolinites 

penneated with ethanol are shown in Figs. 4.15 and 4.16. Oniy a slight trend toward increase 

can be observed for the Hydrite Flat-D sample following its initial decrease to 62% of the 

conductivity to water, as illustrated by Fig. 4.1 8. On the other hand, for Hydrite R, there was 

an initial decrease in hydraulic conductivity to about 50% of the reference hydraulic 

conductivity by the end of the first pore volume of flow. At the end of the test, however, a 

reduction of only 42% was reached. Theoretically, the density to viscosity ratio of ethanol 

relative to water, which equals 0.66, infers that conductivity should decrease approxhately 

34% fiom the value obtained with water, presurning that no other factors than density and 

viscosity are controlling conductivity. Breakthrough curves for the Ieaching tests with ethanol 

are presented in Fig. 4.17. Visual inspection of both samples d e r  the test revealed that they 

had become dehydrated and had lost much of their plasticity. 

Ion exchange reactions with inorganic and organic cations in the new permeant, as 

well as adsorption of organic cations and neutral organic polar molecules in place of 

previously adsorbed water molecules, will change the thickness and composition of the 

adsorbed layer. A change in the thickness ofthe adsorbed layer and its composition in the clay 

may bring about: (1) a change in the effective pore space causing a variation in hydraulic 

conductivity; (2) an alteration in the fabric of the clay resulting in a modification in the pore 

system so that hydraulic conductivity is changeci; (3) swehg, which, if confined, will 

decrease the hydraulic conductivity; (4) shrinking and cracking that wiU greatly increase the 

hydraulic conductivity; and (5) a loss in plasticity. 
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Figure 4.17 Breakthrough cuves of compacted kaolirutes 

1 

. 

pexmeatcd with Ethanol. 

I 

0 TOC. na-D 
A TOC. HydriteR 
O EC. Fiai-D 
v EC. Hydntc R 

+ 

* A A 
a - - - A A A - 

u o  
u u Li u 

. A n O 
O 

4 

O 
w 

w . . 
r I 

. rn 

A 

O O O . 
v O 
1 1 O 

: 0 P A A A 

1.25 m 
K - 

1.00 

O 
E 

0.75 
2 
I: 

O.% 9 
m 
fi 
\ 

0.25 S)r 
O 

0.00 
O 2 4 6 8 1 O 12 

P W  



0 Hat-D 
Hydntc R 

L 

b J 

O 2 4 6 8 10 12 
PI T 

Figure 4.18 Relative hyiraulic conductivih of compacted kaolinites 



Figure 4.19 intnnsic permeability of compacted kaoliniies 
permeated with Ethanol. 

Figure 4.20 Relative intrinsic pemeability of compacted kaolinites 
pemeated with Ethanol. 



According to Gouy-Chapman theory, the diffuse double layer thickness with ethanol 

will be smailer than that with water. This change will increase the effective pore space, thus 

increasing the hydraulic conductivity. The mineralogy, however, of the two clays examined 

in this study is identical. Kaolinite is a nonexpanding clay minerai with no layer charge. In 

addition, it has a 1 : 1 layer structure, and a low cation exchange capacity compared to other 

clay rninerals. Interlayer space of the kaolinite particles c m o t  be changed. Therefore, the 

intrusion of ethanol wiii produce a minor increase, ifany, in the effective pore space. 

Relative intrinsic permeabiîity of compacted clays permeated with ethanol is presented 

in Fig. 4.20. The values of K' & for the clays approach unity, indicating that there was no 

m bstantial structural rearrangement of mil particles during perrneation with et hano 1. It is 

beiieved that the decrease in permeabihy for both ciays dunng the first pore volume of flow 

is caused by the energy spent in replacing water by ethanol in the adsorbed layer. Scanning 

electron rnicrographs of the samples taken after leaching, show in Figs. 4 -2 1 and 4.22, and 

compared with Figs. 4.1 and 4.2, respectively, support the pemeabiiity results. Although 

trivial changes in fabtic, induced by the replacement of water with ethanol, were observed, 

the soil structure appears to be the same before and after the test. 

The simple alcohols whose efTects on hydraulic conductivity have been reported in the 

literature (e.g., methanol) are lighter than water, are totdy soluble in water, have dipole 

moments similar to that of water (about 1.7 Debye), and relative permittivities or dielectric 

constants in the range of 24 to 36. They should be able to replace the double layer water in 

ciays and reduce the double layer thickness owing to their lower dielectric constant (Madsen 

and Mitchell, 1989). Femandez and Quigley (1 985) did tests on compacted iliitic-smectitic 

soil with both dan01 and methanol in a rigid-wall permeamter under an initial gradient of 

500. An increase in hydraulic conductivity of approximately one order of magnitude was 

measureâ in each case. In the tests by Anderson et al. (1985a), the neutral polar fluid, 

ethylene glycol, causeci continuous conductivity decreases in the kaolinitic soi1 with no 

apparent tendency to stabiiize. The same kaoiinite treated with acetone, another neutral polar 



(a) cross-section: efnuent 

@) plan: edge 
Figure 4.2 1 Scanning electron micrographs of compacted 
Hyârite Rat-D permeated with Ethanol. 



(a) cross-section: influent 

(b) plan: core 
Figure 4.22 Scanning electron micrographs of compacted 
Hydrite R penneated with EbiPnol. 



solvent, and methanol showed a conductivity increase of more than one order of magnitude 

d e r  an initial decrease in the case of acetone. Such increases in conductivity were observed 

by Anderson et al. (1985a) before the passage of two pore volumes. The increase in 

conductivity was believed to have been brought about by structurai changes in the clay 

produced by geochemical reactions between the pemeant and the clay. Agah, the use of 

specimen not fùlly saturated prior to testhg could contribute to the inconsistency of these 

results with the results reported in this research. 

Conductivity of kosse kaolin, montmorillonitic ranger shale, and fire clay was studied 

by Green et al. (1 98 1). Several organic solvents were used as penneants. The authors found 

that the conductivity of al1 clays decreased under the flow of al1 organic solvents, including 

methanol and acetone. In most samples, the conductivity stabilued &er 14-25 days. Green 

et al. (1981) attributed the difference in conductivity for various fluids to their dielectric 

constants. According to these authors, there was a good relationship between conduaivity 

and the dielectric constant of t he permeant : the greater the dielectric constant, the greater the 

conductivity. Not al1 the results agreed with this relationship, though. 

4.2.1.4 Heptane 

The hydraulic conductivities for both soils being permeated with water and heptane 

are shown in Figs. 4.23 and 4.24, respectively . Full breakthrough of heptane was confirmed 

by comparing TOC concentration of the etnuent with that of the Muent as presented in Fig. 

4.25. The Hydrite Fiat-D pemeated with pure heptane underwent a 20% decrease in 

hydraulic conductivity compared to that with water, as iiiustrated by Fig. 4.26. The decrease 

is attribuied to surface tension effects of immiscible liquids. 

Heptane is a neutral, non-polar organic auid, 0.4 times as viscous and 0.7 times as 

dense as water. It is practically Unmiscible with water, and the only way it could pass through 

a water-filleci porous media is by physically displacing the water fkom the pores, uniike 

miscible liquids that can difise through the water. Behg non-polar, it has no net charge and 
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Figure 4.23 Referme hydrauiic conductivity of compacted kaolinites 
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Figure 4.26 Relative hydraulic conductivity of compacted kaolinites 
permeaicd with Heptanc. 
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linle, if any, dipole moment. Therefore, heptane cannot displace water and be adsorbed on 

the clay surface. 

In a saturated porous medium, when one liquid replaces another with which it is 

immiscible, energy is expended. This is defined as the interfacial energy. Apart from the 

propenies of the two liquids, such as the viscosity and density, the energy required depends 

on the pore size: the larger the pore size, the smaller the energy required. Thus, a liquid rnay 

be able to displace water from a porous stone and flow through the stone, yet may fail to flow 

through a saturated clay adjacent to the stone. In this case, the intenacial energy is provided 

by the pressure gradient. 

Figure 4.26 shows an increase of almoa 5 times the hydraulic conductivity to water 

for Hydrite R. Moreover, the intrinsic permeability of Hydrlte R penneated with heptane is 

3 times the intrinsic pemeability to water, as presented by Figs. 4.27 and 4.28. Conductivity 

increases due to the density to viscosity ratio of heptane to water accounts for only a 55% 

increase in conductivity over values obtained with water. Other mechanisms than the den* 

and viscosity of heptane are obviously involved. For the Hydrite R sample, it seems that the 

largest pores were small enough to prevent heptane entry even at a hydraulic gradient of 578 

(a pressure gradient of 1 15 kPa). The reason for the lower heptane entry pressure in the case 

of Hydrile FIat-D is probably the presence of a few relativeiy large pores. It appears that the 

increase in k caused by heptane for the Hydrite R sample is the result of sidewall flow. The 

SEM examination of HyuWe R specimens supported this interpretation. 

Scanning electron micrographs showing the structure of Hydrite R as-compacted 

before penneation with heptane, shown in Fig. 4.2, are compared with those of Fig. 4.30 

obtained at the end of the leaching test. No features were observed that could be interpreted 

as indicating the alteration of the clay fabnc. The same result is concluded after exaniining the 

micrographs of H ' t e  FI&-D specimens. 





(a) cross-section: effluent 

(b) plan: edge 
Figure 4.30 Scanning electron micrographs of compacted 
Hydnte R pexmeated with Heptane. 



Anderson et al. (1 985a) reponed conductivity increases of roughly two to three 

orders of magnitude in al1 of the sarnples, including kaolinite, permeated with the neutral non- 

polar fluids heptane and xylene even before the passage of half a pore volume. At that point, 

the soils tended to reach a relatively constant conductivity. Anderson et al. (1 98Sa) believed 

that stmctural changes resulting fiom the reaction between the non-polar organic fluid and 

the clay caused the increase in conductivity. Since steady conductivity values were reached 

within a short tirne, unlike the continuous conductivity increases experienced with neutral 

polar permeants, the authors presumed t hat the reactions were limited. 

The results of Anderson et al. (1 985a) can be compared to those obtained for sUnilar 

clays and penneants by Green et al. (198 1) to note the contradictions. Green et al. (198 1) 

show a continuous decrease in conductivity, whereas Anderson et al. (1 985a) report a sharp 

increase in conductivity on the passage of hdf a pore volume of permeant. Attempts by 

Foreman and Daniel (1986) to permeate a Hydrite R kaolin clay from Georgia Kaolin Co., 

New Jersey, and two naturally occurring illitic and smectitic clays with pure heptane using 

flexible-wall permeameters and hydraulic gradients as large as 300 were unsuccessful. After 

some smail quantity of flow of heptane, k dropped to essentially zero. Foreman and Daniel 

(1 986) attributed the cessation of flow of heptane to the surface tension between heptane and 

water. The phenornenon is similar to the flow of oil in porous materiais. Larnbe (1956) States 

that the oil entry pressure for a water-saturateci clay may be 689 to 1,034 kPa (100 to 150 

psi). The entry pressure is a fùnction of the radius of a pore (by analogy to a capillary) such 

that the oil entry pressure decreases as the pores in the soi1 become larger. Because the 

surface tension of heptane is s ida r  to that of oii, the heptane entry pressure should be simiiar 

to the oil entry pressure. 

The interaction between clay particles and organic compwnds is considered to be the 

resuft of mainly the lower pertnittivity of the permeants. Mitchell (1 993) showed that a 

decrease in relative pemUttivity f?om 80 to 24 when water was replaced by ethanoc resulted 

in a reduction of the diaise double layer thickness by 45%. The dîflùse double layer tends to 



shrink according to Eq. A.6, and the resulting decrease in repulsive force between particles 

is expected to lead to flocculation of clay particles in soil mass. This phenornenon has been 

proven experimentally for slurries prepared with organic chernicals (Michaels and L 4  1954), 

and for compacted soils and slumes permeated by organic fluids (Anderson et al., 1 985a; 

Evans et ai., 1985). The SEM observations of this shidy confimi the aiteration of clay fabric 

whenever the organic matter replaces the double layer water or at least encounters the clay 

particles at the microscopie level, as in the case of the leaching tests with acetic acid and, to 

some extend, with ethanol. Aniline and apparently heptane were unable to reach the surface 

ofclay particles due to their hydrophobic nature, and thus failed to cause subaantial structural 

remangement of soil fabric. 

Green et al. ( 198 1 ) also concluded fiom their work on the penneabilities of various 

clays with organic permeants that the differences in dielectric constant of the fluids are 

responsible for the changes in conductivities they observed. The results of Green et al. (198 1) 

show that the greater the dielectric constant the greater the conductivity. Selected 

conductivity ratios (k, kW) published in the literature and those obtained by Budhu et al. 

( 1 99 1 ) fiom consolidation tests were plotted versus dielectric constant ratios for a group of 

organic fluids in three types of clay materials. Based on those plots, Budhu et al. (1991) 

proposed a single parameter relationship between the conductivity ratio and the dielectric 

constant of the perrneant. Their proposed variable 1 is a constant for a particular soil type 

with a given stress history. The authors were uncenain as to what soi1 properties determine 

the value of A. Budhu et al. (1991) concluded that differences in dielectric constant between 

the organic aiids and pure water correlate better with changes in conductivity than does any 

other single parameta. 

As a final note, an attempt was made to correlate the change in hydraulic conductivity 

with the relative permittivity of the different organic contaminants. The results obtained 

experimentally dunng the course of the research are plotted against the dielectric constant of 

the permeants in Fig . 4.3 1. Moreover, the theoretically calculated rektive hydraulic 
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Figwe 4.3 1 Relationsiup between relative hydraulic conductiviv 
of compacted kaoiinites and relative pennittr viîy of organic compounds. 



conductivities for both clays are illustrated in the sarne figure. Examination of these plots 

revealed no convincing relationship between the conductivity ratio and the relative 

permittivity. The scatter in the results, partly owing to the limited number of data points, 

makes even a statisticd evaluation intractable. 

4.2.2 Iaorganic ChemKah 

4.2.3.1 Sodium Chloride 

Figures 4.32 and 4.33 present the results of the hydraulic conductivity measurements 

for the compacted kaolinites. Monitoring of the effluent during the NaCI tests was 

accomplished by electrical conductivity measurements, and the establishment ofbreakrhrough 

curves was realued by determinhg the chlonde concentration of the effluent. Breakthrough 

curves of the clays penneated with 5M NaCl are shown in Fig. 4.34. 

Mer a slight increase during the first pore volume of flow, the hydraulic conductivity 

of both kaolinites decreased steadily until reaching its respective equilibrium value, as shown 

in Fig. 4.35. The strong suppression of the diffuse double layer by Mme of an increase in 

electrolyte concentration can be demonstrated by Eq. A.6. Theoretically, a 100-fold decrease 

in sodium chloride concentration increases the thickness of the diffuse double layer 10 times, 

ot her paramet ers kept constant (Mitchell, 1993). For a slurry, the Gouy-Chapman theory 

postdates an increase in the hydraulic conductivity of clayey soils with the increase in 

electrolyte concentration. This prediction was confirmed experimmtally by Alther et al. 

(1985). The authors conducted hydraulic conductivity measurements on a bentonite slurry 

using various inorganic salts. Hydraulic conductivity hcreased generally with the increase in 

salt concentration. Ahher et al. (1985) considereâ the diffise double layer theory to be 

generally consistemt with their results: the higher the electrolyte concentration, the higher the 

hydraulic conductivity. The formation of flocculated structure in the case of a slurry, where 

the particles are &ee to move, is anributed to such behavior. However, the compacted 
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Figure 4.32 Refennce hydraulic conductivity of ccmpacted kaolinites 
permeated with 5M NaCI. 
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Figure 4.33 Hydrauhc conductivity of compacted kaoiinites 
permeated with SM NaCI. 

Figure 4.34 Breakthrough m e s  of compactecl kaohtes 
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kaolinites in this study are relatively confineci by the rigid-wall permemeta, hence restricting 

the movement of clay particles. 

M e n  the effkcts of density and viscosity are corrected, the Uitrinsic penneabiiity 

values can be obtained as presented by Fig. 4.36. The variation of K, K, for both kaoiinites 

with the accumulated pore volumes of flow is shown in Fig. 4.37. The intrinsic penneability 

ratio at the end of the test varies from 1.20 to 0.77 for Hydnre Flot-D and Hydrite R, 

respectively. Such variation around unity indicates that the concentrateci salt solution has no 

signincant effect on the pore characteristics of compacted kaolinite. This observation is 

backed by the scanning electron micrographs of Fig. 4.38. No sever alteration in the fabnc 

arrangement of the kaolinites before and afler the salt transport through the samples could be 

detected when comparing SEM micrographs of the as-compacted clay (Figs. 4.1 and 4.2) 

with those of the contarninated soil. At higher SEM magnification, the disappearance of some 

of the smaller pores was revealed in the sarnples permeated by 5M NaCl. This might have 

been caused by the formation of salt crystals following the fieeze-drying process for the 

preparation of SEM specimens. Compacted kaolinites used in this project appear to be much 

more resistant to the attack of concentrated salt as indicated by their stable stmcture. 

During the course of this research, a leaching test was conducted on Hydrte Flat-D 

clay sarnple using Rowe cell as the permearneter and permeated with various concentrations 

ofNaCl. To prevent potential sidewd leakage, a piston was appiied to the soil column d u ~ g  

hydraulic conductivity measurements. The same trend as the one shown in Fig. 4.33 for 

Hyhze FIaz-D was obtained. It is weU recognized that both compaction stress and lateral 

confiring pressure play an important role in de6ning clay-ektrolyte interaction, and 

consequently hydraulic conductivity results, by restricting the movement of clay particles. 

When clay particles are not constrained, there is a greater chance for clay-electrolyte 

interaction to take place, resulting in a change in conductivity as observed by Quirk and 

Schofieid (1955). Yang and Barbour (1992) and Barbour and Yang (1993) reached similar 

conclusions. 



(a) Hydrite F1at-D 

(b) Hydrite R 
Figure 4.3 8 Scanning elemon micrographs of compacted 
kaolinites pemeated with 5M NaCl. 



4.2.2.2 Hydrochloric Acid and Sodium Hydroxide 

The effects of a change in pH of the pore tluids on compacted clays were investigated 

by penneating the soil columns with solutions of hydrochlonc acid (0.01M HCl) and sodium 

hydroxide (0.25M NaOH). Pemeation of 0.0 1M HCl solution resulted in the hydraulic 

conductivity changes presented in Figs. 4.39,4.40, and 4.42. Limited neutralization reactions 

appear to have happened while pemeating the kaoiinites with HCI as indicated by the change 

in pH of the effluent shown in Fig. 4.41. No significant change in intrinsic permeability was 

recorded during the leaching test with the low concentration HCl as Uustrated by Figs. 4.43 

and 4.44, even though clay-chernical interactions are believed to have taken place, at leas to 

some extend. SEM observations were al1 consistent with the leaching test results as shown 

by Fig. 4.45. Some local dissolution is revealed by the micrographs of the contaminated clays 

as a result of the geochemical reactions between the acid and soil. 

When NaOH solution was introduced into the compacted clays, neutralization 

reactions appear to have occurred as indicated by the slow increase in pH of the H ' t e  FIat- 

D leaching shown in Fig. 4.48. The clay particles ofHydite Flat-D apparently possess cenain 

buffer capacity. Pemeation of 0.25M NaOH led to the conductivity changes presented in 

Figs. 4.46, 4.47, and 4.49. The changes in intrinsic permeability are also presented in Figs. 

4.50 and 4.5 1 . SEM rnicrographs shown in Fig. 4.52 do not reveal any significant alteration 

in the fabric of both contaminated soils compared with the particle arrangement of 

uncontaminated clay. It appears that the processed soils used in this research are neither 

capable of accepting nor releasing H+ as indicated by the SEM observations. 

According to theury, a change in pH of a pore fluid should cause a change in the 

difise double layer thickness by a l t e ~ g  the charge at the surfàce of clay particle. Adsorption 

of H+ ont0 the hydroxyl surface fùnctionai group tends to make the particles more positively 

charged, and thus r d s  in a fiocculated structure by v h e  of reducing the repulsive energy 

potential. Adsorption of OR would have an opposite dect on clay particle interactions. 

When a bentonite sluny was tested, an increase of an order of magnitude in hydniulic 
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Figure 4.39 Refetence hydraulic conductivity of compacted kaolinites 
bermeated with 0.01M HCI. 
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Figure 4.42 Relative hyâraulic conductivih of compacted kaoluùtes 
permeated with 0.0 1 M HCl. 
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Figure 4.43 Intrinsic permeabi iity of compacteci kaolinites 
permeated with 0.01M HCI. 
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Figure 4.44 Relative intrimic penneability of compactcd kaoiinites 
permeated with 0.01M HCl. 



(a) Hydrite Flat-D 

@) Hydrite R 
Figure 4.45 Scamiiag electron micrographs of compacted 
kaoliaites pcnneated with 0.01M HCl. 
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Figure 4.46 Rcferctlcc hydrauiic condwtivity of campacted kaolinites 
permeated with 0.25M NaOH. 
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Figure 4.47 Hyirauiic Mductivity of compacted kaolinites 
permeated with 0.25M NaOH. 

I 0 pH. Flar-D 
A pH. Hydnrc R 

. Q EC. Flat-D 
L A 

O 
r EC. Hydriic R 

O 

. - - - - - - - - - - - - - - A - - - - - - . - - - - - - - - - - - - - - - - - - . - - - - . - - - - . - . - - - - * . -  1.25 
A a - 

, - - - - - - - - * * - - * - - - - - - - - - - - - - - - -  v - - - - -  ** - - m . - -  * - - . - - -  - - - - - -  1.w a 
n 

v 
a m 

- - - - - - - - - - - - - - - - - . * + - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * -  - 0.75 
m 3 

I: 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - * * - - * - - - *  0 . s  9 

O 2 4 6 
PbT 

Figure 4.48 Breakihrough c w e s  of cottlpactcd kaolinites 
permeated with 0.25M NaOH. 



Figure 4.49 Relative hydradic conductivity of compacted kaolinites 
permeated Hith O.25M NaOH. 
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Figure 4.5 1 Relative intrinsic permeability of compacted kaoiinites 



(a) Hycirite Flat-D 

(b) Hydrite R 
Figure 4.52 Scanning electron micrographs of compacted 
kaoliaites penneated with 0.25M NaOH. 



conductivity was measured due to permeation of inorganic acid and base (D'Appolonia, 

1980). However, the possible dissolution ofbentonite particles was inferred as the mechanism 

responsible for the change in conductivity. For compacted clays, contradicthg resuits have 

been reported and the dissolution-precipitation of other minerals contained in soil was 

frequently mentioned in most cases (Gordon and Forrest, 198 1; Lentz et al., 1985). In this 

study, no significant dissolution of clay particles was detected fiom SEM observations, and 

the commercial clays used do not contain a large amount of soluble minerals. The pH changes 

at the effluent end of the tests appear to result fiom adsorption of either FI+ or 08 ont0 the 

surfaces of clay particles. Under lateraiiy constrained conditions, geochemical reactions seem 

not to cause substantial changes in soil fabric. 

An effort was made to investigate the viability of Kozeny-Carman hydraulic mode1 by 

correlating the theoretically calculated intrinsic pemeability to the experimentally obtained 

values for inorganic chemicals, as presented in Fig. 4.53. The Kozeny-Carman equation, as 

defuied by Eq. 2.16, expresses the intrinsic pemeability K in ternis of surface area, a flow 

factor, and void ratio (or porosity). Pore-size distribution and particle-size infiuence the 

porosity n or void ratio e. The role of void ratio may be readily seen in the form that e takes 

in Eq. 2.16. In computing the theoreticai value of perrneability for each kaolinite, flow is 

assumed to occur adjacent to oniy 80% of al1 particie surfaces. Therefore, the wetted surface 

S, of Eq. 2.16 is considered to represent 80% of the total specific surface area of the clay. The 

prirnary considerations needed for the valid application of Kozeny-Carman mode1 are: (a) 

relatively unifonn particle size, (b) laminar fiow of liquid through the pores, (c) validity of 

Darcy' s law, and (d) absence of long- and short-range forces of interaction. 

Ideally, the quantitative prediction of perrneability w i l  be closest for granular 

particles. The Kozeny-Carman relationship represents a rennement ofDarcy 's law accountiag 

for certain soi1 properties and characteristics. However, if the interaction characteristics 

known to exist in clay-contaminant systems, and add to that the fact that clay particles are 

platelike in shape and fom fabric units such that overall permeability between and within 
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Figure 4.53 Theoretical and experimmtal permeability of compacted kaolinites 



fabric units are different, it is apparent that the Kozeny-Carman mode1 becomes Iess valid. 

Figure 4.53 shows no soiid relationship between the experirnentaüy obtained penneabilities 

to inorganic pemeants for the compacted clays of this study. The limited number of data 

points prevents further analysis through statistical regression. 

Finaliy, a synthesis of the results for al1 leaching tests performed during the course of 

this study is presented in Table 4.1. 

4.3 Soakinn Test Results 

To examine the influence of organic contaminants on the fabric of compacted kaolin 

clays under no flow conditions, a senes of soaking tests was carrieci out following the 

protocol described in chapter 3. At the end of each test, the soaked samples were subjected 

to thorough visual inspections. Specimens of the contaminated soils were also scrutinized 

using SEM analysis. The resulted rnicrographs of the clay structure were compared with those 

of the as-compacted kaoünites. The SEM investigation was performed following the 

procedures discussed in the previous chapter. 

4.3.1 Acctic Acid 

The massive structure of the clays resulting from the static compaction was severely 

altered by exposure to the pure organic acid into an aggregated structure characterked by 

visible clod-size particles. The attack by acetic acid is clearly causing dissoiution of soi1 

components. A plug-like layer of approxhately 10 mm thick was obsened at the bottom of 

Hydrlte Fht-D indicating partial precipitation folîowing the dissolution process. SEM 

micrographs confhmed the alteration of the original compacted fabric into an aggregated one, 

as presented in Fig. 4.54. 



Table 4.1 Results synthesis of the leaching tests. 

0.01M HCI 



(a) Hydrite Flat-D 

(b) Hydnte R 
Figure 4.54 Scanning electrm micrographs of compacted 
kaohnites soaked in Acetic Acid. 



4.3.2 Aniline 

Visual Uispecnon of the compacted kaolinites soaked in aniline revealed visible pores 

and cracks on the soil surface directly exposed to the organic base. The macrofabric change 

was more extensive in the lower hdf of both kaolin clay samples. Contaminated specirnens 

examined by SEM at the end ofthe soaking tests show M t e d  interaction between aniline and 

kaoiinites of this research as indicated by Fig. 4.55. Apparently, aniline is too weak a base to 

cause signifiant dissolution of clay soil constituents upon exposure. 

The same observation noticed der the leaching test was again noted at the end of the 

soaking test: Hydrlte F h - D  and H ' r e  R samples had both become dehydrated and had iost 

much of their plasticity. Visual observation of the soi1 d e r  ethanol soaking showed some 

local shrinkage and cracking. Soi1 shrinkage is usually associated with dehydration, suggesting 

that ethanol had displaced water fiom clay particle surfaces. Examination of ethanol-treated 

soils by SEM revealed rninor changes in the fabric of kaolinite as shown in Fig. 4.56. The 

lower relative perrnittivity (dielectric constant) of ethanol may have caused a decrease in 

spacing between the clay minerals present in the soils and, thereby, promoted those limited 

structural changes. While ethanol cm displace water fiom clay surfaces by virtue of its 

comparable dipole moment to that of water, it probably cannot form as many adsorbed layers 

as water due to its lower dielectric constant and higher molecular weight. 

4.3.4 Heptane 

The water irnmimble solvent heptane had no effect on the fabric of kaolinites soaked 

in the pure hydrocarbon. Such indication was exemplifieci by visual inspection after the test 

which showed that both samples preserved their as-compacted massive structure. SEM 

investigation also confirmed the visual observation. The micrographs shown in Fig. 4.57 



(a) Hyârite Flet-D 

(b) Hydrite R 
Figure 4.55 Scaaning electron micrograpbs of compacted 



(a) Hyàrite Flat-D 

(b) Hydnte R 
Figure 4.56 Scanning electron micrographs of compacted 
kaolinites soaked in Etbanol. 



(a) Hydrite ~ l a t - ~ ~  

(b) Hydzite R 
Figure 4.57 Scanning electron mirographs of compacted 
kaolinites soaked in Heptane. 



indicate that the particle arrangement of heptane-exposed kaofin clays was unaitered when 

compared with the fabric of the soils before treatment. Obviously, the limited abiiity of non- 

polar organic compounds to penetrate interlayer spaces of the clay minerals due to their 

hydrophobie nature is halting further interaction between clay particles and heptane. 

4.4 Contaminant Trans~ort Simulation 

To simulate the one-dimensional transport problern of the present investigation, a 

steady-state seepage analysis had to be run first before solving the goverring transpon 

equation nwnencally. Modeling of the steady-state seepage flow was performed following the 

procedures outlined in chapter 3. 

Results of numencal simulation conducted by finite element method using SEEPiW 

for the clays of this research are presented graphically on the finite element mesh as shown 

in Fig. 4.58. The total flux value in m3/s across a defined section is computed and displayed 

for both kaolinites. Total head values in meters are also contoured and labeled in Fig. 4.58. 

SEEPMr cornputes the position of a specific contour line according to the values of total head 

at the nodes. Figure 4.58 displays the velocity vectors for each soi1 as determined fiom the 

finite element analysis. Velocity vectors are plotted with the tad of the vector at the amter of 

the element; however, they cannot be drawn exactly to d e ,  since they would be too s m d  

to be visible. 

Two cases of contaminant migration modeling are considered in this study. The fira 
case is the analysis of the basic transpon problem with diffusion and no adsorption. In other 

words, contaminant migration is oniy govemed by the advection and dispersion processes. 

The modeling of this case is camed out by following the protocol discussed in chapter 3. The 

breakthrough of contaminant dong the simple for different tirnes is presented for both clays 

in Figs. 4.5 9(a) and 4.60(a). 



Distance (m) (x 0.001) 
(a) Hydrite Flat-D 

Distance (m) (x 0.001) 
(b) Hydrite R 

Figure 4.58 Numerical simulation results of SEEPIW. 



(a) with diffusion and no adsorption. 

(b) with difision and adsorption 

Figure 4.59 Numencal simulation results of CTRANN 
for Hydnte Flat-D. 



(a) with diffusion and no adsorption. 

(b) with diffusion and adsorption 

Figure 4.60 Numerical simulation results of C T R A N N  
for Hydrite R. 



The second scenario involves att enuation of the rnigrating contaminant. Adsorption 

in the transport process retards contaminant migration as the contaminant may be adsorbed 

to the soi1 particles. The effect of adsorption is expressed in a terni generally referred to as 

the retardation factor Rd and is represented mathematicdy by Eq. 2.3 7. The simulation of this 

scenario is performed foliowing the protocol describeci in the previous chapter. Numencal 

result s of the contaminant transport considering both diffusion and adsorption processes are 

Uuarated in Figs. 4.59(b) and 4.60(b) for Hy&ite Flat-D and Hydrite R, respectively . 

Contaminant breakthrough curves obtained analytically using the finite element 

method analysis and those resulted experimentally fiom the laboratoiy leaching tests are 

compared for the clays permeated with organic solvents and sodium chioride solution. Except 

for the first pore volume of Bow, breakthrough curves of compacted kaolinites permeated 

with acetic acid are better simulated by the case where adsorption is considered with difision 

as shown in Fig. 4.61. On the other hand, soils leached with ethanol resulted in breakthrough 

cwves which are closely shulated by the case of no adsorption, particularly for H ' j t e  R, 

as presented in Fig. 4.62 and excluding the result of fist pore volume of flow. 

Figure 4.63 shows the cornparison between the exper imd breakthrough curves of 

the clays contaminated by heptane and the numerical ones. No soiid conclusion could be 

drawn fiom the trend illustrated by the heptane-trested Hyrlhte Flar-D, howwa, the results 

of Hydrite R confirm the beiief that the breakthrough of hydrocarbon was triggered by 

sidewali leakage rather than genuine soü-contaminant interaction. Finally, the numencal 

simulation results obtained by taking into account the adsorption process are in perfect 

agreement with the breakthrough curves of chloride for both kaolin clays permeated with 

NaCl as shown in Fig. 4.64. 
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CEAPTER 5 

CONCLUSIONS 

Of the soil properties needed for solution of most geoenvironmental engineering 

problerns, none varies over so wide a range or is so dficult to determine reliably as the 

hydraulic conductivity. The hydraulic conductivity and its susceptibility to changes with tirne 

or exposure to chemicals are the major factors in the selection of clay for use in waste 

containment barriers. A given soil, however, may exhibit large variations in hydraulic 

conductivity as a result of changes in fabnc (particle arrangements), density, and water 

content. To understand how different chemicals can influence the hydraulic conductivity of 

fine-grained soils, and also, how variations of important magnitude in hydraulic conductivity 

can occur within small ranges of density and water content requires consideration of the 

importance of clay structure and the factors which affect it. 

The present research performed on two different particle-size kaolin clays staticaiiy 

compacted at optimum rnoisture content and perrneated with a spectrum of contaminants 

leads to the following conclusions with respect to soil structure and hydraulic conductivity: 

P Despite the recently achieved advances in Our knowledge concerning the field of 

soil-contaminant interactions and cornpatibiiity, the need is aiîi persistent for the assessrnent 

of pollutants transport through soils and its impact on the soil structure; consequently, 

questioning the integrity of compacted clay barriers in waste disposaYcontainment facilities. 

P An outstanding research is founded on a thorough, full characterization of the 

materials used in the research. The complete characterization of the clays and chemicals used 

as permeants in this study is accomplished. The dBerent methods adopted to conduct the 

expenmentai program and numericd anaiysis are discussed and justifieci. 

P Kaolinite compacted at optimum moisture content is characterized by an orderly 

ananged rnicrofabrc composed of fiocnilateci aggregates and disperseci metrix. The matrix 

is fomed by a dense stacking of domains in face-to-face contacts resulting in the so-calleci 

turbostratic structure. Maximum dry density is achieved by the ma& in clay compacted at 



optimum water content. The aggregates are constructed of stepped face-to-face and edge-to- 

face arrangements of domains. The stair-stepped fabric provides strong resistance to 

compaction stress. The strong resistance ofaggregates to compaction leads to the existence 

of large pores in clay compacted at optimwn moisture content. Therefore, minimum values 

of hydraulic conductivity cannot be reached even though the soi1 possesses its maximum dry 

density, and thus the minimum void ratio. 

O Pure organic contaminants are able to cause flocdation of clay particles by 

shrinking the difise double layer due to their relatively low permittivities. However, non- 

polar and hydrophobie compounds could not replace water in small pores, and thus has no 

effect on clay structure as revealed by scanning electron micrographs. Moreover, fabric 

changes obs~rved in the soaked samples were restricted to local areas. The dissolution- 

precipitation phenornenon is confirmed by the attack of organic acid on both leached and 

soaked samples. Although a significant number of studies were carried out to evaluate the 

hydraulic conductivity of soils with organic fluids as permeants, it still is extrernely difficult 

to select a single factor that can be identified as being responsible for the change in 

permeability when an organic fluid replaces water. 

P Altered fabric anâ/or flocculated structure does not necessaily lead to an increase 

in hydraulic conductivity, especially if the clay has been properly compacted and is kept under 

confinement. Reductions in hydraulic conductivity were rneasured when the mil columns were 

permeated with the various chemicals. The value of this macroscopic property should be 

influenced by many other factors including: soiî constituents and mineral composition, 

permeant properties, sarnple preparation procedures, Ness conditions, hydraulic gradient 

range, and methods of hydraulic conductivity measurernent. 

P Penneation of a highly concentrated inorganic sait through compacted kaolinites 

did not result in a substantial change in htrinsic pemeability. SEM investigations are 

consistent with the results of hydraulic conductivity measurernent S. hctease in electrolyte 

concentration does not alter the fabric of a properly compacted and c o h e d  clay . 

P Inorganic acid and base with extrernely low and high pHs have a siight aect  on the 

structure of kaolin clays. Geochernid reactions, however, were detmed. The bunrr capacity 



of clay particles might have played a more significant role in preventing the particles fiom 

being dissolved d u ~ g  leaching, as illustrated by SEM observations of the microfabric. 

D Soaked samples in organic solvents for examinhg the impact of contaminant 

migration under pure diffusion on the structure of compacted clays confirmed the conclusions 

drawn upon the leaching tests. Except for the samples soaked in pure organic acid, no 

discemible differences in the clay fabric were observed with either Hjddte FIat-D or Hydite 

R. 

O Finite element method is employed to accornpiish the analytical analysis of this 

research. The numencal simulation served as a bridge in evaluating the correlation between 

rnacroscopic and microscopic properties. It also shed more light on the extent of validity of 

simuiating pollutant migration through soils by finite element method. 

P Scanning electron microscopy has proved to be a powerful tool for revealing soi1 

structure at the microscopic level. The SEM maintains high resolution under magnification 

and produces a depth field of the images. The shadows and perspective of the micrographs 

provide abundant topographicai information invaluable to studying soi1 fabric. Smaller 

particles c m  be discemed from distant particles on the photo. Overlapping particles can also 

be identified. Nevertheless, the application of SEM to microfabric observation on compacted 

clays is challenging due to the complicated, and sometimes tedious, specimen preparation 

tecliniques and SEM operations. 

Future Research: 

Based on the findings of this study, the following recornmendations could be 

concluded: 

P Investigating the impact of contaminant migration, by direct observation using 

SEM, on the structure of more active clays, for instance, illite, would be the natural extent 

of this research. Furthemore, natural clays actudy employed or potentiai to be acting as 

hydraulic bamiers for mgineered landfiiis and surface impoundments have to be scrutinized 



by means of SEM analyses to assess their compatibihy and integrity regarding hazardous 

waste storage. 

P Geotechnical behavior of soils leached with hazardous contaminants has not 

attracted yet its due attention. A research concentrating on the mechanical behavior of clays 

afler leaching with various contaminants would indeed add more insight into the problem of 

contaminant migration. 

P Elevated hydraulic gradients ( i  > 100) typically are applied in laboratory hydraulic 

conductivity and contaminant compatibihty tests to speed the testing times. A number of 

studies have investigated the effect of applied hydraulic gradient and the associated stress 

levels on the measurement of the hydraulic conductivity of soils. Most of these studies, 

however, penain to the use of flexible-wall tests since the effective stress conditions in rigid- 

wall hydraulic conductivity tests are unknown. Further research examining the actual stress 

conditions in rigid-wall permeameters is ceriainly needed. 

LI Although it is generally accepted that rigid-wall tests tend to overestimate hydraulic 

conductivity values for various reasons, pnncipally side-wall leakage, less information on the 

effects of hydraulic gradient exists for rigid-wall tests. More studies investigating the impact 

of different hydraulic gradients on the results of the rigid-wall tests are highly recommended. 
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APPENDK A 

BASIC PRINCIPLES 



A.l Clav Mineralogy 

The term soil is likely to have a considerably different meaning when used by a 

geologist, by an agronomist, and by a civil engineer. Soil to a geologist is the weathered 

regolith at the earth's surface that supports vegetation. It is thought of generally as being 

loose, argillaceous, and with sorne organic content. To the agronornist, it is the loose regolith 

at the emhts surface. It need not be weathered nor contain any vegetation; it rnay be gravel, 

for example. Also according to agronomists, a soil is likely to be composed of a series of 

horizons and have properties quite independent of the underlying parent bedrock. The civil 

engineer tends to divide the material at the earth's crust into two categories: 1. rock, and 2. 

soils. Rock is defined as sornething that is hard and consolidated. Soil, according to Terzaghi 

and Peck (1 948), "is a natural aggregate of mineral grains that can be separated by such gentle 

means as agitation in water." Substantially any loose material at the earth's crust, regardless 

of particle-size distribution, composition, or organic content, is soil to the engineer. It may 

or may not be weathered. Sirnilariy, to the engineer, soii can extend to any depth below the 

surface so long as the material is not indurated substantially. 

Clay is used as a rock t m  and also as a particle-size term in the mechanical analysis 

of sedimentary rocks, soils, etc. As a rock term, it is difficult to deîhe precisely, because of 

the wide variety of materials that have been called clays. In general, the term clay implies a 

natural, earthy, fine-grained rnaterial which develops plasticity when mixeci with a limited 

amount of water. By plasticity is meant the property ofthe moistened material to be deformed 

under the application of pressure, with the deformed shape being retained when the deforming 

pressure is removed. Chernical analyses of clays show them to be composed essentidy of 

silica, alumina, and water, fiequently with appreciable quantities of iron, alkalies, and alkaline 

earths. Moreover, the term clay has no genetic significance. It is used for rnaterial that is the 

product of weathering, has formed by hydrothemal action, or has been deposited as a 

sediment. 



To the engineer, however, the tem clay is primarily a particle-size tem. As a particle- 

size term, the clay fraction is that size fraction composed of the srnallest particles. The 

maximum size of particles in the clay size grade is defined Merently in dflerent disciplines. 

In geology, for instance, the tendency has been to follow the Wentworth (1 922) sale and to 

define the clay grade as material h e r  than about 4 Fm. On the other hand, in soi1 

investigations, the tendency is to use 2 pm as the upper limit of the clay size grade. Although 

there is no sharp universal boundary between the particle size of the clay minerals and nonclay 

minerals in argdlaceous materials, a large number of analyses have shown that there is a 

general tendency for the clay mioerds to be concentrated in a size less than about 2 Pm, or 

that naturdly occurring larger clay- mineral particles break down easiiy to this size when the 

clay is slaked in water. Also such analyses have show that the nonclay rninerals usuaîiy are 

not present in particles much smaller than about L to 2 Fm. There is, therefore, a fundamental 

reason for placing the upper Iimit of the clay size grade at 2 pm. Thus, the tenn clay is 

primarily a particle-size tem. 

A.1.1 Factors ControUing the Properties of  Clay Materials 

The factors which control the propetties of clay materials or the attributes which must 

be known to completely characterize a clay matmal may be ciassified as follows: 

A. 1.1.1 Clay-Minerai Composition 

This refers to the identity and relative abundance of al1 the clay-mineral components. 

Since certain clay rninerals which may be present in very s m d  amounts may exert a 

tremendous infiuence on the amibutes of a clay material, it is not adequate to determine only 

the major clay-mineral components. Thus a smd amount (5 Yi) of smectite in a clay is likely 

to provide a material very d i n i t  fkom another clay with the sarne composition in ail ways 

except for the absence of smectite. 



The perfection of cryaallinity of the clay muierals is variable in clay materials. 

Therefore, kaolinite may be well organized or poorly organized in a given sample; iliite may 

be degraded or weil cryaallized. It is known that certain properties, such as plasticity, Vary 

with the crystalline character of the component clay minerais. 

The morphology of the clay-minera1 components may be a distinctive property of a 

particular clay. For instance, in some kaolins the flakes of kaolinite are large and thm, while 

in others they are thicker with less areal extent; in some bentonites the smectite particles are 

large and very thin, whereas in other bentonites the particles are more granular. 

To characterize a clay material completely, and to provide adequate data to 

understand physical properties, therefore, clay-minerai analyses must be thorough and 

complete. in addition, the procedure must not alter the clay minerals. Frequently several lines 

of approach are necessary, e.g., diffraction, electron microscopy, and chernical methods. At 

times, however, even with a combination of methods, it is difncult to obtain complete data. 

For example, it is often difficult to establish the presence ofallophane, and one can Say ody 

that the solubility data, diffraction data, etc., suggea the presence of very poorly organized 

material. Fominately, clay-mineral analyses of samples composed entirely of kaolinite are 

relatively simple by any procedure. 

A. 1.1.2 Nonclay-Mineral Composition 

This refers to the identity of the nonclay minerals, their relative abundance, and the 

particle-size distribution of the individual speçies. Calcite, dolomite, large flakes of mica, 

pyrite, feldspar, gibbsite, and other minerals are very abundant in some clay materials. Yet, 

the nonclay minerais in clay materials tend generally to be concentrated in particles coarser 

than about 2 pm. There are, however, materiais in which they are much finer-grained. 

Obviously, it is impossible or ujustifiably the-consuming to get aiî the data 

concerning the nonclay rninerals in most investigations of clay materiais. The lengths to which 



one can and must go depend largely on the problem at hand and the purpose of the 

investigation. It is fiequently adequate to detemine the identity of only the more abundam 

nonclay rninerals, and their sorting and particle-size distribution in a general way. As an 

example, the study of a soi1 from the point-o'view of soil mechanics demands that sorting 

within the silt-size range be studied in considerable detail, since the presence of some silt 

materials may yield a material with unique physical properties of great importance to the 

constmction engineer. 

The analysis of a clay material must be tailor-rnade to the material being studied and 

to the purpose of the investigation, and must provide comparable results from one sample to 

another. One m o t  blindly use a set analyticai procedure for ail matenals and ail problems 

and still get adequate data without a tremendous waste of time and effon. 

A. 1 . l .  3 Organic Materiai 

This refers to the kind and amount of organic matenal contained in a clay materiai. In 

general, the organic materiai occurs in clay materials in several ways: It may be present as 

discrete particles of wood, leaf matter, spores, etc.; it rnay be present as organic molecules 

adsorbed on the surface of the clay-mineral particles; or it may be intercalated between the 

silicate layers. The discrete particles may be present in any size, from large chunks easily 

visible to the naked eye to particles of coiloidal size which act as a pigment in the clay-mineral 

materiais. 

The total arnount of organic material cm be detertnined simply by readily available 

standard analytical procedures. Detemination of the kind of organic material is, however, a 

more difficult problem. The m d y  ofthe organic content of clay materials is a problem wonhy 

of intensive research for a variety of reasons. For instance, the organic content ofien is 

important in determinhg the propenies of a clay materiai. Also, a knowledge of clay-mineral- 

organic relations rnight throw much light on some important geologic processes. 



A. 1.1.4 Exchangeable Ions and Soluble Salts 

Some clay materials contain water-soluble salts which rnay have been entrained in the 

clay at the tirne of accumulation or may have developed subsequentiy as a consequence of 

weathering or alteration processes, as in the oxidation of pyrite to produce d a t e s .  Cornmon 

water-soluble salts found in clay materials are chlorides, suüates, and carbonates of alkalies, 

alkaline earths, alurninum, and uon. 

The clay minerais and some of the organic material found in clay materials have 

significant ion-exchange capacity. The ion-exchange capacity of the clay minerals and the 

organic components, as weU as the identity and relative abundance of the exchangeable ions 

which are present, are extremely important amiutes of clay materials. To fully characterite 

a clay materiai, the relative abundance of both the exchangeable anions and cations should be 

daemiined. Nevertheless, it is difncult to distinguish sometimes between exchangeable ions 

and those present in a moderately soluble compound, and as a resuh the deteminations of 

ion-exchange characteristics become a difficult task in a material containing appreciable 

water-solubte salts. 

A. 1 . l .  5 Texture 

The textural factor refers to the particle-size distribution of the constituent particles, 

the shape of the particles, the orientation of the particles in space and with respect to each 

other, and the forces tending to bind the particles together. 

Some knowiedge of the pmicle-size distribution of the coarser grains can be obtained 

quickly by microscopie examinations and detailed determinations can be made by sieving 

and/or wet sedimentation methods. Fine-grained particles require wet methods, and this 

applies to the clay-mineral fraction. It must be remembered that wet methods are iikely to 

rdect only the degree to which clay-mineral units or aggregates have been cleaved or broken 

d o m  in the process of mahg the anaiysis rather than any inherent attribute of the natural 

material. 



The use of chernical dispersing agents ahost certainly will alter the base-exchange 

composition of the material, and consequently such agents must not be used or at least used 

only with great caution, if exchangeable ions are to be determineci. It is generally essential to 

determine the exchangeable ions on the "as received" material, since any mixing in water or 

washing is Wtely to cause a significant change. 

It is obvious that the particle-size-grade andysis ofclay materials is diacult, and care 

mua be taken to devise a tailor-made procedure bea suited to the material at hand and to the 

objectives of the investigation, if pertinent, reproducibie, and comparable data are to be 

obtained. 

The shape of the finest particles is best revealed by electron-microscope studies. Such 

investigations have shown the hexagonal outline of the flake-shaped units of kaolinite, the 

elongate tubular shape of the halloysite minerais, and the irregular flake shape of the iliite, 

chlonte, vermiculite, and most srnectite mineral particles. Information on the thickness, as 

well as areal dimensions, can frequently be obtained fiom electron micrographs; kaolinite 

particles that have been previously studied show a ratio of areai diameter to thickness of 2- 

25: 1, whereas for smectite it is 100-300: 1. However, in the application of the electron beam 

in electron microscopy, considerable heat is developed in the specirnen so that some c o r n  

has been felt as to whether or not some of the observed results are due to this heat and the 

possible resulting dehydration rather than to the nanird mineral. 

Some information regarchg the orientation of extremely fine particles can sometimes 

be obtained from the study of thin sections. Yet, thin-section snidies appear to have distinct 

limitations. The thickness of the sections is many times that of the individual clay-mineral 

components, so that many individuals lie on top of each other. The presence of even smaü 

amounts of organic rnaterial or fiee femc iron oxide or hydroxide will mask the individual 

components and distort the optical vahies. A h ,  the clay material must be dried in preparation 

for the cutting of the section, so that the texture observed may be not quite that of the onguial 



matenal. Even with these deficiencies of thin-section study, it is usually worthwhile to cut 

sections and study them in any clay-material investigation. 

Much remains to be done, and the texture of clay materiais is an important and 

promising field for research that should attract ample investigators. 

Moreover, so little is known in detail about the forces binding the particles together 

in clay materials that the possible types of binding forces can merely be enumerated: 

1. Forces due to the attraction of the mass of one clay-mineral particle for the mass 

of another particle; 

2. Intermolecular forces resulting fiom the nearness of one particle to another with 

the overlap of fields of force of molecules in the surface layers of adjacent particles; 

3. Electrostatic forces due to charges on the lattice resulting from unbalanced 

substitution within the lattice, broken bonds on edges of the lattice, and the attractive 

force of certain ions adsorbed on clay-minerai sudaces; and 

4. The bonding action of adsorbed polar molecules. For instance, oriented water 

molecules between two clay-mineral surfaces may form a bridge of considerable 

strength. if only a few molecules thick, and of no strength if more than a few molecules 

thick. Similarly, adsorbed polar organic molecules could serve as a bond between 

clay-mineral particles. 

In any given clay matenal al1 the bond forces probably are at work, and they are interrelated. 

Thus the nature of the adsorbed ion will itself influence bonding and also affect the 

development of oriented adsorbed water, which in mm is related to bonding. 

Recent work by coiloid chernists and others has begun to shed light on the 

interparticle forces in clay-minerai assemblages. Van Olphen (1 963), for exampie, emphasized 

the probable Merence and importance of the bonds found at the edges of clay-mineral 

particles as compared with those on the large flake surfaces. Fripiat (1964) considered in 



detail the nature of the clay-minerai surfaces on structurai grounds and the probable resulthg 

bonding forces. 

The matter of the bonding force in clay materials is of particular importance to soil- 

mechMcs investigations and construction engineers, since it largely determines the sensitivity 

and strength of soil materials. Construction failures have occurred because the strength 

properties of a soil that developed during construction could not be predicted adequatefy from 

laboratory testing data. Without fundamental data on how and why clay materials are held 

together, it is impossible aiways to predict safely from any empiricd data how a clay matenai 

will act when load is applied, when the water table is altered, or when it cornes in contact with 

contaminants. 

A. 1.2 Interatomic Boading 

To better understand the interactions involved in the composition process of clay 

minerais, a bnef review of the major types of interatomic bonds is in order. 

interatomic bonds fonn when electrons in adjacent atoms interact in such a way that 

their energy levels are lowered. If the energy reduction is large, then a strong, or primary, 

bond develops. The way in which the bonding electrons are localized in space detemiines 

whether or not the bonds are directional. The arength and directionality of interatomic bonds 

together with the relative sizes of the bonded atoms determine the type of crystd structure 

assumed by a given composition. 

A. 1.2.1 Primary Bonds 

Only the outer shell or valence electrons participate in the formation of primary 

interatomic bonds. There are three limiting types: covalent, ionic, and metafIic (Mitchell, 

1993). They diner because ofhow the bonding electrons are locaiized in spoce. Tbe energies 

of these bonds per mole of bonded atoms is fiom 60 x 10.' to more than 400 x 10) joules (1 5- 



100 kcal). As there are 6.023 x 1 0 ~ ~  moIecules per mole, it mi@ be argued that such bonds 

are weak; however, relative to the weight of an atom they are very large. 

A combination of ionic and covalent bonding is typical in most nonmetaliic solids. 

Rirely ionic and covalent bonding are iimiting conditions that are the exception rather than 

the rule in most uises. For instance, the interatomic bond in silica (SiOJ is about haifcovalent 

and hdf ionic; and silicate minerals are the most abundant constituents of most soils. 

A. 1 2 .2  Secondary bonds 

Secondary bonds that are weak relative to ionic and covalent bonds also fom between 

units of matter. They rnay be strong enough to determine the final arrangements of atoms in 

solids, and they may be sources of attraction between very smali particles and between liquids 

and solid particles. These includes: 

i. The Hydrogen Bond: 

If a hydrogen ion forms the positive end of a dipole, then its attraction to the negative 

end of an adjacent molecule is termed a hydroge11 bond. Hydrogen bonds are fonned only 

between strongly electronegative atoms, such as oxygen and fluorine, because these atoms 

produce the strongest dipoles. The formation of water (H,O) is the most pronounced example 

of hydrogen bonds. The strength of the hydrogen bond is much greater than that of other 

secondary bonds because ofthe small size of the hydrogen ion. Hydrogen bonds are important 

in determining some of the characteristics of the clay minerais and in the interaction between 

soi1 particle surfaces and water. 

ii. van der Waals Bonds: 

Permanent dipole bonds, such as the hydrogen bond, are directional. Fluctuahg 

dipole bonds, commonly tenned van der Wmls bon&, dm exia because at any one time 

there rnay be more electrons on one side of the atomic nucleus than on the other. This creates 

weak instantoneous dipoles whose oppositely charged ends attract each other. 



Aithough individual van der Waals bonds are weak, typicaily an order of magnitude 

weaker than a hydrogen bond, they are nondirectional and additive between atoms. 

Consequently, they decrease less rapidly with distance than primary valence a d  hydrogen 

bonds when large groups of atoms are considered. They are strong enough to detennine the 

final arrangements of groups of atoms in some solids (e.g., many polymers), and they may be 

responsible for s m d  cohesions in fine-grained soils (Mitcheil, 1993). 

AJ.3 Structure of the Kaolinite Minerais 

The clay minerals in soiis belong to the mineral family termed phyllosiilicates, which 

also contains other iayer silicates such as serpentine, pyrophyllite, talc, mica, and chlorite. The 

clay minerais occur in small particle sizes, and their unit ceils ordinarily have a residual 

negative charge that is balanced by the adsorption of cations fiom solution. It is wonh 

mentioning here that, in conformity with the nomenclature of the Clay Minerals Society 

(Bailey et al., 197 l ) ,  the following tems are used: a plane of atoms, a sheet of basic 

structural units, and a layer of unit cells composed of two, three, or four sheets. 

A. 1.3.1 Structural Unit s of t he Layer Silicates 

The stmctures of the cornrnon layer silicates are made up of combinations of two 

simple structural units, the silicon tetmhedion (Fig. A. 1) and the alumimrrn or magnesium 

octahedron (Fig. A. 2). The dEerent clay mineral groups are characterized by the aacking 

arrangements of sheets of these units and the manner in which two successive two- or three- 

sheet layers are held toget her. 

Differences among minerals within the clay minera1 groups result primarily from 

differences in the type and amount of isomorphous substitution within the crystal structure. 

Because the possible substitutions are neariy endless in number and because the development 

of crystal structure may range fiom very poor to n d y  per f i ,  it is not surprising that the 



study of clay minerals is daunting to the beginner and provides an endless challenge to the 

expert. 

i. Silica Sheet 

In most clay mineral stmctures, the silica tetrahedra are htercomected in a sheet 

structure. Three of the four oxygens in each tetrahedron are shared to form a hexagonal net, 

as show in Fig. A. 1 b. The bases of t he tetrahedra are al1 in the sarne plane, and the tips al1 

point in the same direction. The structure can repeat "indefinitely" and has the composition 

(Si,O,JC. Electrical neutrality can be obtained by replacement of four oxygens by hydroxyls 

or by union with a sheet of different composition that is positively charged. 

ii. Octahedrd Sheet 

This sheet structure is composed of magnesium or aluminum coordinated octahedrally 

with oxygens or hydroxyls. In some cases, other cations are present in place of Al3- and Mgo,  
such as ~ d + ,  and Fe3'. Figure A.2b is a schematic diagram of such a sheet structure. if the 

cation is trivalent, then normally only two-thirds of the possible cationic spaces are filled, and 

the structure is termed dioctahedral. In the case of aluminum, the composition is Al,(OH),. 

This composition and structure form the mineral gibbsite. When combined with silica sheets, 

as is the case in clay mineral structures, an aluminum octahedral sheet is referred to as a 

gibbsite sheet. On the other hand, if the octahedrally coordinated cation is divalent, then 

normally all possible cation sites are fiiled,, and the structure is trioctahe&aI. In the case of 

magnesium, the composition is Mg,(OH),, giving the minerai bnicite. In clay mineral 

structures, a sheet of magnesium octahedra is termed a brucite sheet. 

A. 1.3.2 Synthesis Pattern of the Clay Mïnerals 

The manner in which atoms are assembled into tetrahedral and octahedral mits, 

followed by the formation of sheets and their stacking to form layers that combine to produce 

the dEerent clay minerd groups is illustrated in Fig. A.3. The basic structures shown in the 



bottom row of Fig. A.3 comprise the great preponderance of the clay minera1 types that are 

fowid in soils. 

Grouping the clay minerals according to crystal structure and stacking sequence of 

the layers is convenient, since members of the same group have generally similar engineering 

properties. The minerals have unit cells consisting of two, three, or four sheets. The two-sheet 

minerals are made up of a silica sheet and an octahedral sheet. The unit layer of the three- 

sheet minerais is composed of either a dioctahedral or trioctahedrai sheet sandwiched between 

two silica sheets. Unit layers may be stacked closely together or water layers may intervene. 

The four sheet structure of chlorite is composed of a 2: 1 layer plus an interlayer hydroxide 

sheet . 

Reference to the bottom row of Fig. A.3 shows that the 2: 1 minerals differ from each 

other mainly in the type and amount of "glue" that holds the successive layers together. For 

example, the smectites have loosely held cations between the layers, the illites contain f i d y  

fixed potassium ions, and the vermiculites have sornewhat organized layers of water and 

cations. The chlorite group represents an end member that has 2: 1 layers bonded by an 

organized hydroxide sheet. The charge per formula unit is variable both within and arnong 

groups, and this reflects the fact that the range of compositions is great owing to varying 

arnounts of isomorphous substitution. Because of this. the boundaries between groups are 

somewhat arbitrary. 

A. 1.3.3 Intersheet and Interlayer Bonding 

A single plane of atoms is cornmon to both the tetrahedral and octahedral sheets in 

the formation of the clay minerai layers. Bonding between these sheets is of the primary 

valence type and is very strong. However, the bonds holding the unit layers together may be 

of severai types, and they may be sufficiently weak that the physical and chernical behavior 

of the clay is influenced by the response of these bonds to changes in enWomnental 

conditions. 



Isomorphous substitution in al1 of the clay mherals, with the possible exception of the 

kaolinites, gives clay particles a net negative charge. To presewe electrical neutrality, cations 

are attracted and held between the layers and on the surfaces and edges of the particles. Many 

ofthese cations are exchangeable cations, because they may be replaced by cations of another 

type. The quantity of exchangeable cations is temed the cation e x c h g e  capcity (CEC) and 

is usually expressed in milliequivalents (meq) per 100 gams of dry clay. 

Five types of interlayer bonding are possible in the layer silicates (Marshall, 1964): 

1. Neutral parallel layers are held by van der Waals forces. Bonding is weak; however, 

stabie crystals of appreciable thickness such as pyrophyüite and talc may form. These 

minerals cleave parallel to the layers. 

2. In some minerals, for instance, kaolinite, brucite, and gibbsite, there are opposing 

layers of oxygens and hydroxyls or hydroxyls and hydroxyls. Hydrogen bonding then 

develops between the layers, as well as van der Waals bonding. Hydrogen bonds 

remain stable in the presence of water. 

3. Neutral silicate layers may be separated by layers of highly polar water molecules, 

which are held by hydrogen bonds. 

4. Cations needed for electrical neutrality may be in positions that control interlayer 

bonding. Micas and chlorites are examples to this phenornenon. in micas, some of the 

silicon is replaced by aluminum in the silica sheets. The resulting charge deficiency is 

parily balanced by potassium ions between the unit ceil layers. The size of the 

potassium ion is such that it just fits into the holes formed by the bases of the silica 

tetrahedra. As a result, it generates a arong bond between the layers. In chlorites, on 

the other hand, the charge deficiencies fiom substitutions in the octahedral sheet of 

the 2: 1 sandwich are baianced by a charge excess on the one sheet layer interleaved 

between the three sheet layers. This provides a strongly bonded structure that, while 

exhibiting cleavage, will not separate in the preseme of water or other polar liquids. 

5.  When the surface charge density is moderate, as for smectites and vermidites, the 

silicate layers readily adsorb polar molecules, and also, the adsorbed cations may 



hydrate, resuhing in layer separation and expansion. The arength of the interlayer 

bond is low and is strongly function of charge distribution, ion hydration energy, 

surface ion configuration, and stmcture of the polar molecule. 

In addition, according to van Olphen, 1977, there are two possible reasons for the smectite 

and verrniculite particles to swell; whereas, particles of pyrophyiiite and talc do not. These 

two possible reasons are: 

i . The interlayer cations in the smectites hydrate, and the hydration energy overcomes 

the attractive forces between the unite layers. There are no interlayer cations in 

pyrophyliite; hence, no swelling. 

2. Water does not hydrate the cations but is adsorbed on oxygen surfàces by hydrogen 

bonds. There is no swelling in pyrophyllites and talc because the surface hydration 

energy is too srnail to overcome the van der Waals forces between layers, which are 

greater in these minerals because of a smailer interlayer distance. 

A. 1.3.4 The 1: 1 Minerals 

The kaofinire-serpentine minerals are composed of alternathg silica and octahedral 

sheets as shown schematically in Fig. A.4. The tips of the silica tetrahedra and one of the 

planes of atoms in the octahedral sheet are common. The tips of the tetrahedra dl point in the 

sarne direction, towards the center of the unit layer. In the plane of atoms comrnon to both 

sheets, two-thirds of the atorns are oxygens and are shared by both süicon and the octahedrai 

cations. The remahing atoms in this plane are (OH) located so that each is directiy below the 

hole in the hexagonal net fomed by the bases of the siiica tetrahedra. if the octahedral layer 

is bnicite, then a mineral of the serpentine subgroup results; whereas, dioctahedrd gibbsite 

layers give ciay minerals in the kaolinite subgroup. Tlioctahedrd 1 : 1 minerais are relatively 

rare, usually occur mixed with kaolinite or illite, and are hard to identify. A diagrammatic 

sketch of the kaolimte stnichire is shown in Fig. AS. The structural fomwila of which is 

(0HXS~,ALO,,. 



Mineral particles of the kaolinite subgroup consia of the basic units stacked in the 

vertical direction. The bonding between successive layers is by both van der Waals forces and 

hydrogen bonds. The bonding is suniciently strong that there is no interlayer swelling. 

Variations among members of the kaolinite subgroup include variations in the manner 

layers are stacked above each other and possibly in the position of aluminum ions within the 

available sites in the octahedral sheet. The dickite unit ceU is made up of two unit layers, and 

the nacrite unit ceii contains six. Both appear to be formed by hydrothemial processes. 

Dickite is fairly cornmon as a secondary clay in the pores of sandstone and in coal beds. 

Neither dickite nor nacrite is common in soils; whereas kaolinite is the most abundant member 

of the subgroup and a common soi1 mineral. 

i. Isomorphous Substitution and Exchange Capacity 

The concept of isomorphous substitution is an important factor in the structure and 

properties of the clay minerais. In an ideal gibbsite sheet, oniy two-thirds of the octahedral 

positions are filled, and al1 of the cations are aluminum. In an ideal brucite sheet, al1 the 

octahedral spaces are filled by magnesium. In an ideal silica sheet, al1 the tetrahedral spaces 

are filled by silicons. In the clay minerais, however, some of the tetrahedral and octahedral 

spaces are occupied by cations other than those in the ideal stmcture. Cornmon examples are 

aluminum in place of silicon, magnesiwn instead of aluminum, and ferrous iron (Fe'') for 

magnesium. This presence in an octahedral or tetrahedral position of a cation other than that 

nonnally found, without change in cryaal structure, is isomorphous substitution. The actuai 

tetrahedral and octahedral cation distributions may develop during initial formation or 

subsequent alteration of the mineral. 

Whether or not measurable isomorphous substitution exias within the structure of the 

kaolinites is uncertain (Mitchell, 1993). Nevertheless, values of cation exchange capacity for 

kaolinite in the range of 3 to 15 meq/100 g have been reporteci. Thus, particles possess a net 

negative charge. Possible sources are: 



1. Substitution of N3' for Si4+ in the s'dica sheet, or a divalent ion for ~ l "  in the 

octahedral sheet. Replacement of only 1 Si in every 400 would be adequate to 

account for the exchange capacity of many kaolinites. 

2. The hydrogen of exposed hydroxyls may be replaced by exchangeable cations. 

According to Grim, 1968, however, this mechanism is not likely, because the 

hydrogen would probably not be replaceable under the conditions of most exchange 

reactions. 

3. Broken bonds around particle edges may give unsatisfied charges that are balanced 

by adsorbed cations. 

Kaolinite particles are charged positively on their edges when in a low pH (acid) environment, 

but negatively charged in a high pH (basic) environment. Low exchange capacities are 

measured under low pH conditions, whereas high exchange capacities are obtained for 

determinations at high pH. This suggests that broken bonds are at least a partial source of 

exchange capacity. That a positive cation exchange capacity is measured under low pH 

conditions when edges are positively charged indicates that some isomorphous substitution 

must exkt al so . 

Interlayer separation does not occur in kaolinite; therefore, balancing cations must be 

adsorbed on the exterior surfaces and edges of the particles. 

ii. Morphology and Surface Area 

Well-crystaliized particles of kaolinite, nacrite, and dickite occur as well-formed six- 

sided plates. The laterai dimensions of these plates range fiom about 0.1 to 4 Fm, and their 

thicknesses are from about 0.05 to 2 Pm. Poorly crystaiiized kaolinite generally occurs as less 

distinct hexagonal plates, and the particle size is usually smaller than for the well-crystaiüzes 

varieties. 

Finaliy, the specific surface area of kaoünite is about 10 to 20 m2/g of dry clay. 



A.1.4 Sutface Fuactioaal Croups 

Ali clay particles demonstrate strong surface reactivity derived from the chernical 

behavior of the surface fiinctional groups (SFGs). A SFG is a chemicaiiy reactive molecular 

unit bound into the structure of a solid at its periphery such that the reactive components of 

the unit cm be bethed by a fluid (Sposito, 1984). When a SFG reacts with a molecule 

dissolved in a surrounding fluid to form a stable unit, a d a c e  complex is produceci and the 

reaction process is called surface complexation. There are two principle types of surface 

fùnctional groups in clay minerais. 

The siloxane ditrigonui cm@ is associated with the basal plane (cailed the siloxane 

surface) of oxygen ions bound into a silica tetrahedral sheet in a mineral structure. The 

hexagonal cavity is distorted into a trigonal one when the apexes (tips) of the tetrahedrons 

fit into the vertices of the octahedral sheet to form a layer, resulting in a comgated basal 

plane. Electric charge distribution in the phyllosilicate structure caused mainly by isomorphic 

cation substitution will determine the reactivity of the siloxane ditrigonal cavity. If there is no 

substitution to create an excess negative charge in the structure, the cavity wiU funaion as 

a very sofi Lewis base (weak electron donor), and is able to form complexes only with neutral 

dipolar molecules (Le., H,O). However, if Al3' is replaced by Fe2' or MgL' in the octahedral 

sheet, the resultant excess negative charge will be distributed mainly over the ten surface 

oxygen ions of four tetrahedrons that are associated through their tips with a single 

octahedron in the layer. As a result, the Lewis base character of the ditrigond cavity d l  be 

enhanced, making it possible to form complexes with cations as wel as dipolar molecules. 

The siloxane ditrigonal cavity will behave as a much stronger electron donor if isomorphic 

substitution of Si" by Al3+ occurs in the silica tetrahedron because the excess negative charge 

can be distributed primarily over just the three oxygen ions of one tetrahedron. Much stronger 

complexes with cations and dipolar molecules become possible due to the localization of 

electric charges. 



The second surface bctionai grcup is the Niorgmic hydkoxyigroup exposed on the 

outer penpheries of a clay particle. It is the most abundant and reactive SFG in clay minerals 

(Sposito, 1984). There are three types of surface OH group on a kaolinite crystailite. On the 

basal plane, the srnichiral OH groups are exposed on the surface, showing rather different 

reactivity from the bulk stnicturd OH groups. Singiy coordinated OH groups are exposed on 

the edge surface when clay crystalhtes are broken apart. At the edge of an octahedral sheet 

where Ai(III).H,O is found, the coordinated OH groups are calleci aluminols. They can form 

complexes with a H- at Iow pH values or with an O R  at high pH values. The water molecule 

bound to an A'' cation can also be replaced by an OH- at higher pH values. At the edge of 

a tetrahedral sheet, OH groups singly coordinated to Si" cations are called silanols. They tend 

to complex with OR only because of the greater valence of the siiica. The metal cations 

exposed due to the breaking of crystallite such as Ai(III).H,O and Si", act as Lewis acid 

sites: molecular units that use an empty eiectron orbital in initiating a reaction. 

Most of the surface functional groups in soil clays carry electric charges. The sign and 

magnitude depend on the structure of the clay and composition of the soil solution. The 

siloxane ditrigonal cavity often caries a more or less localized negative charge produced by 

isomorphic substitution, whereas the surface hydroxyl group can carry either a positive or 

negative charge depending on the pH of the soil (Sposito, 1984). The effects of pH on the 

charge properties of edge sites for two types of dioctahedral phyllosilicates were predicted 

by crystal growth theory (White and Zelaniy, 1988). The charge on the aluminol is more 

sensitive to pH than that on the silanol, as the latter keeps a zero charge within the pH range 

of 3 to . 5 .  It appears that the 1 : 1 phyllosilicate would become negatively charged at pH values 

above 6.5. 

The dominant organic surface fiactionai groups in soil humus include: (a) carboxyl 

(-COOH), (b) hydroxyl (-OH) (phenolic and alcoholic), (c) carbonyl (C=O), (d) amino (- 

NHd, and (e) sulthydryl (-SH). These hctional groups contribute most to the cation 



exchange capacity of soil organic rnaterials, and d o w  these materials to act as proton donon 

or acceptors. 

A.2 Clav-Water Svstem 

Water is the most prevalent substance on earth, covering more than two-thirds of its 

surface in oceans, seas, and lakes. The continental areas are themselves Frequently charged 

with and shaped by water. In vapor form, water is always present in the atmosphere. Finally, 

water is the principal constituent of ali living organisms, plants and animais alike. Water and 

its ionization products, hydrogen and hydroxyl ions, are important factors determining the 

structure and biological propenies of proteins and other ce11 and tissue components. The basic 

processes of life are intrinsically dependent upon water's unique attributes. Far fiom being a 

bland, inert liquid, water is, in fact, a highly reactive substance and an exceedingly effective 

solvent and transporter of numerous substances. 

Air and water comprise a large part of the soil. It is estimated that for an average soil, 

air and water take up 50 percent of the space. Organic matter and mineral matter take up the 

other 50 percent. A saturated soil with a void ratio greater than 1 .O contains a greater volume 

of water than of solids, and void ratios greater than 1 .O are more the rule than the exception 

in the case of fine-grained soils. 

Since water is the transporthg agency for contaminants, it is important to obtain an 

understanding of soil-water interaction and the relationships established. The processes 

involved during the transpon of contaminants through soi1 will control: (1) the arnount of 

contaminants transponed at any one time through a particular region, (2) the attenuation of 

contaminant concentration through adsorption and desorption processes, (3) the rate and 

extent of propagation or advance of a contaminant plume. Many of the controiiing processes 

are simiiar to those involved in soil-water relations. In redity, however, the situation is not 

so simple because neither water m>r soi1 sudlices are inert chemically, and water and mil 



particles interact with each other because water molecules are arongly attracted to and 

adsorbed on soi1 particle surfaces. These interactions influence the physical and 

physicochemical behavior of the material. Alt hough details of these interactions and their 

consequences cannot always be stated with ceriainty, some things are known, and these 

considerations f o n  the subject of this division. 

A.2.1 Molecular Structure of Water 

Notwithstanding its ubiquity, water remains something of an enigrna, possessing 

unusuai and anomalous attributes still not entirely understood. Perhaps the first anomaly is 

that water, despite its low molecular weight, is a liquid and not a gas at normal temperatures 

(its sister compound, H,S, has its boiling point at -60.7 O C ) .  Compared with other comrnon 

liquids, furthemore, water has unusuaîly high melting and boiling points, heats of fusion and 

vaporization, specific heat, dielectric constant, viscosity, and surface tension. These properties 

suggest that there mua be some particularly strong force of attraction between molecules in 

liquid water to impart to this of al1 liquids such a high intemal cohesion. The secret is in the 

molecrhr szn~cture and interrnofecz~Iar b o h g  of the peculiar substance called water (Hillel, 

1980). 

To understand the physical behavior of water in soil, one needs a mental picture ofthe 

water molecule. The water molecule (Fig. A.6) is composed of two hydrogen atoms and one 

oxygen atom. The water molecuie is positively charged on one side and negatively on the 

other, and is thus a dipole. The accepted molecular stmcture of this dipole was first proposed 

by Berna1 and Fowler in 1933. From spectral and x-ray data, they concluded that two 

hydrogen atoms share a pair of electrons with a single oxygen atom. The two hydrogen atoms 

of the water molecule are separated at an angle of 103- lO6", measured with the oxygen atom 

as the apex of the angle and with the two hydrogen protons as points on the angle sides. In 

Fig. A.6, the electron pairs shared between the oxygen nucleus and the two hydrogen protons 



oniy partiaiiy screen (neutralize) the positive charge of the protons. The result is that the 

proton side of the molecule becornes the positive side of the water molecule. 

In addition to the shared pairs of electrons, Berna1 and Fowler (1933) found two 

concentrations of negative electricity, one concentration above and one concentration below 

a plane dehed by the two hydrogen protons and the oxygen atom. Lemard-Jones and Pople 

(1 95 1) describe the concentration of negative electricity as "lone-pair electrons. " One pair is 

above the plane, and one pair is below (Fig. A.6). These two lone pairs ofelectrons do not 

take part directly in bond formation as do the electrons shared between the hydrogen and 

oxygen atoms of the water molecule. 

The electnc charge structure of the water molecule resembles a tetrahedron with the 

oxygen near the center, two of its corners positively charged due to the partiaily screened 

protons of the hydrogen, and the remaining two corners of the tetrahedron negatively charged 

due to the two pairs of lone-pair electrons. This arrangement makes the water molecule a 

d@ole, that is, one end of the molecule tends to be positive while the other tends to be 

negative. Bond energy considerations (Pauling, 1960) indicate that the H-O bond is about 40 

percent ionic and 60 percent covalent, thereby accounting both for the directionality of the 

bond and for producing a permanent dipole. 

In water and ice, the positive corner of one molecule attracts the negative comer of 

another. The proton is shared by the two oxygens, which resuits in hydrogen bonding and a 

tendency for each rnolecule to bond to four neighbonng molecules, which surround it 

tetrahedrally. In ice-1, the stable crystalüne state of water at temperatures less than 0°C and 

atmospheric pressure, a hexagonal network structure is formed. As the melting point is 

approached, the number of broken or distorted hydrogen bonds increases. This accounts for 

the lower strength and higher creep rates in ice as the temperature inmeases. At temperatures 

above O" C (under atmospheric pressure conditions), mough hydrogen bonds are ruptureci or 

bent that ice loses its rigiâity, and water exists in the iiquid suite. 



Though the stnicture of ice is known, the stnicture of liquid water is not definitely 

known, except that some hydrogen bonding and structure remain. The high melting point, 

boiling point, heat of fusion, heat of vaporization, specific heat, dielectic constant, and 

viscosity of water are ascribed to the energy needed to break hydrogen bonds. Evidently, 

bond rupture and distortion predominate at temperatures less than 4" C; whereas, increased 

intermolecular distances (as a result of the increased thermal agitation) prevail above, thus 

giving maximum density at 4 O C. 

Various modeis have been proposed for the structure of water in the light of available 

physical and chernical evidence (Eisenberg and Kauanaq 1969). These can be gathered under 

the following: Mixîucre models, Interstitial models, Disioried Hydrogen Bond mode/, and 

Rundom Network model. Eisenberg and Kauzman (1 969) concluded that mixture models are 

not supporteû by the data, but that the distorted H-bond models (including random networks) 

seem to accord with most of what is known about water from experirnent. 

A.2.2 Clay-Watcr Interaction 

Ample evidence shows that water is attracted to soil minerais, pahcularly to clays. 

Dried clays adsorbed water fiom the atmosphere at low relative humidities, many soils swell 

when given access to water, and temperatures above 100°C are needed to remove "all" the 

water fiom a soil. In fact, it is not always evidem just what is meant by a dry soil. 

Possible mechanisms for clay-water interaction include the foilowing (Low, 1961) and 

are shown schematically in Fig. A.7. 

(a) Hydrogen Bonding 

Because the sufiace of the soi1 minerals are usually composed of a layer of either 

oxygens or hydroxyls, hydrogen bonding can develop easily, with oxygens attracting the 

positive corners and hydroxyls attracting the negative conms ofwater m o l d e s  (Fig. A.7a). 



Early concepts of the structure of adsorbed water suggested an icelike character because of 

the similarity between the hexagonal symmetry of the oxygens and hydroxyls in clay surfaces 

and the structure of ice. Subsequent work has shown, however, that the amchire cannot be 

that of ice (Mitchell, 1993). 

The formation of H bonds with particle surfaces would alter the electron distribution 

fiorn that in nomal water, thus making it easier for bonded molecules to form additional 

bonds with molecules in the same and next layer. The directional properties of the bonds 

would induce a tetrahedral mangement of water molecules, which would becorne less rigid 

with distance fiom the surface due to a decrease in the swface force fields and an increase in 

the force fields of normal water structure. 

(b) Hydration of Exchangeable Cations 

Because cations are attracted to negatively charged clay surfaces, so is their water of 

hydration (Fig. A.7b). This mechanism should be most important at low water contents. 

(c) Attraction by Osmosis 

The concentration of cations increases as negatively charged clay surfaces are 

approached (Fig. A.7c). Because of this increased concentration and the restriction on 

diffusion of ions from the Mcinity of the surface, as a result of electrostatic attraction, water 

molecules tend to diffuse toward the surface in an attempt to equalize concentrations. 

(d) Charged Surface-Dipole Attraction 

Clay particles can be viewed as negative condenser plates. Water dipoles would then 

orient with their positive poles directed toward the negative surfaces and with the degree of 

orientation decreasing with increasing distance fiom the surface. However, at the Mdplane 

between pardel plates there would be structural disorder, because like poles would be 

adjacent to each other. Ingies (1968) suggeas lhat because of the high hydration numba and 

energy of aiuminum in the clay structure, water is strongly attracted to the d a c e s  and 



interposes itself between the surfaces and the counterions with the counterions removed as 

far as possible kom the surface, that is, to the midplane between opposing parallel sheets. 

With this model, the structure shown in Fig. A.7d can be conceived. 

The same type of arrangement could result simply fiom ion hydration. In a dry clay, 

adsorbed cations ocaipy positions in holes on the clay sdaces. On hydration, they surround 

themselves with water and move to the central region between clay layers. 

(e) Attraction by London Dispersion Forces 

Van der Waals attractive forces could bond water molecules to clay surfaces. In-phase 

fluctuations of electron clouds fonn temporas, dipoles and induce displacements in 

neighboring molecules so that dipole-dipole attraction occurs. Because such bonds would be 

nondirectional, the water structure would be close packed and more fluid than the H-bonded 

structure. 

A.2.3 Clay-Water-Electrolyte System 

interactions between srnall soil particles, dissolved ions, and water are caused by 

unbalanced force fields at the interfaces between soil and water. When two particles are in 

close proximity, their respective force fields overlap and influence the behavior of the systern 

ifthe magnitudes of these forces are large relative to the weights of the particles themselves. 

Clay particles, because of their very smd size and platy shapes, have large sunace areas and 

are especially iduenced by these forces. The effects of sufiace force interactions and small 

particle size are manifested by a variety of interparticle attractive and repulsive forces, which, 

in mm, infiuence the flocculation-deflocculation behavior of clays in suspension. 

Colloid chemistry provides a means for description of many of the interactions in the 

clay-water-electrolyte system, because most clay particles are small enough to behave as 

colloids. Clays are wnsidered to be lyophobic (Liquid hating) or hydrophobie (water hating) 



coloids rather than as lyophilic or hydrophilic colloids, even though water wets clays and is 

adsorbed on particle surfaces. This designation has resulted from the need, historically, to 

distinguish colloids such as clay fiom colioids already termed hyârophilic, such as gums, 

which exhibit such an affinity for water that they spontaneously form a colloidal solution (van 

Olphen, 1977). Hydrophobie colloids are liquid dispersions of small, solid particles that are 

(1) two-phase systems with a large interfacial sudace area, (2) have a behavior dorninateù by 

surface forces, and (3) can flocculate in the presence of small arnounts of salt. Clay-water- 

electrolyte systems satisfy dl of these criteria. In this section, emphasis is on the development 

of an understanding and appreciation for interactions in systems of interest in engineering 

rather than on rigor in the treatment of colloid chemistry. 

A.2.3.1 Ion Distributions in Clay-Water Systems 

ln a dry clay, adsorbed cations are tightly held by the negatively charged clay particles. 

Cations ui excess of those needed to neutralize the electronegativity of the clay particles and 

associated anions are present as salt precipitates. When the clay is placed in water, the 

precipitated salts go into solution. Because the adsorbed cations produce a much higher 

concentration near the surfaces of particles, they try to diffuse away in order to equalize 

concentrations throughout. Their fieedom to do so, however, is restricted by the negative 

eiectrical field originating in the particle surfaces. The escaping tendency due to diffusion and 

the opposhg electrostatic attraction lead to ion distributions adjacent to a clay particle in 

suspension as shown in Fig. A.8. The diaribution of cations is analogous to that of air 

molecules in the atmosphere, where the escaping tendency of the gas is cotanterd by the 

gravitational attraction of the earth. Anions, however, are excluded fiom the negative force 

fields of the particles, as shown in Fig. A.8. 

The charged surface and the distributeci charge in the adjacent phase are together 

termed the d~@se dmMe layer. It has to be mentioned that in some clay mlnerals, e.g., 

kaohte, and under certain conditions, broken bonds at particle edges create a positive edge 

charge. This is balanced by a negative diffuse layer. 



A.2.3.2 Diffuse Double Layer Models 

The negative surface charges associated with the clay particles present an elecaüied 

interface. Since soil-water contains dissolved solutes with positive charges, e.g., cations such 

as earth and heavy metals, the interaction between a negatively charged soi1 particle sudace 

and the cations in the soil-water will generate an electric double layer (EDL), i-e., the 

arrangement of positive and negative charges at the electnfied interface. The separation 

distance between the positive charges and the negatively charged surface, the d i s tn ion  of 

the positive charges, and whether the first layer of positively charged ions, molecules or 

solutes will satisfi the negative surface density, are some of the many important items 

considered in the developrnent of what is generally identified as dif fu ddoubk layer models 

(DDL models). 

The schematic diagram in Fig. A.9 shows a simplified picture of the net negatively 

charged clay particle in soi1 water containing cations and anions. The electric double layer, 

EDL, cornmonly refmed to as the double layer, consists of the row of negative charges 

shown in the side view of the clay particle in Fig. A.9, and the first row of positive charges 

(cations). Convenience in model representation permits one to indicate the negative charges 

of the clay particle in a nicely arranged vertical row next to the clay particle surface, even 

though this is not physically correct. Depending on how accurate one wishes to be in 

representation of the physicoîhernical system, and depending on the use to wtiich the model 

is applied, several levels of sophistication in DDL models representation and calculations 

exist. This is not to say that the more sophisticated DDL model is necessarily more accurate 

or correct (Yong et al., 1992). 

Beginning with the work done by Helmhottz and Perrin, where the double layer model 

was represented by the pardel-plate condenser, the double layer is considered to consist of 

the two equal magnitude negatively and positively charged sheets. No difise ion-layer (DL) 

is considered necessary in this model, since this model is assumed to function as a parallel- 



plate capacitor. Because the ions (both cations and anions) in solution are free to move, the 

parallel-plate condenser mode1 is seen to be severely constrained and too simplistic. 

The DDL mode1 which was developed independently by Gouy (1910) and Chapman 

(1 9 13) has received the greatest attention. Although this theory has been shown to accurately 

descnbe the actual distribution of ions only for smectite particles suspended in monovalent 

electrolyte solutions at low (less than 100 mole/m3) concentration (Sposito, 1 %9), it provides 

a very useful basis for the understanding of flocculation and deflocculation and the 

relationships of these processes to formation of soi1 stmcture. It also provides the recognition 

necessary to account for the mobility of the ions in solution. Whereas it does not fully answer 

the questions pertaining to the nature and distribution of the ions immediately adjacent to the 

surface of the charged particle, the Gouy-Chapman mode1 nevertheless provides researchers 

with the capability to compute the average electrical potential, as a fiinction of distance, 

x, fiom the charged particle surface. 

For the mathematical development of the Gouy-Chapman theory of the diause double 

layer, the following idealizing assumptions are made: 

1. Ions in the double layer are point charges and there are no interactions between 

them. They are assumed to be distributed according to the Boltzmann distribution. 

2. Charge on the particle surface is unifody distributed. 

3. The particle surface is a plate that is large relative to the thickness of the double 

layer (Le., one-âimensional condition). 

4. The permittivity of the medium is independent of position; or in other words, the 

solvent is asmmed to influence the double layer only through its dielectric constant, 

which is assumed to have the same value throughout the diffuse part. 

The iilustration givm in Fig. A. 10 shows the cations and anions as positive and negative space 

charges, dong with the variation of the average electrid potential with distance fiom a clay 

particle surface. 



The Coulombic interaction between the charges and the charged pa~icle surfaces in 

relation to distance x away from the particle surface is described by the Poisson equation. As 

a matter of fact, the Poisson equation relates potential, charge, and distance. This equation 

is given as: 

where Pis the electrical potential at the point (V), x is the distance from the surface (m), p 

is the charge density (C/m3), and E is the static permittivity of the medium (C2P'm"). 

The space charge density, p, can be obtained 

as: 

in terrns of the Boltzmann distribution 

( A 4  

where e is the electronic charge (1.602 x 10'19 Coulomb), v, is the ionic valence of the ith 

species, nt, is the concentration of the ith species of ion in the bulk solution (ions/m3), k is the 

Boltzmann constant (1 -38 x 1 J"R1), and 7' is the temperature ("K). 

By substituting Eq. A.2 in Eq. A. 1, we obtain the Poisson-Boltzmann equation: 

Equation A.3 is the dinerential equation for the electnc double layer adjacent to a charged 

planar surface. Its solution provides a basis for computation of electrical potential and ion 

concentrations as a fùnction of distance fiom the sudace. The detailed techniques for the 

solution of Eq. A.3 can be found in many reference textbooks, e.g., Yong and Warkentin 

(1 9 7 9 ,  van Olphen (1977), MitcheU(1993), and Iwata et al. (1995). 



For a single diffuse double layer, solutions are given in tenns of the dimensionless 

quantities: 

and 

4 = K x Distance jirnction 

where 

with as the permittivity of vacuum (8.854 x 1 0*12 CT'm''), D as the dielectnc constant 

(dimensionless). The quantity (1 K) is a measure of the "thickness" of the double layer. 

Equation A.6 shows that the value of 1 Kdepends only on the characteristics of the dissolved 

salts and the fluid phase. However, the actud values of concentration and potential at any 

distance from the surface depend on the particle surface charge and surface potential, and 

these depend on the type of clay and conditions in the pore solution. 

It cm be seen readily fiom Eq. A. 6 that the thichess of the double layer varies 

inversely with the valence and the square root of the concentration, and directly with the 

square root of the dielectric constant and temperature, other factors remahhg constant. It 

is worth pointing here that not only does the increase in electrolyte concentration reduce the 

surface potential for the condition of constant surface charge, but also the decay of potential 

with distance is much more rapid. 



The electrical potential and charge distributions for the case of interacting double 

layers from parallel flat plates, separated at distance 2d are shown in Fig. A. 11. The 

development of the resultant potential is shown in Fig. A. 1 la, while Fig. A. 1 l b  illustrates the 

charge distributions for the interacting double layers. 

To account for the limitation in Gouy-Chapman theory, Bolt (1955) has introduced 

the following corrections: the effect of ion size, dielectric saturation, polarization energies of 

the ion, Coulombic interaction of the ions, and the short-range repulsion between the ions. 

With these modifications, Bolt successfÙlly described the distribution ofNa- and Ca" around 

an "illite" particle without having to invoke any specific adsorption mechanism. Bolt's 

extension of Gouy theory funher enabled distinction of ions with the same valence. 

However, dielectnc saturation and ionic polarization seem to offset each other almoa 

completely ifthe charge density on the colloids is c 0.2 C/m2 (Bolt, 1955). For larger values, 

the polarization tenn increases very rapidly, leading to an overestimation of ionic 

concentrations by the Gouy-C hapman equation. Generally, the Coulombic interaction exceeds 

the influence of the short-range repulsion up to concentrations of 1 to 2 M. Thus, in colloids 

with charge density of 0.2 Clm2 or less, the Coulombic interaction of the ions wiiI be the main 

correction factor. In short, the simple Gouy-Chapman mode1 gives fairjy reliable results, for 

colloids with a charge density 3 0.2 to 0.3 C/m2 and especially if the colloid under 

consideration has constant charge density. 

In his theory, Stem (1924) has divided the region near the surface into two parts: the 

first consisting of a layer of ions adsorbed at the surface fomiing a compact double-layer (the 

Stem layer), and the second consisting of the diffuse ion-layer (the Gouy layer) (Fig . A. 10). 

He has accounted for the finite size of ions and the possibhty of their specific adsorption. 

The Stem theury of the electrical double layer then assumes that the surface charge 

is balanced by the charge in solution which is distributeci between the Stern layer at a distance 



(d) fiom the SUTfàce and a difise layer which has a Boltzmann distribution. The total surface 

charge in this model is therefore due to the charge in the two layers. 

There have been a number of M e r  modifications to the double layer theory, 

primarily to explain experimental observations. Grahame (1947) suggested through what is 

calied in the literature (e. g., Singh and Uehara, 1986) the Gouy-ChapmakStem-Grahame 

model that specifically adsorbed ions can approach the inner Helmholtz plane or [HP (i.e., 

adsorbed into the Stem layer) when they lose their water of hydration, whereas the hydrated 

cations are only electrostatically attracted to the surface (outer Helmholtz plane, or OHP). 

Two types of arrangement are illustrateci in Fig. A. 12. The first arrangement (A- 

arrangement) shows hydrated ions interacting with the electrified surface through a layer of 

water molecules, while the &arrangement presents ions in direct contact with the surface, 

resulting thereby in partial hydration of the ions. 

A.2.3.3 Net Energy of interaction 

Relationships for diffise layer energies of repulsion have been combined with those 

for van der Waals attraction to give curves of net energy of interactio~~ as a function of 

distance of the type shown in Fig. A. 13 (Verwey and Overbeck, 1948) The energy of 

repulsion is sensitive to changes in electrolyte concentration, cation valence, dielectric 

constant, and pH; whereas, the attractive energy is sensitive only to changes in the dielectric 

constant and temperature. 

In systems where the net cuve of interaction exhibits a high repulsive energy banier, 

particles in suspension are prevented fiom close approach, and the suspension is stable. In 

cases where the repulsive energy barrier does not exist, particles can easiiy corne into close 

proxirnity, and flocculation results, represented by the minima in the energy curves (Fig. 

A.13). in these systems, 0ocs or aggregates of several particles m l e  together fiom 

suspension . 



The character of the net curve of interaction also has a major Ulfluence on particle 

arrangement and stability in sedimented, consolidated, or compacted deposits of clay. 

Changes in system chemistry, which in mm causes changes in the net cume of interaction, 

may have important consequences in ternis of the behavior of the soil when disturbed or 

subjected to the action of flowing water. 

A.3 Soil Fabric 

The term fabric refers to the arrangement of particles, particle groups, and pore 

spaces in a soil. The term structure is sometimes used interchangeably with fabric. It is 

preferable, however, to use structure to refer to the combined effects of fabric, composition, 

and interparticle forces. 

The particle arrangements in soils remained largely unknown until development of 

suitable optical, x-ray difiaction, and electron microscope techniques made direct 

observations possible aarting in the mid- 1950s. hterest then centered mainly on clay particle 

arrangements and their relationships to mechanical propenies. It was not until the late 1960s 

that knowledge expanded rapidly, sparked by improved techniques of sample preparation and 

the development of the scanning electron microscope. 

in the early 1970s attention was directed also at particle arrangements in cohesionless 

soils. From this work came a reaiization that characterization of the propenies of sands and 

gravels cannot be done in terms of density or relative density alone. as had previously been 

thought. In fact, particle arrangements and stress hiaory should be considered in these 

materials as well. 

In this division, methods for determination of fine-grained sois fabric are illustrated 

and examples of different fabric types are described. The importance of soil fabric as a factor 



determining clay properties and behavior relevant to compaction and hydraulic conductivity 

is discussed in the next divisions. 

A.3.1 Definitions of Fabrics and Fabric Elements 

There has been a proliferation of tenns for the description of fabrics and fabric 

features. The number of special terms will be kept to a minimum; however, it is necessary to 

consider the size, the fonn, and the function of different fabric units. It is also necessary to 

keep in mind the scale at which the fabric is of interest. For instance, a carefùlly compacted 

clay liner for an hpoundment may have wùfonnly and closely spaced particle groups within 

it, thus giving a material with very low hydraulic conductivity. If, however, the liner becomes 

broken into sections measunng a meter or so in each direction as a result of shrinkage 

cracking, then leakage through it will be dominated totally by flow through the cracks, and 

the small-scale fabric becornes unimportant. 

A. 3.1 .1  Particle Associations in Clay Suspensions 

Particle associations in clay suspensions can be described as follows and as Uustrated 

in Fig. A. 14 (van Olphen, 1977): 

1. Dispersed no face-to-face association of clay particles; 

2. Aggreguted face-to-face association (FF) of several clay particles; 

3. FIocculated edge-to-edge (EE) or edge-to-face o association of aggregates; 

4. DeJocmIated: no association between aggregates. 

Thicker and larger particles result fiom FF association. EF and EE associations can produce 

cardhouse stnictures t hat are quite voluminous until compressed. Referring to Ag. A. 1 4, the 

terminology of the various modes is as following: 

(a) Dispersed and deflocculated, (b) Aggregated but deflocculated (FF association, or parallel 

or oriented aggregation), (c) EF Bocculated but dispersed, (d) EE flocculated but disperseci, 



(e) EF flocculated and aggregated, (f) EE flocculated and aggregated, and (g) EF and EE 

flocculated and aggregated. 

Although the above terrninology is specified, the terms flocculated and aggregated are 

often used synonymously in a generic sense to refer to muhiparticle assemblages, and 

deflocculated and dispersed are used synonymously in a generic sense to refer to single 

particles or particle groups acting independently. 

A. 3.1.2 Particle Associations in Soils 

Particle associations in sediments, residual soils, and compacted clays assume a variety 

of foms; however, most of them are related to the combinations of the configurations shown 

in Fig. A. 14, and reflect the difference in water content between a suspension and a denser 

soi1 mass. Whereas single grain fabrics are found in cohesionless soils, fine-grained soils are 

almost always composed of multiparticle aggregates. Overall, three main groupings of fabric 

elements may be identified (Collins and McGown, 1974): 

1. Elementuryparricle arrangements single forrns of particle interaction at the levei 

of individual clay, silt, or sand particles. 

2. Purticle assemblages: units of particle organization having definable physical 

boundaries and a specific mechanical function, and which consist of one or more 

foms of t he elementary particle arrangements. 

3. Pore spuces. 

Schematic illustrations of each of the fabric features in these three classes are show in Figs. 

A. I 5 through A. 17. The features s h o w  in Figs. A. 14 through A. 17 are sufEcient to describe 

most fabrics. A number of additional tenns, however, have also been used in the iiterature to 

describe the sarne or similar features. 

Cardhouse is an edge-to-face arrangement fonning an open fabnc similar to the edge- 

to-face flocculated but dispersed anangement of Fig. A. 14c (Goldschmidt, 1926). A domain 



(Aylmore and Quirk, 1960,1962) or pocket or book (Sloane and Keli, 1966) is an aggregate 

of parallel clay plates. An array of such fabrics is termed a twbostratic fabric and is similar 

to the interweaving bunches of Fig. A. 16h. An edgeto-face association of packets or books 

is termed a bookhouse and is sUNlar to the anangement of Fig. A. 14e. A cluster is a grouping 

of particles or aggregates into larger fabric units (Olsen, 1962; Yong and Sheeran, 1973). In 

a fabric composed of groupings of clusters, it is rnany h e s  usefùl to refer to intracluster and 

intercluster pore space and to cluster and total void ratios. The termped (Brewer, 1964) has 

a similar meaning to cluster. 

A.3.1.3 Fabnc Scale 

The làbric of a soil may be considered relative to three levels of scaie. From smallest 

to largest they are: 

1 .  Microfabric: the microfabric consists of the regular aggregations of particles and 

the very srna11 pores between them, perhaps with sizes up to about 1 Pm, through 

which very little fluid will flow. Typicd fabric units are up to a few tens of 

micrometers across. 

2. Mi~tyabric: the minifabric contains the aggregations of the microfabric and the 

interassemblage pores between them. The interassemblage pores may be up to several 

tens of micrometers in diameter. Flow through these pores will be much greater than 

through the intra-aggregate pores. Minifabric units may be a few hundred micrometers 

in size. 

3. Macrofabric: the macrofabric may contain cracks, fissures, laminations, or root 

holes, correspondhg to the transassemblage pores (Fig. A. 17), through which the 

flow rate is so great as to totally obscure that through the other pore space types. 

The mechanical and flow properties of soi1 depend on details of these three levels of fabric 

to varying degrees. For example, the hydraulic conductivity of a the-grained soil will be 

almost totally dominated by the macro- and minifabrics, whereas time-dependent 



deformations such as creep and secondary compression wiU be controlled moa arongly by 

the mini- and microfabrics. 

A.3.2 Fabric Determination of FineCraiad Soils 

Both direct and indirect methods are used to study the fabnc and fabnc features of 

fine-grained soils. An illustrative schematic diagram prepared by Professor R.N. Yong that 

sunnarizes methods for analysis of soi1 composition and fabric using various parts of the 

electromagnetic spectrum is show in Fig. A. 18. 

Of the methods used to study the fabric of fine-grained soils, optical and electron 

rnicroscopy, x-ray diffraction, and pore size distribution offer the advantage of providing 

direct, and usudly, unarnbiguous information about specific fabnc features. provided the 

samples are representative and the sample preparation procedures have not destroyed the 

original fabric. On the other hand, these techniques are limited to smdl samples and they are 

destructive of the samples studied. 

Other available techniques, such as wave propagation, thermal conductivity, magnetic 

susceptibility, dielectric dispersion and electrical conductivity, are nondestnictive. at least in 

principle, and cm be used for the study of soi1 fabric in situ and for study ofchanges in fabnc 

that accompany compression, shear, and fluid flow. However, with rnost of these methods 

interpretation is seldom straightforward or unarnbiguous. In some cases, the use of several 

methods of fabric analysis may be appropriate in order to obtain Uiformation of more than one 

type or level of detail. 

A.3.3 Fabric of FineGraincd Soils 

The study of clay structure involves thee aspects: (1) the fabric; (2) the composition; 

and (3) the interparticle forces (physico-chernical interactions). The fabnc of a clayey soi1 



refers to the spatial distribution, orientation, and pariicle-to-particle relation of the clay 

particles and particle domains. Understanding clay structure is fundamental to many soil- 

related disciplines including geology, soi1 science, cerarnics engineering, as weU as civil 

engineering, in general , and geoenvironment al engineering, in particulm. Temghi ( 1 925) 

discussed the arrangement of particles and bonding of fine-grained soils. He postulated that 

clay minerais stick together at points of contact with forces strong enough to constmct a 

honeycomb smcture. This open structure ailows large arnounts offluid to be stored in large 

pores. Casagrande (1 932) also proposed a honeycomb mode1 of sensitive soil, which is very 

simiiar to the Terzaghi's structure. This type of clay fabnc is named the "Terzagh-Casagrande 

honeycomb structure. " 

By the sarne time, Goldschmidt (1 926) wggested a cardhouse structure, where flaky 

clay particles orient in edge-to-face contacts. He thought that it was the adsorbed water 

molecules around the clay particle that adhere the minerais together by their dipolar moment. 

Nearly thirty years later, Larnbe (1 953) presented a more complicated concept of soil fabnc. 

His proposed fabric of undisturbed marine clays is sirnilar to what Goldschmidt proposed. In 

an environment of high electrolyte concentration, clay particles flocculate under the dominant 

electroaatic attractive forces between the negatively charged faces and positively charged 

edges, resulting in a random orientation of particles. The fabric of soil with low ionic strength 

pore water was thought to be denser due to parallel arrangement of particles as repulsive 

forces between particles become dominant, resulting in a dispersed structure. In a remolded 

clay, particles become even more preferentially oriented due to the breakage of particle-to- 

particle bonds and the tendency of the particles to establish their most stable arrangement. 

Clearly, the Goldschrnidt-Lambe concept of a cardhouse structure is very difFerent fiom the 

TerzaghKasagrande honeycomb concept. 

The only technology avaiiable for most of the earüest direct observations of 

microfabric was the optical microscope. Mitchell (1956) conducted some of the pioneering 

experiments on naturd sediments in both undisturbed and remolded States. He determineci the 



degree of clay particle orientation in parallel arrangements indirectly by the intensity of 

illumination as the microscope stage was rotated. Mitchell's observations basically con£irmed 

the fabric proposed by Lambe (1953) on marine and fresh water clays, yet with some 

modifications and expansions. He aîtributed the significantly preferred orientation in 

undisturbed marine clays mainly to one-dimensional compression in nature, and stated that 

the formation of a deposit in fresh water does not necessarily insure a dispersed and oriented 

clay fabric due to hpurities in the environment. He also emphasized the effects of remolding 

on the preferred orientation of clay particles, and consequently on the engineering properties 

of soils. 

Application of electron microscope made the direct observation of single clay particles 

arrangement possible. Carbon replica transmission electron microscopy (TEM) on marine 

sediments confirmed the validity of the cardhouse modet. Clay particles were found to arrange 

domuiantly by contacts between edges and planes (Rosenqvist, 1959). There was increasing 

evidence that groups of particles in suspension, referred to as clay clusters, behave as single 

units (Terzaghi, 1960). Intensive observation on soi1 microfabric led to a revoiutionary 

concept: the domain. A domain is defined as a parallel arrangement of clay nystals (Aylmore 

and Quirk, 1959, 1960). By comparing the behavior of illite domains with those of 

montmorillonite, it was concluded that a domain structure in some respects resembles a 

montmorillonite crystal. Clay mass was considered to be composed of pores and matnx, 

within which domains of one micrometer diameter are randomly placed with respect to eadi 

other (Aylmore and Quirk, 1959). Turbostratic arrangement was proposed for the fabric 

composed of domains (Aylmore and Quirk, 1960). Domain structure is so common in 

compacted soi1 that Sioane and Kell(1966) suggested that the cardhouse model be replaced 

by a bookhouse fabnc model when they investigated the carbon replica of compacted 

kaolinite. They called the domains paralleled packets. 

hiring the 1970s, the use of scanning electron rnicroscopy (SEM) increased due to 

the relative simplicity of specimen preparation and larger scope of view whicb reveals the 



important role of aggregates in constituting soi1 fabric (Pucsh, 1970; Yong, 1971; Barden, 

1972; Moon, 1972; Smm, 1972; Collins and McGown, 1974). Multiplate particles have been 

recognized as a si@cant aspect of clay fabric in various sediment types ever shce. Pucsh 

(1970) proposed that the natural microstructure pattern of soft guick clay is a very porous 

network of dense aggregates connected by links of clay particles. When such soi1 is sheared, 

the aggregates behave iike rigid M e s ,  up to certain stress levels, and move as integral units. 

On the other hand, the movement of the aggregates induces large deformations in the 

comecting links leading to the development of domains of oriented particles. Barden ( 1 972) 

stated that both natural and artificial clay soils are made up of plates aggregated into peds, 

crumbs, or domains. There is no such thing as single plate cardhouse structure, but a generai 

occurrence of plates aggregated in a face-to-face association. The turbostratic structure is 

thus formed by dispersed association, while bookhouse structure is formed by flocculated 

association. He argued that the single plate theory is relevant only to dilute colloidal 

suspensions, and that naturally consolidated clay requires consideration of multiplate units. 

Yong ( 197 1) concluded that crumbs (aggregates), which showed finite particle shape and 

structural integrity, tended to re-arrange and re-orient under small stress without internai 

single-particle distortion. Crumbs distortion and single particle reorientation occur only at 

high loads and accompanying soi1 volume change. To confirrn the tendency toward face-to- 

face attraction of clay platelets into groups, Collins and McGown (1974) presented a much 

more complex diagram of microfabric of nahiral sedirnent based on SEM observations. 

Multilevel particle assemblages consisting of clay groups, silt, and sand of many forms and 

fùnctions were suggested. Particle assemblages are defined as units of particle organization 

(association) having definable physical boundaries and a specific mechanical function. An 

assemblage consists of elementary particle arrangements or smaller particle assemblages. 

Aggregations are assemblages acting efkctively as individual units within the fabric and 

varying in size, shape, and interna1 structure. Clay particle matrices are assemblages fonning 

the background of rnicrofabric and may act as a binder within the overall fabric in certain 

cases. As a result of th& arrangement of clay particles in different levels, multilevel pore 

spaces were proposed (Fig. A. 17). 



Optical microscopy is suitable for macrofabnc study, bur cannot provide detaiied 

information on the microfabric at particle level due to its iow magnification and thickness of 

the specimen. The most serious drawback of SEM is that observations are restricted to rough 

surfaces casually fonned by breaking a soi1 biock. It is impossible to investigate the detailed 

intemal structure. Even at the highest possible magrdication, it is hard to diffetentiate 

dEerent structures (Barden and Sides, 1970). Carbon replica TEM is also limited to the 

observation made on broken surfaces. Therefore, the results obtained could be grossly 

rnisleading (Srnart, 1 967). 

THE END 



Figure A. 1 Silicon tetrahedron and silica tetrahedra arranged in a hexagonal 
network (Mitchell, 1993). 

Figure A 2  Octahedral unit and sheet structure of octahedral units (Mitcheu, 
1993). 
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Figure A.3 Synthesis pattern for the clay minerals (Mitchell, 1993). 



Figure A.4 Schematic diagrams of the structures of (a) kaolinite 
serpentine (Mitchell, 1993). 

Figure A. 5 Diagrammatic sketch of the Laoiinite structure (Mitchell, 1993). 



Figwe A.6 Tetrahedral charge structure of a water molecule (Kirkham and 
Powers, 1972). 



Figure A.7 Possible mechanisms of water adsorption by clay surfaces 
(Mitchell, 1993). (a) Hydrogen bonding. (b) Ion hydration. (c) Attraction by 
osmosis. (d) Dipole attraction. 



Figure A.8 Distribution of ions adjacent to a clay sunace according to the 
concept of the difise double layer (Mitchell, 1993). 



Figure A.9 Development of electric double layer (EDL) and difise ion-layer 
(DL) (Yong et al., 1 992). 

Figure A. 10 Average eiectric potential as a fiinaion of distance x away fiom 
clay particle surfàce (Yong et al., 1992). 



Figure A. 11 (a) Potential and (b) charge distributions for interacting doubie 
layers f?om paralle1 flat plates (Mitchell, 1993). 
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Figure A. 12 Two types of ions arrangement at the particle sunace-water 
interface (Yong et al., 1 992). 



Figure A. 13 Energies of repulsion, attraction, and net curves of interaction for 
paraiiel flat plates (Mitchell, 1 993). 



Figure A. 14 Modes of particle associations in clay suspensions (der van 
Olphen, 1977). 
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Figure A. 15 Schematic representation of elementary panicle 
arrangements (&a Collins and Mc-, 1974). (a) Individual clay 
platelet interaction. (b) Individual silt or sand particle interaction. (c) 
Clay platelet group interaction. (d) Clothcd siit or sand particle 
interaction. (e) Pady disceniible particle interaction. 



Figure A. 16 Schernatic representation of particle assemblages (afker Collins 
and McGown, 1974). (a), (b), and (c) Connectors. (ci)  irregular aggregations 
by connecter assemblages. (e) Irregular aggregations Ui a honeycomb. (f) 
Reguiar aggregations interacting with particle matrix. (g) Interweaving 
bunches of clay. (h) Intenveaving bunches of clay with silt inclusions. (i) Clay 
particle rnatrk. (j) Granuiar particle rnatrix. 



Figure A. 17 Schematic representation of pore space types (after Collins and 
McGown, 1974). 



Figure A. 18 Methods for examinhg mineralogy, fabric, and structure of mils 
using parts of the electromagnetic spectnim (prepared by RN. Yong, 
Geotechnicai Research Centre, McGiil University). 




