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ABSTRACT

In many sub-tropical and tropical arid regions of the worId, marly soils (marIs)

and lime or cement stabilization of mari soils are used as a convenient and expedient

means for development of foundation base courses and inexpensive wearing courses for

transport purposes. The failure of many of these natura! and stabilized marIs to perform

their function have been reported.. Mechanical factors generally used to explain the causes

for the foundation fallures have not been satisfactorily accepted. This study uses physico­

chemical (reaction) factors ta explain the general basic causes for deterioratian of the

support capability for these types of sail. The presence of palygorsldte and sepiolite in

mari soils provides it with sorne very unique features in its natura! state, and particularly

when it is stabilized with lime or cement. Formation of an expansive minerai ettringite

as a transformation product of palygorskite increases the swelling potential of the

stabilized soil. The various interactions, reactions and factors contributing to the stability

and instability of marI soiIs, and lime stabilized marIs are discussed. Ettringite is a

swelling material, which its swelling can he in the order of up to 30 centimetres in road

construction. The exact rnecbanism of these failures is still not weIl known. Reactions

between lime, alumina (released from the clay fraction of sail) and sulfates present in the

soil pore fluid can cause the formation of ettringite. These reactions have been

responsible for the failure of severa! sail stahilization projects. In this study, the impact

of the structural changes of stabilized marI on its performance are assessed. In this

matter, sorne basic and fundamental aspects and physico-chemical performance of

palygorskite and sepiolite as distinguished clay mineraIs, and ettringite are quantitatively

presented. The possible contribution of palygorskite and sepiolite ta the post-stabilization

fail1JIe due ta ettringite formation were investigated. By conducting a set of physico­

chemical experimental studies, it is shawn that the general geoteehnical

mechanicaUphysicaI criteria used ta evaluate stabilized soil performance may not he

reliable for the evaluation of stabilized mari due ta the possible formation of ettringite

and its resultant behaviour. A set of physica-chemical studies, which include specific

surface area measurements (SSA) and x-ray diffraction (XRD), are needed for a more
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comple~ and realistic evaluation of the long-term stability of stabilized marI. In this

study ~ a sail washing method for extraction of pure palygorskite or clay fraction from the

soil mixture is developed and validated by XRD analysis. This helped in investigating the

role of pure palygorskite on the marI performance. Based on the presented results, the

pervious classification of marly soUs is developed and a new classification for marly soils

is proposed.

Following establishment of the significant raIe of palygorskite and sepiolite,

tbrough the experimental studies, the current XRD techniques for quantitative minerai

analysis of clay soils are evaluated. The accuracy of these methods are investigated by

preparation of a series of artificial soil mixtures. Finally ~ a quantitative XRD method for

marly soUs and ettringite is presented. By the performance of XRD on a series of

artificial marly samples having ettringite, a series of practical graphs for XRD minerai

quantification of marly soils and ettringite is validated.

In the last part of this sttldy, the major difference in the kinetics of ettringite when

artificially formed is compared with that of a stabilized soil, and the raIe of sulfate,

alumina, and calcium on the ettringite formation is investigated.

Furthermore~ for sail stabilization, the contribution of different clay minerals in

ettringite formation is investigated through the experimental study. Among the clay

mineraIs studied, palygorskite was found ta he the most rich in alumina, providing the

highest source of alumina for ettringite formation.

ii
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RESUMÉ

Dans plusieurs régions sub-tropicales et tropicales arides du monde, les sols marIés

(marIs) et les marIs stabilisés au ciment et à la chaux sont utilisés comme moyen rapide et

pratique pour le développement de fondation de réseaux routiers. L'incapacité de plusieurs

de ces marIs et marIs stabilisés d'effectuer leur fonction a été raportée. Les facteurs

mécaniques généralement utilisés pour expliquer l'affaissement des fondations n'ont pas été

acceptés de façon satisfaisante. Cette étude utilise des facteurs physico-chimique (réaction)

pour expliquer les causes générales de la détérioration de la capacité de support de ces types

de sols. La présence de palygorskite et de sepiolite dans les marIs leur procurent des

caractéristiques uniques (dans leurs états naturels) et particulièrement lorsqu'ils sont

stabilisés avec de la chaux ou du ciment. La formation d'un minéral expansif, l'ettringite,

issu de la transformation du palygorskite, augmente le potentiel de gonflement du sol

stabilisé. Les diverses interactions, réactions et facteurs contribuant à la stabilité ou à

l'instabilité des sols marIés et des marIs stabilisés à la chaux sont discutés. Le mécanisme

exact de ces affaissements n'est pas totalement connu. Les réactions entre la chaux, l'aIwnina

(relâché de la fraction des argiles du sol) et les sulfates présents dans les pores du sols

peuvent causer la fonnation de L'ettringite. Ces réactions sont responsables de la défaillance

de plusieurs projets de stabilisation de sols. Cette étude évalue les impacts du changement

structurel du marI stabilisé sur ses performances. Les aspects fondamentaux et les

performances physico-chimiques du palygorsk:ite et du sepiolite, en tant que minéral d'argi~e

distinct et de l'ettringite sont présentés quantitativement. Nous avons investigué la

contribution possible du palygorskite et de la sepiolite sur la défaillance post-stabilisation

causée par la formation d'ettringite. En dirigeant une série d'études expérimentales physico­

chimiques, on démontre que les critères géotechniques méchaniques/physiques généraux

utilisés pour évaluer la performance des sols stabilisés ne paraissent pas être fiables pour

l'évaluation du marI stabilisé causé par la formation possible de l'ettringite et son

comportement résultant. Une série d'études physico-chimiques, incluant la mesure de la

ll1
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surface et rayons-x par diffraction, sont requises pour une évaluation plus complète et réaliste

de la stabilité à long terme du marI stabilisé. Dans cette étude, nous avons développé une

méthode de lavage de sols pour l'extraction du palygorskite pur et de la fraction argileuse

de la mixture de sols. Cette méthode est validée par analyses aux rayons-x. Ces expériences

ont aidé àinvestiguer le rôle de la palygorskite pure sur les performances du marI. Basé sur

les résultats obtenus, la classification précédente des sols marIés est développée et une

nouvelle classification pour les sols marIés est proposée.

Suite à l'établissement du rôle significatifdu palygorskite et du sepiolite, nous avons

évalué les techniques par rayons-x pour l'analyse minérale quantitative des sols argileux.

La précision de ces méthodes est investiguée par la préparation d'une série de mixtures de

sols artificiels. Finalement, nous présentons une méthode quantitative pour les sols marIés

et pour l'ettringite. Une série de graphiques pratiques pour leur quantification est validée par

la performance du rayon-x sur une série d'échantillons de sols marIés artificiels contenant

de l' ettringite.

Dans la dernière section de cette étude, nous avons comparé les différences majeures

de la cinétique de l'ettringite formée artificillement avec les sols stabilisés. Nous avons

investigué le rôle du sulfate, de l'alumina et du calcium sur la formation de l'ettringite.

Au cours de cette étude expérimentale, nous avons investigué la contribution des

différents minéraux d'argile sur la formation de l'ettringite. De tous les minéraux d'argile

étudiés, le palygorskyte est le plus riche en alumina et fournit la plus grande source

d'alumina pour la formation de l'ettringite.

iv
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CHAPTER 1

INTRODUCTION

1.1 STATEl\1ENT OF THE PROBLEM

Introduction

•

Sail stabilization is usually accomplished by mechanical or chemical means.

Among soil stabilization methods, the use of lime and cement are the most commoo. Sail

stabilization should not he considered just in terms of strength, in fact, ta do so could

cause serious structuraI failures. Sail stabilization is any process by which sorne

undesirable properties of a soil are overcome (Lee 1974). Considering marI stabilizatian

solely in terms of its mechanical aspects bas resulted in severe problems, and there

presently exists no complete definitive interpretation for these failures.

In its nnatural staten, marI bas been reported to he unique because of the radical

changes in its resistance to deforming loads or stress under dry or wet conditions, which

are principally govemed by the presence of palygorsldte and!or sepiolite in its clay

fraction. Usually, as it is shawn in Figure 1.1, in clay mineraIs there is a relation

between sail cation exchange capacity (CEC), specifie surface area (SSA) and water

sorption capacity. As an example, as the CEe and SSA increase, the water sorption

capacity of soil ïncreases. These clay minerais retain water between their tayers. Among

the clay mineraIs, palygorskite and sepiolite's behaviour differs from others. Although

they have relatively low CEC, they show very high SSA and sorption capacity and in

sorne cases their water holding capacity is even greater than montmorilonite. This high

sorption capacity is attributed to their chain-like structure (Figure 1.2). Water in their

structure is called zeolitic water.
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•

Palygorskite and sepiolite are known to he the major fraction of marly soils (Yong

et al. 1996). On the whole, there is noticeable lack of research on the physico-chemical

performance of these clay minerais. The literature shows severa! different structural

formula for bath palygorskite and sepiolite, to a very large extent because of the many

possibilities for the distribution of Al, Mg, and Si, and by and large a considerable range

in the relative amounts of Al and Mg. However, in spite of these variations in

compositional features, the palygorskite-sepiolite minerals appear 10 bave the same

general XRD and dehydration characteristics.

In many parts of the worId where the climate is mainly "dry", it is not uncommon

ta use the soils in their in-situ state or as compacted marI for load suPIX>rtïng capability,

particularly as compacted subbase, foundation support, or even as a wearing course for

secondary road systems. However, under long exposure to water, the high CBR

resistance vaIues obtained in the compacted "dried" state could be significantly reduced,

particularly when the exposure to water leads to saturation of the soil and a longœrm

condition of "wet marI". Under such circumstances, the CBR resistanee valtles have been

reported to drop considerably, thereby undermining support capability and causing

foundation fallures.

It is useful ta note that the existence of palygorskite and sepiolite in marIs is due

to the chemical precipitation and crystallization of these minerais in what is essentially

an alkaline sediment. Significant quantities of Si and Mg are associated with this type. of

soil, and the minerais should remain stable sa long as the alkaline en.vironment is

maintained. However, should Ieaching of the saIts in the soil occur to the extent that the

alkaline environment is considerably reduced' decomposition occurs and transformed

products would he likely obtained.

Because of the presence of paIygorskite and/or sepiolite, marly soils possesses

swelling characteristics, and because the soils are generally obtained as a result of

deposition in marine environments, high salt contents are not unusual in the soil.

However, it is this high salt content that will produce the potential for slaking of the sail

3
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in the presence of water, to the point where the difference in CBR resistance between dry

and saturated states bas been reported to drop by about 85 % (Ouhadi et al. 1993). When

exposed to continuous heavy rain, it is not uncommon for marI soUs to he eroded,

thereby resulting in fallure in overlying structures, buildings and roads.

Similar to other problematic soils, stabilization with cement and lime bas often

been used ta overcome marI related problems. Unfortunately, in the majority of cases,

after a period of time, disastrous failure in stabilized marI may still occur. The failure

is attributed to the formation of ettringite {~2(S04)3(OH)u,26H20}, an expansive

mineraI which develops in the presence of sulfate, lime, and alumina ions which is

released from the clay fraction in high pH reactions. Ettringite (Figure 1.3) produces

high swelling in the order of up to 30 centimetres in road construction (Humer 1988).

To evaluate properly the marI stabilization process, when present, the significant

effects of sea-water should be considered. Within fme-grained soils, the use of sea-water

for stahilization purposes will cause a two-fold effect. First by decreasing the thickness

of the diffuse ion-layer due to the presence of cations in sea-water, followed by the

generation of a different expansive mineraI resulting from the presence of sulfate, causing

soil instability. Other significant properties, such as fluid retention and leaching

behaviour, are important in characterizing stabUized marI. Evaluating stabilized marI

from a physico-chemical standpoint as oPPOsed. ta a mechanical perspective, will help in

investigating post-stabilization fallures whi~h ~t from the transformation of the clay

fraction into a different expansive minerai calIed ettringite.

Figure 1.3: Electron microscopie picture of Ettringite,
magnification 20000.
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1.2 DEFINITION OF MARL

Introduction

•

The term marI has been assigned various meanings. It bas been dermed (pettijohn

1975) as a rock with 35-65% carbonate and a complementary content of clay. Usually

the clay fraction of mari is dominated by the presence of palygorskite or sepiolite which

control marls performance (Davis 1967, Kassler 1973, Yang et al. 1993, Ouhadi et al.

1966). Palygorskite and sepiolite have a chain-like structure as opposed to that of other

clay minerals which have a mainly layered structure (Figure 1.2). Palygorskite and

sepiolite are usually known to he associated with other non-silicates such as carbonates

and sulfates (Velde 1992). Tropical environments provide highly favourable conditions

for marI deposition (Ovcharenko 1969). MarI may he produced by purely chemical

precipitation. Its carbonate fraction may come from percolation of groundwater through

carbonate bedrocks and precipitating on reaching the lake, or may he produced by algae

in the process of their growth by photosynthesis (Guillet 1969). In the main, palygorskite

is an aJimino-Mg-silicate generally with equal proportions of Al and Mg. If the

proportions of Al were considerably reduced, we wouid obtain sepiolite. Renee,

depending on the origin (parent rock), we can expect to obtain either or bath of these

chain-like structures as one of the dominant mineraIs in maris. When they forro in a

sedimentary environment, a basic evaporitic environment is a favourable condition for

their formation. In such a case the nearshore sedimentary minerai is palygorskite, .the

more aluminous of the sepiolite-palygorskite pair. Towards the centre of the basin one

rmds more and more sepiolite until it becomes the ooly clay present (Velde 1992).

1.3 CASE HISTORIES, PROBLEM OF MARLY SOIL

In many sub-tropical and tropical arid regions of the world, mariy soils (maris)

and lime or cement stabilization of marI soils is used as a convenient and expedient
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means for development of foundation base courses and inexpensive wearing courses for

transport purposes. The failure of many of these natura! and stabilized marIs to perfonn

their function have been reported as follows:

Failure is reported on a sub-grade of Keuper marI in Britain, where strength was

found to he very sensitive to moisture content (Fumer and Seago 1985). In the Persian

Gulf region the widespread occurrence of failures, in many geotechnical situations, has

been reported in situations invoiving the soil, e.g. erosion, fallure in foundations and

sIopes, tension cracks in roads, widespread instability on natural and manmade slopes and

sail washing (Akili and Torrance 1981, Trenter 1989, Jones 1989, Sanad and Bader

1990). Figure 1.4 shows sorne undesirable behaviours of mari in road construction in this

region where the sail obtained for this study was procured. As can be seen, coUapsible,

diSPersive, and swelling behaviours accur, resulting in road failures.

One of the largest recorded landslides on earth occurred in the marly soils in Iran,

where the volume of landslide was estimated at nearly 20 cubic kilometres (Voight 1981).

In the areas where these fallures happened it is reported that since little vegetation is

present, the ground surface is totally unprotected from rain action. In sorne cases the

presence of numerous sinkholes 10 to 20 m in diameter and severa! tens of m in depth

is rePOrted (Rantucci 1987). In road construction projects, the instability of sorne slopes

and the swelling of mari on the floor of tunnels were major problems (Rantucci 1987).

Marly soils cover large areas of southeastern France. These m~ls are very susceptible

to weathering and are particularly prone to erosion, resulting in high solid transport

(Antoine et al. 1995). Disintegration of marI slopes is reported in the west regions of

Asia (Yaacov 1988).

On the other band, the production of low cost roads using lime or cement

stabilized mari, whilst offering an apparently simple remedy for good and cheap

transportation infrastructure, has created severa! problems because of seemingly

"peculiar" swelling and the resulting instability in post stabilization periods.
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The destructive effects of high sulfate concentration on cement and lime stabilized

soils was presented by Mehra et al. (1955) and Sherwood (1958, 1962). It is reported

that within a period of two years following lime stabilization in roadway, in Las Vegas,

U.S., in spite of acceptable prelirninary geotechnical investigations and excellent initial

perfonnance, distress began ta appear in the form of surface heaving and cracking

(Mitchell 1986). Heaves amounting to severa! centimetres and in sorne case as much as

30 centimetres above the adjacent pavement were observed and ranged from 30-60

centimetre width (Hunter 1988). Representative samples of damaged subbase analyzed

by XRD indicted the presence of ettringite minerals (Mitchell and Dinnatas 1992). Other

major occurrences of lime-ïnduced heave have been documented. Problem areas have

included Southem California, and Texas, U. S., in the highway construction (Califomia

Department of Transportation 1974) and even in foundation and slab in Paris, France

(Hunter 1989). The induced heave is attributed to growth of ettringite. However, the

exact mechanism of these failures is still not weIl known (Mitchell 1986).

1.4 REACTION FACTORS IMPACTING ON MARL INSTABILITY

By and large, it seems that in terms of marI, the common geoteehnical methods

for the evaluation of unstabilized/stabilized sail do not work weIl. These evaluation

methods consider stabilized soil only in terms of mechanical properties (Gillott 1968,

Belis 1988, Wild & Arabi 1989, Rao et al. 1993, Amoudi 1994A). A physico-chemical

(reaction factors) study of the behaviour of unstabilizedlstabilized marI must he carried

out ta answer questions regarding the instability performance of marI. A comprehensive

study shouid consider the behaviour of marI before and after stabilization with significant

attention to the role of marI composition upon those failures .
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•

1.4.1 Palygorskite/Sepiolite and Pore Fluid's Role on MarI Behaviour

Sînce it is believed that palygorskite/sepiolite contraIs marI behaviour, the

significance raIe of palygorskite, sepiolite, zeolitic water and pore fluid chemistry upon

marI performance must he identified as factors contributing to system fallures. Questions

which arise inciude: What is the role of palygorskite and sepiolite structures on marI

behaviour? How can they he quantified in marly soils? What is the raIe of carbonate and

pore fluid of marI upon its dispersive performance? Sïnce ettringite formation requires

sulfate, what is the role of the soil open structure of palygorskite and sepiolite on the

pore fluid holding capacity of soil? How does a stabilizer affect the role of zeolitic

water?

During ettringite development, due to the minerai transfonnation, a significant

change in the stnIcture of stabilized soil occurs. This will produce clay loss due to the

transformation of clay to ettringite. Changes in the structure of stabilized soil, or clay

loss, must he considered from at least three perspectives:

-Mineralogica1 aspect.

-Geoenvironmental aspect (soil ion movement).

-Soil behaviour and geoteehnical aspects caused by minerai transformation.

1.4.2 Mineral Identification, Mari Components and Ettringite

To identify the rate of change in the clay tÏflction of soil, mineraI quantification

is mandatory. This will help to quantify the presence of each minerai and the magnitude

of mineraI transformation. X-ray diffraction seems to he one of the most common tools

used in this aspect. However, the simplicity and accuracy behind such a quantitative

analysis are important. Questions which might be asked include, to what extent are

commonx-ray quantification techniques for clay soils accurate? How cau we quantify the

extent and magnitude of ettringite formation? What are the main factors governing snch

a quantification analysis in terms of major elements of marI and ettringite mineral?

9
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1.4.3 Geoenvironmental Aspect of Ettringite Formation

Since ettringite formation is associated with a noticeable change in sail StIUcture~

it will significantly alter the leachability performance of sail. In particular, the

leachability of chloride is of interest, since its presence might affect the extent and rate

of ettringite formation (Larcher 1968). In other words~ one might question; How does

anion repulsion affect the possibility ofettringite formation? How will the stabilizer affect

the chloride movement as a factor contributing to the extent of ettringite development?

To compound the problem of evaluation of sail performance and failures, it is

often noted that because of the shortage of fresh water in sub-tropical and tropical arid

regions, it is not uncommon for saitwater ta he used as a wetting agent in many

geotechnical projects. This contributes further ta the presence of salts in the sail, and is

a factor that bas yet ta be fully appreciated in the evaluation of the stability of marI in

any physical or chemical stabilization process.

1.4.4 Effect of Ettringite upon Soil Behaviour

To fmd out the rate of ettringite formation and its impact upon stability of

stabilized marI, minerai transformation of the clay fraction to ettringite under curing

conditions bas to he evaluated.

From a geoteehnical perspective, questions which arise include: Does the needle­

Iike structure of ettringite cpntribute positively or negatively to the geotechnical

properties of the stabilized soil? What is the rate of ettringite formation and the role of

different soil fractions upon ettringite growth? What are the appropriate conditions for

ettringite development?

1.5 RESEARCH OBJECTIVES

As was briefly addressed before, the nature of soil stabilization failures and the

conditions, bath compositional and environmental, that may lead to deterioration are not

10
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well known. Knowing these conditions will allow for a better comprehension of the

failure mechanism and hopefully help in the prevention of these fallures. Prior research

bas revoived around the stabilization of sail from a mechanical viewpoint and bas

generally neglected ettringite development, which is intrinsic to the cement hydration

process. Furthermore, the vast majority of previous research did not consider the effect

of the soil fraction on ettringite formation, or its effect upon soil behaviour. The

influence of marI mineraIs (such as palygorskite and sepiolite) are not considered and in

most cases the role of ettringite, as a new mineraI which replaces the clay fraction of

stabilized soil, is not taken into account. It seems that the main reason for being unabIe

to prevent these failures, results from a Iack of a physico-ehemical understanding of sail

stability (Yang et al. 1996, Yang and Ouhadi 1997A). As such, the main objectives of

this research will be as follows:

1- To determine the raIe of palygorskite, sepiolite and pore fluid chemistry

on stability of natural and stabilized marIs.

2- To detennine the rate at which ettringite is formed after lime treatment.

3- To assess the raIe of ettringite on the stability of stabilized marI.

The soil ta he used in this research is samples from the southem part of Iran. This

region is highly prone to bath natura! and artificial slope instability prablems. Large marI

deposits exist within the Persian Gulf and in the area of the Sea of Oman. Pure

palygorskite, and sepiolite are used in this research as. will he add.ressed in Chapter 3.

Control samples of illitic soil (Domtar sealbond) and kaolinite are used in this study.

1.6 TASKS

The aforementioned objectives are accomplished through experimental studies.

The details involved in the experimental studies will he given in Chapter 3. The

laboratory experimental studies consist of the following:

Il
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(1)

(2)

(3)

(4)

(5)

Physical and chemical tests to determine the composition and properties of the

tested sail and sea-water samples (e.g. x-ray diffraction, surface activity of sail,

amorphous material measurement, and pore fluid chemistry analysis). These

analyses will he used ta give a general picture of marI components and their raie

on behaviour. The pore fluid analyses were performed mainly by application of

atomic absorption spectroscopy (AAS), turbidimeter and chemical titration, as

will he discussed in detail in Chapter 3.

Soil suction testing was used ta study the effect of ettringite, palygorskite, and

sepiolite on marI behaviour, the role of stabilizers on zeolitic water, and to obtain

the energy state of the sail pore fluids. The zeta meter was used ta measure the

zeta potential of pure ettringite.

X-ray diffraction testing was used to establish sorne basic criteria for quantitative

evaluation purposes of palygorskite, sepiolite and ettringite. The performance of

this test was aIso aimed at determining the extent and rate of minerai

transformation and to evaluate how environmental conditions impact upon this

minerai transformation.

The soilleaching test, was used to examine the leaching and migration behaviour

of chloride ion during and after minerai transformation which may affect the

quantity of ettringite development.

A series of geotechnical tests were used, including, California Bearing Ratio

(CBR) and Atterberg limits ta determine the raIe of palygorskitelsepiolite on the

geotechnical response of soils and to investigate the effect of ettringite formation

upon geoteehnical aspects of soil performance.

Figure 1.5 gives the research protocol for achieving the aforementioned

objectives.

12
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RESEARCH PROTOCOL

THE ROLE OF l\tIARL COl\tIPOSITION
AND ETTRINGITE ON THE STABILITY

OF STABILIZED MARL

Illtroduction

Natural MarE, lUite, Sea-Waler, Symhetic Ettrilzgite, Pure Palygorskite & Sepiolite, Cement & Lime

GeotechnicaI Study

XRDandAAS

-The Role of MarI Components on iLs Performance

-The RaIe of Ettringite on Sail Behaviour

- A New Classification for Marly Soils

-Sorne of the Factors Affecting Ettringite
Developrnent

- A Suggested XRD Technique for Quantification
ofMarly Soils and Ettringile

-Kinetics ofEttringite Fonnation

-Sorne Leaching Aspects of Stabilized MarI and
Ettringite

•
Figure 1.5: Thesis structure
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1.7 ORGANIZATION OF THE THESIS

Introduction

•

The thesis consists of eight Chapters, the contents of which are as follows:

Chapter 1: an introductory Chapter presenting the problem, objectives and the scape

of this study.

Chapter 2: provides a literature review concerning the role of pore fluid chemistry

upon soil behaviour. It also includes talks about minerai identification

methods, and a review relating to marly soils. Collapsible and dispersive

behaviour are discussed and stabilization with cement and lime as a

method to overcome those marI related problems are presented.. The latter

consists of reviews concerning major mineraIs which form in the

stahilization process with emphasis on etttingite.

Chapter 3: presents a description of the experimental methods, materials and

techniques as weIl as testing procedures employed in this research.

Chapter 4: evaluates the accuracy and simplicity of sorne of the common quantitative

x-ray methods and includes a suggested XRD technique for quantitative

interpretation of mineraiogical composition of marly soils and ettringite.

Chapter 5: describes the role of marI composition and reaction factors on instability

and behaviour of Marly soils. It emphasizes the behaviour of palygorskite­

sepiolite as the major fraction of marI and provides a suggested soil

classification for marly soils.

Chapter 6: summarizes the mineralogy and interaction aspects of stabilized marI and

the minerai transformation of palygorskite. It also includes the

identification of ettringite in marI stahilization by the XRD technique, as

well as the raIe of ettringite on the stability of stabilized marI.

Chapter 7: presents the kinetics of ettringite formation and evaluates sorne different

factors affecting the rate of ettringite development. It aIso discusses the

experimental study on the leaching behaviour of marI. Furthermore~ it

14
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differentiates between different aspects of soi! stabilization using cement

and lime in conjunction with the raIe of stabilizer agents on zeolitic water

performance. The possible contribution of different clay soils for ettringite

formation is discussed.

Chapter 8: contains a presentation of conclusive statements, contribution of the thesis

to original knowledge, together with sorne suggestions for further snulies.

References: presents a listing of the references cited in this thesis.

Appendix 1: provides a brief application of the formulation used for error anaIysis in

the evaluation of experimentai results of this research.

Appendix II: gives a detailed description of sorne of the experiments performed in chis

study.

Appendix ID: includes sorne of the XRD patterns of soil samples and ettringite which

were resulted frorn the current research.
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2.1 INTRODUCTION

CHAPTER 2

LITERATURE REVIEW

Literature Review

•

Water has a high tendency ta attach ta sail mineraIs, in particular, to clay. Many

clay soils swell when exposed to water. The surface potential at the interface between

sail and water is governed by the presence of cations which occur between soil particles

within the soil solution. Clay particles are particularly sensitive to these forces due to

their inherently large specific surface area. This tends to give a dispersive or flocculated

structure which affects soil properties and performance (Yong et al. 1969, 1992). The

presence and type of cations and anions in the soil pore fluid, in conjunction with sail

mineralogy, grain size distribution, and the history of the soil, govern the soil

performance in terms of the presence and extent of swelling, dispersivity and collapsible
- -

behaviour. Studies from the geotechnical, geoenvironmentaI, minéralogical and physico-

chemical points of view are among the available tools to study soi! behaviour.

Sînce the problem of marly soils, including their instability in natura! and

stabilized states was explained in Chapter 1, this Chapter focuses attention mainly on

sorne fundamental aspects of soil behaviour which are u.sed larer in this study and will

be referred to, in the rest of the thesis .
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2.2 DIFFUSE ION-LAYER AND ZETA POTENTIAL

literature Review

Since soil-water contains dissolved solutes, the interaction between a negatively

charged sail particle surface and the cations in the soil-water will generate an electric

double layer (EDL), resulting in a pattern of negative and positive charges near the soil

particles. The diffuse double layer (DDL) theory, which was independently developed

by Gouy and Chapman, provides the recognition necessary to account for the IDobility

of the ions in solution (Yong et al. 1992). The interaction of the diffuse ion-layer of

adjacent particles provides an explanation of the swelling, plasticity, and water retention

properties of clays (Yong and Warkentin 1975). Stem (1924) proposed a model in which

the diffuse ion-layer is divided inta two parts. These two parts are assumed ta he

separated by a plane, called the Stem plane, located at approximately a hydrated ion

radius frOID the surface of particle (Figure 2.1). The potential changes frOID ir" (the

surface or wall potential) to irIS (the Stem potential) in the Stem layer, and decays from

'l'cS ta zero in the diffuse ion-layer. The details of potential and charge distribution

according, ta the Stem model, is reviewed by Olphen (1977). The decay of the potential

with distance from the surface of the particle bas a exponentiai pattern. The centre of

gravity of the space charge corresponds with the plane ICX=1 or x=1/K. According ta

Gauy-Chapman theary, 1/" is calIed the thickness of diffuse ion-layer which is equal ta:

1:.=( eKT )1/2
le 81tC.e2z 2

(2:1)

•

where 1/" is the representative thickness of diffuse ion-layer (angstrom), E is the

dielectric constant of pore fluid, KT is the product of Boltzman constant and absolute

temperature (which is equal ta 0.4 x Hj13 ergs at room temperature), C" represents the

concentration of the species of ion in the bulle solution (normality X 10-3 x avogadro's

number, ion/cm3), e is called elementary charge which is equal to 4.77 X 10.10 esu, and

z is the valence of the species.
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•

In other words, potential distributions around charged surfaces are a function of

the parameters indicated in the above equation. For example, the thic1cness of diffuse ion­

layer will decrease if the concentration of cations increases.

The cations can he arranged in a series which portrays their replacing power.

Although the type of clay mineraI and ion which is being replaced governs the position

of ions in this series, the arrangement of cations in the order of increasing replacing

power will appear as follows:

Li+ < Na+ < H+ < K+ < NH4+ < Mg2+ < Ca2+ < Al3+

in which, for a given valence, the cations with a smaller hydrated radius will replace

cations with the same valence having a larger hydrated radius and, therefore, will move

closest to the clay particle surface and he more strongly adsorbed. As such, the

potassium ion with the same valence as the sodium ion bas the ability to replace the

sodium ion simply because its radius 3.8-5.3 angstrom is smaller than that of the sodium

ion which is 5.6-7.9 angstrom. 1be number of exchangeable cations replaced depends

upon the concentration of ions in the replacing solution (Yong et al. 1992).

The significant properties of the diffuse double layer that are experimentally

available are, the zeta potential and the thickness of the diffuse ion-layer. Neither of

these properties can he measured directly. The zeta potential is computed from

measurements of the electrokinetic phenomena at an infinite dilution of particles, while

the thickness of the diffuse ion-layer (as was addressed before) !s computed from the

ionic strength of the medium. The zeta potential is the electric potential in the diffuse

ion-layer at the interface between a particle which moves in an electric field and the

surrounding liquid. The zeta potential is computed from the electrophoretic mobility of

the soil particle. Its magnitude is considered a measure of the particle repulsion (Yong

et al. 1992). A colloidal system such as clays due to their microscopie size have a very

large surface area to weight ratio. As a result, gravity is insignificant and surface forces

control their hehaviour. The zeta-meter measures the effect of the electrostatic charge,

basic repulsive surface force; which is always opposed by Van der Waals attractive

18
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forces. The net result (attraction or repulsion) depends on the relative magnitude of bath.

2.3 MINERAL IDENTIFICATION METRonS

The methods used to identify and characterize clay mineraIs, as weIl as their chief

chemical and fabric characteristics mainly include X-ray diffraction (}(RD), specific

surface area (SSA), infrared spectral analysis (IR), scanning electron microscopy (SEM)

and differential thermal analysis (DTA) (Yong 1976, Velde 1992). An atomic absorption

spectrophotometer (AAS) has often been used to evaluate the chemistry of pore fluids.

XRD, SSA, and AAS have been employed in the current research process. XRD is based

upon Bragg's Law (Bragg 1912) which is dermed as :

2dsin6=nÀ (2.2)

•

in which, d is the distance between two planes of atoInS, 8 is the reflection angle, À is

the wave Iength of incident rays, and n is often called the arder of reflection. In fact, in

XRD, each minerai shows a series of peaks which are specific to each individuaI minerai.

A5TM and rCOD (International Centre for Diffraction Data) classified the data for each

mineraI on the basis of the most intense diffraction lines which are usually called the

weighting factor. The data also contain the_ d spacing for every line and the relative

intensities of the line which are presented on the basis of the strongest Une is assumed

to he 100.

In order to investigate the presence of different minerais in soils, XRD

quantification methods are often used. However, the use of these methods in soils

involves a set of restrictions which causes either time-consuming analysis or fast

evaluation with low accuracy. The limitations associated with application ofXRD for soil

quantification will be addressed in Chapter 4 .
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Figure 2.1: Schematic diagram of the diffuse ion-layer (Yong et al. 1992).
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• Figure 2.2: Miller indices (Cullity 1967).
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Table 2.1 presents the XRD ret1ection lines related to palygorskite minerai. In this

Table, d and W.F. are the distance between two planes of atoms and the weighting

factor, respectively, as introduced before. The letters k, k, and l are called Miller

indices. Miller indices (Figure 2.2) are defined as the reciprocals of the fractional

intercepts which the plane makes with the crystallographic axes. They are indications of

the orientation of planes in a lattice. The indices are zero when the plane and axis are

parallel and are negative if the plane cuts a negative axis (CulUry 1967).

TABLE 2.1: d Spacing, weighting factor and Miller indices of palygorskite.

d W.F. hkl d W ..F. hkl

10.40 100 -110 3.220 16 -311

6.330 20 200 3.170 25 400

5.380 14 130 3.090 12 -321

4.460 30 040 2.885 4 -151

4.260 12 -121 2.673 6 -341

4.130 16 -310 2.605 10 -421

3.990 4 201 2.585 16 341

3.650 10 -221 2.536 18 440

3.440 4 -150 2.507 12 161

3.350 8 -231

2.4 MARLY SOILS

Clays can occur as sedimentary deposits in fresh- and salt-water environments.

These environments affect the structure of the clay. Generally, clay deposited in fresh­

water has small relatively porous aggregates and small voids, whereas, marine salt-water
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cIays have large dense aggregates separated by large voids (Yang and Warkentin 1975,

Madedor 1989). Mart although encountered in many different parts of the worId, has

received little attention in international soil literature. Keuper marI, and its use as a

foundation material, bas been reviewed by Meigh (1976). MarI in Quebec bas been

reviewed by Waddington (1950). Guillet (1969) reported upon the presence of marI in

Ontario and upon its industrial usage. Kerr et al. (1950) reviewed microscopie aspects

of the clay fraction of U.S. Georgian and Floridian marI. Ovcharenko (1960) described

mineralogical aspects of palygorskite in Russian marI. Sorne aspects of leaching

behaviour of marI were explored by Sanad et al. (1990). Geological aspects of

sedimentation in the Persian Gulf are discussed in articles (Kassler et al. 1973) contained

withina publication on the subject edited by Purser (1973). Fookes et al. (1975) provides

a general classification and description of marI soil. Sorne characteristics of Persian Gulf

marI have recently been presented by severa! authors (Rantucci (1987), Sanad and Bader

(1990), Ismael (1993), Yang et al. (1993), Ouhadi et al. (1993)).

In spite of many reports expressing instability of marly soils (Voight 1981, Akili

& Torrance 1981, Turner and Seago 1985, Rantuncci 1987, Jones 1989, Antoine et al.

1995) sorne of which were addressed in Chapter 1, in almost all previous research work,

there bas been no serious attention given to the effect of the clay fraction (such as

palygorskite and sepiolite) upon marI performance, and its contribution to the formation

of ettringite in post stabilization failures. Since almost all those previously mentioned

fallures (section 1.3) happened in the presence of water, the general recommendation of

avoiding the contact of marly soils with water is very common in the literature.

However, since mechanical factors generally used to explain the causes for the foundation

fallures have not been satisfactorily accepted, performing a study which uses physico­

chemica1 (reaction) factors to explain the generai basic causes for deterioration of support

capability for these types of soils seems quite necessary. In other words, conducting a

research work to deal mainly with the various interactions, reactions and factors
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contributing to the stability and instability of marI soils, and lime or cement treated

marIs. In particular, as mentioned previously, the presence of swelling-type clay

mineraIs, in combination with the high carbonate, sulfate (gypsum) and salt content are

aIl a recipe for a very interesting and challenging suite of reactions which could prove

to be adverse to the longterm stability of the soil. Significant attention should he given

to investigating the role of palygorskite and sepiolite on instability of marly soils in such

a physico-ehemical study.

2.5 COLLAPSmLE BEHAVIOUR

Collapsible soils exhibit considerable strength and stiffness in their dry and natural

state but lose strength and settie upon wetting (Rollins et al. 1994). Collapse is the result

of a sudden closure of soil voids. Collapsible soils undergo a sudden decrease in volume

when internal structural support is lost. Internal soil support is considered to provide

temporary strength, and is derived from a number of sources including, capillary tension

and cementing agents. The cementing agents may include amorphous material and

calcium carbonate. Other bonding agents include silt, clay and clay bridges. Wetting

destroys and leaches out these cementing agents (Hunt 1983). Soils which have a

substantiaLclay content are capable ofcollapsing or swelling under certain circumstances.

Based upon the magnitude of the applied vertical load as a fonction of the clay content,

swelling or collapse could accur (Alonso 1993). It is found that the percentage of clay

is the main parameter controlling the behaviour of these soils (Jimenez et al. 1973).

There is a limiting vaIue of clay content which marks the transition from collapse to

swelling state for a given applied pressure (Sohby 1984). Double oedometer testing bas

been used to evaluate the collapsible potential of sails (Jennings et al. 1957, 1973).

Marly soiIs are aIso known to show different performance including collapsible (Yang et

al. 1993, Mohammed 1995) swelling (Ouhadi et al. 1993) and dispersive behaviour (Yang

23



• Chapter 2

et al. 1996).

2.6 DISPERSIVITY AL~ POTENTIAL DETERMINING IONS

literature Review

Dispersive soils refer ta clayey silty soils in which the physico-chemical state of

the clay fraction of the soil mass is such as to cause individual colloidal clay particles to

go into suspension when submerged. These soils have a higher dissolved sodium content

in tbeir pore water than in ordinary clay soils (Sherard et al., 1976A). Ordinary clay has

a predominance of Ca + +, Mg+ +, and K+ cations in the pore water of its mass (Haroon

et al. 1993).

Identification involves both physical and chemical testing. Physical tests include,

crumb test (Holmgren and Flanagan 1977), double hydrometer test (Decker and

Dunnigan 1977) and the pinhole test (Sherard et al., 1976B). Chemical testing methods

include, saturation extract to obtain the sodium adsorption ratio (SAR) and exchangeable

sodium percent (ESR) factor (Sherard et al. 1976A, Mitchell 1993). The sodium

adsorption ratio (SAR) describes the content of the soil solution and is given as follows:

SAR
1

([Mg2+] + [Ca 2+]) 2

(2.3)

where the concentration of solution is described in- meq/L.

The exchange sodium ratio (ESR) describes the ratio of the exchangeable sodium

with regard to cation exchange capacity and is given as follows:

ESR- ES
CEe-ES

(2.4)

•
where ES is the exchangeable Na in meq/1OO g of soil and the CEe is the cation
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exchange capacity in the same unit.

In tenns of dispersive behaviour, amonic species must he taken into consideration

to describe the interparticle forces in the system in addition to the SAR and ESR, and in

evaluating the dispersivity of a soil (Yong et al. 1979). The main factors which may

cause the dispersive phenomena are: mineralogy of the clay particles, chemical properties

of dissolved salts in the pore warer, types of adsorbed cations on the surface of clay

particles and chemical properties of tlowing water in contact with the soil (Rahimi 1993).

Sherard et al. (1972-1976) conducted an extensive laboratory program and introduced

an evaluation method based on chemical properties of dissolved salts in pore water. Many

contradictory results were observed in the application of this method (Yong et al. 1977,

Coumoulos 1977, Villegas 1977, Craft 1984, Rahimi 1993). The role of potential

determining ions (PD!) upon dispersive behaviour is one of the important factors which

has generally been neglected in the majority of research to date. Potential determining

ions can he specifically adsorbed by the clay particle. In other words, their adsorption

onto the clay particle surface is not through electrostatic interaction but rather through

chemical adsorption. Chemical or specific adsorption of PDls refers to strong affinity of

ions to the soil particle surface, which generally occurs in the stem layer through

covalent bonding. They also do not behave as exchangeable ions ( Yong 1977, 1992,

Sparks 1986). In addition to the crystal structure of the solid, and chemical composition,

potential determining ions are also known to play an essential role in thc? development

of electric charges on clay particles (Yong et al. 1992). In fact PDls not only influence

the surface charge, but also affect the soil surface potential. As an example, H+ and OH­

ions adsorbed onto particle surfaces not only affect the surface charge, but also affect the

surface potential (Yong et al. 1992). The contribution of potential determining ions to the

formation of the surface charge of soils causes an increase in their dispersive potential.

In circumstances where minerais containing carbonate are present, the significant role of

bicarbonate as a potential detennining ion bas to he strongly considered (Yong et al.
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1977). Chloride (CI-) and sulfate (S()l-4) ions are known to he among the non-potential

ions. In fact, their adsorption will he through electrostatic interaction.

2.7 ANION REPULSION

Once an anion approaches a charged surface, it can be subjected to attractive

and/or repuIsive forces. Attraction is caused by positiveIy charged sites, while negatively

charged surfaces are responsibIe for repuIsion.

Factors affecting repuIsion include, 1) anion charge and concentration, 2) species

of exchangeabIe cation, 3) pH, 4) the presence of other anions, and 5) the nature and

charge of colloid surfaces. For example, if the negative charge on a soil collaid surface

remains constant, anions of a higher charge are repelled more than anions of a lower

charge. Similarly, increasing the anion concentration increases anion repulsion (Rohn et

al 1979). Ions which commonly exhibit anion repulsion include Cl" and SOl-. In marly

soils depending on the environmental condition, both chloride and sulfate anions might

he present in the pore fluid (Hunter 1988~ Yong et al. 1966). Their competition with the

soil surface (as will he discussed in section 2.8.3), may directly affect the possibility of

ettringite formation.

2.8 SOIL STABILIZATION AND FAILURE

Sail improvement techniques cao he classified from different aspects. A general

classification includes mechanical and chemical methods.

Mechanical techniques ensure sail stability mainly through density efforts,

providing an appropriate drainage system and the maintenance of the water content at a

constant level without the addition of any supplementary material. Chemical approaches
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concem the improvement of soil properties through the use of additives. This includes

the use of cement, lime, bitumen, organic compounds, fly ashes and salt. While the use

of cement and lime traditionally are very common as a stabilizers, the use of bitumen is

restricted to mainly sandy and silty soils. Bitumen, asphalt and tar as stabilizers are not

recommended for soils with medium. ta high plasticity (Kezdi 1979). Fly ash can he used

in conjunction with cement, lime and bitumen. The use of organic compounds as

stabilizers is restricted due to their cast and toxicity (Nelson and Miller 1992). The

significance of the use of salt as a stabilizer is still debatable.

However, the failure of many of lime- and cement-stabilized soils have been

reported which is attributed to the swelling arising from ettringite formation.

2.8.1 Soil StabiIization with Lime

In lime stabiIization, hydrate lime {Ca(OH)2}, quicklime {CaO}, or dolomitic

quicldime {CaO.MgO}, can he used. For pavement work, about 1% by weight for each

10% of clay content in the soil is recommended. These amounts are not to he exceeded

without careful consideration (lngles 1972). A smail additional amount (1/2 - 1%) should

he aIlowed for inefficient mixing of machinery (Lee 1974).

Four mechanisms can he observed in the lime stabilization process. These include

as follows: l)cation exchange, 2)flocculation/agglomeration, 3)carbonation reactions and

4)pozzolanic reactions (Thompst}n 1966-68). These processes are affected by _an ion

exchange in clay mineraIs and a cementing reaction which cause an increase in the

strength of the soil being stabilized. The dissociation of the Ca(OH)2 into ût+ and OH­

ions, will cause a decrease in the thickness of the diffuse ion-layer of the clay fraction

due ta the ion exchange. This in tum, will he responsible for producing a flocculated

structure. An increase in concentration of OH ions will increase the pH, leading to

dissolved alumina and silica in the clay fraction. These released alumina and silica will

interact with calcium ions to produce two cementing agents of pozzolanic reaction. Those

cementing agents are called CSH {3CaO.2Si02 .3H20} and CAB
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{3CaO.Al20 3.Ca(OH)J.12H20}, respectively. The carbonation reaction is caused by the

formation of Cacal' after carbonic acid is produced from the carbon dioxide content of

the air in the sail, and free water. This reaction will he as follows:

(2.5)

•

These four mechanisms, during the application of lime in soil stabilization, cause

cohesive soils to become more workable and less plastic. Lime usually reacts most

readily with clay soUs where the plasticity index exceeds at Ieast 10 (Gil/ott 1968). The

selection of the percentage of lime as an additive is usually based on three tests:

consistency limits, pH, and strength tests, where the latter one includes unconfined

compression and CBR testing (Kezdi 1979). It bas been reported that Iarger strengths are

developed in soUs treated with quicldime rather than slaked lime (U. S. Watern'ays

Experiment Station. 1962).

While the presence of sulfate in lime stabilized soil is known ta adversely affect

the stability of the soils (Sherwood 1962), in some circumstances sulfate is known ta have

a safe effect on lime stabilization (Holm 1983). Mohamed et al. (1991) on the evaluation

of the performance of different types of additives for soil stabilization purposes,

demonstrate the benefits of the addition of cement and lime to improve soil properties

and performance. As such, it may he difficult to predict the condition under which lime­

induced heave may occur (Sivapullaiah et al. 1993),

Reactions between lime, alumina (released from the clay fraction of soil) and

sulfates present in sorne soils cause the formation of an expansive crystalline mineraI

called ettringite. These reactions have been responsible for the failure of severa! soil

stabilization projects (section 1.3). Whenever insufficient clay mineraIs were present,

lime induced heave did not occur in these projects. Recently reported failures in the U.S.

involving lime stabilization, indicate that the soil before treatment, contained significant

amounts of soluble sodium sulfate, up to 1.5 percent by weight (Mitchell and Dennatas
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While a small number of studies have been carried out on soil stahilization in

presence of sulfate, no actual comprehensive study bas been performed to physico­

chemically evaluate the reaction of different fractions of stabilized soil and sulfate. As

such, the effect of soil composition, the variation of pH and the type of clay fraction

present, are almost unknown.

2.8.2 Soil Stabillzation with Cement

It is believed that the base exchange and cementing action of Portland cement with

clay is similar to that of lime (Chen 1975, Kezdi 1979).

The hydration process of cement and the effects of sulfate solutions on long-term.

behaviour of cement bave been reviewed by Lea (1970) and Neville (1983).

Cement in soil stabilization increases the strength of the mixture. The action of

cement on clay mineraIs is to reduce the plasticity index, to prevent potential volume

change and to increase the shear strength (Croft 1967). Sorne aspects of leaching effects

upon soil-eement have been presented by Jackson (1974). He shows that the leaching

action tends to increase the tendency of soil-eement to form wider and/or new micro­

cracks with time.

Timusk and Sheikh (1977) used a mixture of high alum ina cement, gypsum. and

lime to produce very high expansive pr~ssure in drilled piles. The mixture was used to

enhance the skin friction between the pile and the surrounding soil. While in granular

soils the cementation action of hydrated cement is similar to that of concrete, in clay soils

the chemical reaction of cement and soil is responsible for soil improvernent. A dry

Portland cement consists of four basic elements, as follows: C~ (tricalcium silicate), C.,s

(tetraca1cium silicate), CjIf (tricalcium aluminate) and C.,AF (tetracalcium aluminoferrite),

as their chemica1 fonnulations are presented in the Table 2.2. The hydration products of

these elements are described by Brunauer and Copeland (1964) and are shawn in the

Table 2.2. CSH which forms from hydration of C~ and CrS is the most important
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product in terms of strength achievement. As Table 2.2 indicates, the hydration process

of two major elements of cement produces CSH and lime which are two new products

in this process. Therefore, the interaction between this lime and clay mineraIs mayalso

play an essential raIe in terms of the soil cement interaction process. The mechanism of

the latter will be the same as that of a lime-clay interaction, as previously addressed. The

produced calcium hydroxide will increase the pH of the solution leading it to dissolve

more alumjna and silica of the clay fraction. The dissolved ions, in turn, will interact

with calcium ions and produce more CSH and CAH leading to the achievement of more

strength.

However, the failure of sorne of the cement-stabilized soils to perform their

function have been reported. The failure is attributed to the formation of ettringite

(Mehra 1955, Sherwood 1958, 1962).

Table 2.2: Hydration process of Portland cement.

2(3CaO.SiOJ

(tricalcium silicate)

2(2CaO.SiO:z)

(bicalcium silicate)

+ 6H20

(water)

= 3CaO.2Si02.3H20 + 3Ca(OHh

(CSFO Ollne)

= 3CaO.2Si02.3H20 + 3Ca(OHh

(CSH) (lime)

4CaO.Al203·F~03 + 10H20 + 2Ca(OH)2 = 6CaO.Al203·F~03·12H20

(tetracalcium aluminoferrite) (calcium aluminoferrite hydrate)

•

3CaO.Al20 3 + 12H20 + Ca(OH)2

(tricaIcium aluminate)

3CaO.Al20 3 + 10H20 + CaS04.2H20

(tricalcium aluminate) (gypsum)

30
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2.8.3 Ettringite and Major MineraIs Fonned in the Stabilization Process

CSH {3CaO.2Si02.3H20} and CAR {3CaO.Al20 3.Ca(OHl:J.12H20} are two

major cementing agents which form in the stabilization process. These cementing agents

are responsible for the improved soil strength. With regard to the major mineraIs which

form during the hydration process of lime and cement, the majority of research to date

bas solely studied the hydration of Portland cement concrete. Copeland et al. (1967)

reported that sulfate could he adsorbed by CSH gel at early hydration ages and released

at later ages. Fu et al. (1994) studied the effect of temperature on sulfate adsorption by

CSH and reported that CSH gel will adsorb sulfate faster at high temperatures and desorb

the sulfate more slowly than gel that bas adsorbed sulfate at normal temperatures. This

may he critical for delayed ettringite formation in high temperature cured samples. Fu

et al. (1995) aIso reported that an increase in temperature apparently accelerates the

sulfate absorption rate by CSH. There are few studies on the effects of ettringite on the

formation and growth of these cementing agents.

Ettringite {C~2(S04)3(OH)12,26H20} was tlI'St discovered as a natural mineraI

in Ettringite and Mayen at Rhineland in 1847 (Dana 1898). It might forro during the

hydration of cement. Its formation in Portland cement concrete can he responsible for

deleterious phenomena (Neville 1983). In concrete, ettringite formation can cause

cracking due to the development of tensile stress, which is frequently strong enough to

- overcome the tensile strength of concrete (Mehta 1973). It is indicated tbat the size of

the ettringite mineraI is dependent on the condition in which it forros and the amount of

lime available (Mehta 1969, 1982). These studies reported that the ettringite crystals

formed from saturated lime and sulfate solutions were approximately 1 /Lm in length and

1/4 /Lm thick. Both the rate of ettringite formation and the size of the crystals produced

are greatly reduced when the solution is saturated with Ca(OH)2 (Mehta 1976). In

hydration of cement paste, ettringite peak intensity values generally increase with

temperature and hydration time (Fu et al. 1995). Assuming a hexagonal layer structure
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lattice, the unit cel! dimensions and the d-spacing for ettringite were calculated by Mehta

(1966).

Among severa! ca1cium.-aluminum-sulfate hydrates which exist during calcium

alumina sulfate reactions, ooly monosulfate hydrate {C~(Al20J(SOJ.12H20} and

ettringite remain stable in aqueous phase solutions (Lerch et al. 1929).

The chemical interactions leading to ettringite formation in soil stabilization can

he summarized as follows (Hunter 1986):

CaO + H20 - Ca(0H)2 (Hydration of lime)

Ca(OH)z - Ca2 + + 2(OH)" (lonization ofcalcium Irydroride; pH Tises ro 12.3)

Al4Si40 I0(OH)I. nHzO + 2(OH)" + 10H20 - 2{2A1(OH)4- + 4H4Si04} + nH20 (dissolution of clay minerai,

at pH> 10.5)

2~Si04 - 2H3Si04- + 2H+ - 2H2Si04
2- + 2H+ (dissociation of silicie acid)

MxSO,- nHzO - XMY
+ + 50,1' + nHIO dissolution of sulfate mineraIs; x=l. y=2 or x=2, y= 1)

Sulfate(from soil or groundwater) + Alumina(released from the clay) + Calcium(from lime) - caleium­

aluminum-sulfate(Enrirrgire)

6Ca2
+ + 2Al(0H}i + 40H- + 3(SOJz- + 26H20 - ~ AlI (SO,h (0H)12t 26H20 ( Formation ofEttringite)

COz + HzO - HzC03 (formation of carbonic acid)

CaCOJ + HICO] - Ca2+ + 2H+ + 2C03
2• (dissolution of calcite in carbonic acid)

C~[Al(OH)J2 . (50')3 - 26H20 + 2H1Si04
2

- + 2COJ
I- + Oz - C~[Si(OH)JI - (SOch - (C03h _ 24H10 +

2Al(OH)i + SOl- + 40H- + 2HzO (isostrucmral substitution as ettringite changes to thaumasite)

Cal + + SOl- + 2H20 - CaSO,.2H10 (formation of secondary gypsum)

Ca2+ + COJ
2

- - CacoJ (formation of secondary calcite)

Mehta and Klein(1966) established that the formation of monosulfate hydrate is

favoured in a relatively high alumina content environment, whereas ettringite formation

is favoured in a lower alumina content environment. In terms of stability of ettringite and

monosu1fate7 Gabrisova et al. (1991) demonstrated that ettringite is stable above

pH=10.57 and monosulfate disappeared from system below pH=11.6. At lower values

of pH, only gypsum was present in the system studied. Monosulfate hydrate is stable in

moist conditions ooly, whereas ettringite is stable in wet or dry conditions. Furthermore,

formation of monosulfate hydrate does not lead to expansion when exposed to water,
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while the formation of ettringite leads to substantial increases in volume upon wetting.

The swelling arising from ettringite formation is reported to he responsible for many

fallures of soil stabilization projects. Damage in soil-eement is rePQrted by Shern"ood

(1962) where ettringite was responsible for observed swelling. Formation of ettringite is

aiso known to he responsible for severe damage which bas happened in roadway in D.S.,

where the total cost of rehabilitation exceeded $2,700,000 more than the initial oost of

improvements (Hunter 1988). Little attention bas been given to the physico-chemical

factors involved in these failures, as explained in Chapter 1.

Thaumasite also is Imown to contribute to the deterioration of soll-cement (Gouda

etat. 1975). Thaumasite, {C~[Si(OH)J2.(C03)2.(S04)2.24H20}isa rare calcium-silicate­

hydroxide-sulfate-carbonate-hydrate, not present in the native soils, and not occurring

naturally in sedimentary environments (Edge et al. 1971). Other secondary minerals,

including calcite {CaCO)} and gypsum {CaS04.2H20}, are also produced by the

hydration process of cement and lime. Without an abundance of water, they cannot fonn

(Mitchell 1986).

The formation of trichloride alumjna hydrate in the cement hydration process

{3CaO.Al20).3CaCI2.32H20}, which affects the sulfate resistance and as such the

durability of cement, was reported to he favourable at high chloride concentrations. In

summary., the effect of the joint presence of chlorides and sulfates and whether the

resistance of hydrated Portland cements are affected, is debatable. Kind (1953) through

bis research on chloride-sulfate interaction in water retaining structures, reponed a

noticeable increase in sulfate resistance in cements containing high sulfate and. chloride

concentration. On the other band, Larcher (1968) concluded that sulfate attack was

generally increased by the addition of chloride to sulfate solutions. Recently, Amoudi

(1994B) through bis research on chloride-sulfate interactions indicated that sulfate

deterioration in plain cement was mitigated by the presence of chloride ions. The

significance of the effect of the chloride ion content upon the performance of stabilized
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soil has, in the past, been entirely ignored in the evaluatian of sail stabilization faiIures.

Furthermore, stabilized sail is directly associated with the migration of pore fluid in sail

ovec a period of time. This in tum will affect the availability of ions, specifically

chloride, to interact with sail components. This discussion indicates the significant of the

necessity to study the migration of chloride in stabilized soil, with regard to the above

mentioned points.

2.9SUMMARY

The literature review carried out in this research indicates a strong need ta

conduct a physico-ehemical study of soil stabilization. Most of the previous research bas

focused on soil stabilization only from the mechanicaUphysical point of view. In terms

of marly soils, in spite of the presence of palygorskite and sepiolite as a dominant clay

fraction of marI, there bas been no serious attention paid to the raIe of these mineraIs on

mari behaviour and to their contribution ta the fonnation of ettringite. A comprehensive

study of sail stahilization inciuding physical, chemical, mineralogical and geoteehnical

evaluation as opposed to only a mechanical study is necessary ta overcome the secondary

fallure which is the resuit of post stabilization circumstances. In those failures the

presence of sulfate, clay fraction and ~e or cement as a stabilizing agent is lcnown as

a major element. Based on the governing roles of sepiolite, palygorskite and ettringite

upon sail performance, their quantification by x-ray diffraction analysis will help to

figure out to what extent they might affect sail behaviour. Although the degree of

accuracy of such an evaluation method in clay soils is still debatable.
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CHAPTER 3

MATERIALS AND l\1ETHOnS

•

3.1 INTRODUCTION

This Cbapter focuses attention on the laboratory testing program which was

carried out in this research. This includes an explanation of testing procedures, soil

sample preparation and material, in conjunction with a brief explanation of the testing

apparatus.

3.2 MATERIAL PROPERTIES AND CHARACTERISTICS

Three types of sail and two solutions were used in this research. Cement and lime

were applied as stabilizer agents. These are explained as follows:

(1) Natural marly soil, representing the marly soils of the southem area of Iran

and the northem sector of the Persian Gulf.

(2) Pure palygorskite and sepiolite as a major fraction of marI. The pure

palygorskite is extracted from the natura! marI, as will he pointed out later, and

the pure sepiolite was obtained from Vallecas Spain.

(3) lUite (Domtar sealbond) was obtained from Domtar Construction Materials,

Ud., and cornes from pulverizing Canadian old marine shale and is known as a

major source material of the Champlain Sea clay (Quigley 1984). This illitic sail

was used as a controllaboratory sail for comparative points.
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(4) Two solutions were used including distilled and sea-water. Sea-water samples

were taken frOID the same area as the marI.

(5) Portland cement (Type 10 as specified by CSA and Type 1 as specified by

ASTM) and hydrated lime, for which the constituents will he presented later in

this Chapter.

MarI samples are hereinafter called:

tM2: Unweathered tough marI

mtM3: Moderately weathered marI

WM: Weathered marI

ln all these cases, the marI samples were collected from the surface to a depth of

about 2 m. These samples are known to be representative of the most critical behaviours

in terms of geoteehnical aspects in the aforementioned area (Ouhadi et al. 1993). Due

to the similarities of their textures and mineralogical aspects and the abundance of

"Unweathered marI" (tM2), these soil samples were used as a representative marI sample

in this study. However, the main part of this research focuses attention on the raIe of the

palygorskite and sepiolite on marI stability and ettringite development. The properties and

composition of unweathered marI samples are given in Table 3.1. The experiments and

evaluations were performed following procedures and methods illustrated by ASTM

standards and severa! techniques suggested by different investigators as follows:

Evaluation of compaction characteristic_s was perfonned following ASTM 0698.

Determination of specific gravity and consistency limits were carried out following

ASTM D854 and ASTM D4318, respectively. Particle size analysis was evaluated using

the method described in ASTM 0422. The measurements of pH of 1:10 soil-water or

soil-additives-water were conducted following ASTM D1293 using a pH meter called

Beckman Century TM SS-l.

Preparation of samples for x-ray diffraction (}(RD) was carried out according to

the procedure described by Moore and Reynolds (Moore and Reynolds 1989). Cation

exchange capacity (CEe) determination of soil samples was measured according to
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different methods. These include: the barium chloride method (Hendershot and Duquette

1986), the ammonium acetate method (Lavkulich 1981), and the homoionic method

(Polemio and Rhoades 1977). Determination of carbonate and bicarbonate was achieved

using the acid titration method following ASTM D3875 and the rapid titration method

with hydrochloric acid (Hesse 1971). Organic content measurement was done following

the wet oxidation technique (Nelson and Sommers 1986).

The specifie surface area (SSA) was measured using the ethylene glycol­

monoethyl ether (EGME) method with and without sample pretreatment (Eltantawy and

Arnold 1973, Carter et al. 1986). A good agreement was observed between the results

of these techniques. The method described by Segalen (1986) was used for determination

of amorphous material.

Sorne of the physico-chemical properties of illite sample will he addressed in this

Chapter and a part of them will he mentioned in following Chapters. The physico­

chemical eharacterization of sepiolite samples will he addressed in Cbapter 4 and Chapter

7 of this researeh.
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Table 3.1: Some geoœchnical properties of marI (sample 1M2).

•

Geotechnical Value Geotechnical Value

Properties Properties

Maximum dry density(Mg/m3) 1.97 Chemical

Opt. Moisture Content(w%) 14 Soil pH(1: 10) 8.7

"rd (Mg/m~Marl + 10%Cement 1.87 pH of Distilled Warer 6.3

Wopt (w%)Marl+ 10%Cement 16.8 Surface Area (m2Ikg) 74

"rd (Mg/m~Marl+4%Lime 1.93 Organic Content (w%) 0.6

wopt (w%)Marl+4%Lime 15 Carbonate Content (w%) 25.7

Specific Gravity 2.7 Amorphous content (w%) 0.8

Soil texture CUCH MineralogicaL Composition

Cu, using dispersion agent 116 (by X-ray analysis, in

Cc, using dispersion agent 1.15 decreasing order of

Cu =DoofD10 1.85 abundance)

Cc=IYJ<I(D60 x Du0 1.15 Palygorskite, Calcite,

Soil Gradation Quartz, ChIorite, Kaolinite,

Sand (w%) <4 Dolomite, Illite, Feldspars,

SUt (w%) 41 Montmorilonite, Gypsum,

Clay (w%) 55 Arcanite, Thendernite

Percent Dispersion 74%
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3.2.1 The Application of Sea-Water and Distilled-Water

Two solutions are used in this research. While sea-water is used as an indicator

to evaluate the effect of ground water rising on the stabilized sail hehaviour, distilled­

water was implemented to simulate the raIe of rainfall penetration on the stabilized soil

behaviour. As is presented in Table 3.1, the pH of distilled-water is equaI to 6.3 which

lies within the pH range of rainwater for the area from which sail samples were taken

(Doomkamp et al. 1980).

Abry et al. (1982) presents a procedure for the preparation of a standard Canadian

shield saline solution. This can he used to produce synthetic sea-water based on sea-water

chemical analysis (Mohammed 1995). In this research, adequate sea-water samples were

obtained directIy from the same area as the marI and were used for these research

activities.

3.2.2 Chemical Analysis of Soil Pore Fluid and Sea-Water

To complete the chemical characterization of soil samples, pore fluid analysis was

performed. Sea-water analysis was aIso conducted. To do this, the concentration of

different ions existing in soil and sea-water samples was determined.

The soil pore fluid analysis was conducted by preparing al: 10 suspension of sail

in water (Hesse 1971). After shaking the suspension for 24 hours, the sample was

centrifuged to obtain a clear supernatant. The supernatant was analyzed using atoroic.

absorption SPectrophotometry (AAS). Double hydrometer testing (ASTM 4221-83a) and

the saturation extract method (Hesse 1971, Sherard 1976A) were aIso used to determine

the dispersivity behaviour of soil samples. In the saturation extract method, the soil

sample should he mixed with distilled-water to reach the saturation point. This is

assumed to he just above the liquid limit condition. The suspension is then left to

equilibrate overnight and is eventually filtered to obtain the pore fluid called the

saturation extract. The result of this test will determine the sodium adsorption ratio

CSAR), as was defmed in Chapter 2 .
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The double hydrometer test consists of the determination of the percent of soil

particles smaller than 5 micron diameter in a soil-water suspension. This measurement

is done in two steps. First. the performance of common hydrometer testing in which

mechanical agitation and a dispersing agent are used. Secondly, performing the same

experiment while no mechanical agitation and a dispersing agent are used. The dispersing

agent used was a solution of sodium hexa-metaphosphate (sometimes called sodium

metaphosphate) at the rate of 40 g of chemical per a litre of solution. In the case of clay

and silty soils the use of 50 g soil and 125 mL of sodium hexa-metaphosphate is

suggested (ASTM D 422). According to ASTM (04221- 90), the percent of dispersion

is defmed as the ratio of percent of soil particles smaller than 5 microns while no

dispersion agent is used, over the percent of sail particles passing 5 microns in the

common hydrometer experiment. Soil having a dispersion ratio of more than 35% are

considered as dispersive soil. As can he seen in Table 3.2, the percentage of sail

dispersion for marI samples was above 74%.

Soil pore fluids and sea-water samples were subjected to different experimental

analyses. These analyses included the following:

- Determination of soluble and exchangeable cations for determination of CEC.

These cations consist of Na, K, Mg. and Ca. Soluble sodium and potassium were

determined following the ASTM 04191, and ASTM 04192 test method for

sodium and potassium in water by atomic absorption spec~oscopy, respectively.

Soluble magnesium and calcium were determined according ta the ASlM 0511,

test method for calcium and magnesium in the water. These results were used to

determine cation exchange capacity of soil samples based on the aforementioned

methods (section 3.2) in conjunction with determination of ESR ratio as was

dermed in Chapter 2 and will he discussed further in Chapter 5.

- Chloride was determined following the titration method presented in ASTM

D4458 and the determination of sulfate was performed in accordance to the

turbidimetric method presented in ASTM D4130. Sulfate measurement included
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the addition of distilIed-water at the ratio of 1:10, shaking in the end-over-end

shaker for 24 heurs, and analysing the supernatant for sulfate. By the addition of

a certain amount of barium. chloride to the supernatant, BaS04 will precipitate.

This precipitation, which is representative of sulfate concentration of supematant,

can he monitored by the use of turbidimetric apparatus and preparation of

calibration graphs.

Figures 3.1 through 3.7 represent the results of the chemical analyses of soil pore

fluid ofthree marI samples in comparisen to illite. The specifie surface area measurement

of these samples is also illustrated in Figure 3.8. Table 3.2 indicates the results of the

saturation extract method of marI (tM2) and illite samples. More explanation of these

figures will he given in Chapter 4. The results of sea-water analysis are presented in

Table 3.3 .
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Table 3.2: Pore fIuid analysis of marl & Hlire in accordance to saturation extract method.

ycp

Concentration of cations %

SoU (meqlL) SARI TDS2 %Na Dispersion,

DWtest

Na K Ca Mg

tM2 1882 16.2 125.4 128.2 167.1 2151.8 87.5 74

Dlite 16.4 5.1 2.1 1.8 Il.7 25.4 64.6 -

;AR': Sodium Oli Iso non ratIo. D5': Total dissolvc:d salIS. De : Double h'rdromcrer

Table 3.3: Sea-Water analysis of sample used in this research.

•

Number of Standard Standard deviation,

Element Mean tests deviation 90% Confidence

ppm meq/l
ppm level, ppm

Na 13858 595.9 18 1332 515

Ca 641 32.1 18 60 23

Mg 1604 133.1 18 105 41

K 355 8.9 18 44 17

HC03 92 1.5 12 6 5

S04 4180 4.4 30 210 100

CL 25470 718.5 12 1930 914
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3.2.3 The Composition of Cement and Lime

These investigations involved testing of samples stabilized with cement and lime

where sorne of the samples tested contained sulfate and sorne were free of sulfate with

the aim of differentiating between the behaviour obtained in the different cases. The

ordinary Portland cement (Type 10 as specified by CSA and Type l as specified by

ASTM) used in the investigation had the chemical and physical properties given in Table

3.4. A commercial hydrated calcium lime, at different concentrations (as will be pointed

out later), was added to the natural soil and pure minerals. Table 3.5 summarizes the

properties of the commercial lime.

Table 3.4: Composition of cement used.

Composition %. by Weight

Silïca, Si02 19.78

Aluminum oxide, Al20 3 5.54

Ferric oxide, F~03 3.44

Calcium oxide, CaO 62.57

Magnesium. oxide, MgO 3.91

Sulphuric anhydride, S03 2.24

Sodium oxide, Na20 0.24

Potassium. oxide, K20 0.70

Manganese oxide, Mn20 3 0.07
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Table 3.5: Composition of hydrated lime used.

Materials and Methods

•

Composition % by Weight

Calcium oxide~ CaO 72.1

Magnesium oxide~ MgO 1.2

Sulphuric anhydride~ S03 1.1

Hydrated lime 93.5

Unhydrated MgO 1.2

Impurities 5.3

3.3 THE PREPARATION OF SAMPLES

The marI samples used in this study were initially dried. Ta achieve a uniform.

sample~ all the natural marI soils~ including samples in different weathering states, were

ground and sieved to rmer than 75 micron mesh. These samples were used in the

remainder of research activities. The determination of grain size distribution of the soil

was performed using a natural sample before grinding.

The soil-additive (cement and lime) mixtures were prepared following ASTM D

588-82 and ASTM D 3551-83~ respectively. In accordance with ASTM D3551-8 the

standard method for laboratory preparation of soil-lime mixtures using a mechanicaI

mixer, soil for mixture preparation should be in an air-dried or oven-dried condition.

Then soil and lime should be mixed in the dry condition for 1 minute, or until the

mixture appears uniform in colour. The latter one was followed in sample preparation

and sometimes took up to 5 minutes to achieve a homogenous mixture. The required

water was added after the mixing period. Following complete mixing~ the sample was

sieved through a No. 8 sieve to obtain a homogeneous specimen. Samples were
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•

compacted according to either their maximum dry density, or in sorne cases (as will he

pointed out later) less than their maximum dry density. Before compaction and after the

addition of water, samples were wrapped in a plastic bag and stored overnight for

equilibration (Green et al. 1981).

The optimum water and maximum dry density reported in Table 3.1 indicates that

while optimum water content increases with the increasing percentage of additives, the

maximum dry density decreases within this range of additive variations. The same

patterns were observed in prior research (Kezdi 1979, Mohamed et al. 1991). Kezdi

(1979) shows the effect of sail stabilization upon maximum dry density and optimum

water content where different kinds of soil are used. Depending on type of the sail,

different patterns are observed in terms of variation of maximum dry density and

optimum water content. As the results of this research confirm (Figure 3.9), Kezeli

reports a decrease in i'd and increase of wop[ for soils classified as CUCH and stabilized

by cement and lime. On the other hand, the preparation of samples for the leaching

column test requires compaction in the wet side of optimum water content to provide

enough adhesion between sail and cel!. Due to the low difference observed in the

variation of i'd and wop[ at different percentages of additives, with consideration of

recommendation suggested by Kezdi (1979) and the compaction results illustrated in

Table 3.1, the maximum dry density and optimum water content were chosen linearly

for different additive percentages, as will he addressed in a particular case in the

following related Chapters. In an cases, the addition of additives and water was

determined as a percentage of the weight of the dried soil before mixing. In each

experiment, after the sample preparation process, the soil was left for equilibrium for 24

hours in the humid room in sealed plastic bags. Ta assure the repeatability of the results

of experiments, sample preparation and testing were rigorously managed and performed.

Furthermore, the majority of testing was performed with a 90 % confidence level

assuming normal and t distributions (Ang and Tang 1975). The selected evaluations were

carried out on several samples and the mean values are reported. The calculated standard
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deviation will he addressed in each related case. Also, to provide similar conditions

during experimental performance, aIl the experiments were conducted at a room

temperature of 22+2 degrees centigrade.
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Figure 3.9: Effect of stabilizer agents on cornpaction characteristics of a MarI sample.
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3.3.1 Effect of Curing

Sïnee it is expected that stabilized soils properties alter upon aging, the effects of

the euring process on the sail properties and behaviour were selectively studied. In this

manner the altered performance characteristics due to the mineraI transformation and

ettringite development can he monitored.

To evaluate the curing process, freshly-prepared samples were stored in a humid

room at 2D±2 degrees centigrade and 100% relative humidity. The experimental results

for the cured samples are presented in specified sections. For those not specified, fresh

soils were usuaIly used.

3.4 X-RAY DIFFRACTION TESTING

A Phillips apparatus npW1710-System 1984" with Cu-Ka radiation was used to

obtain the x-ray diffraction (XRD) patterns of soil samples. The x-ray diffraction minerai

patterns were identified by. comparison with fùe standard x-ray powder diffraction

patterns (International Centre for Diffraction Data (lCDD), Mineral Powder diffraction

file Search Manual 1988) of the mast commonly found mineraIs. The quantitative

analysis was carried out with the aid of the developed XRD method as will he described

later. Forsample preparation, in each case 0.2 g of air dried soil WéU! mixed with 10 mL

distilled-water in a small volumetrie flask and shaken by band for 2-3 minutes. Then the

volumetrie flask was placed on a ultrasound to adequately disperse the soil before XRD

testing. Finally, using a micro pipette, 4 drops of the prepared solution was positioned

on a glass slide. The coatings on glass slides for alI samples had similar thicknesses. The

XRD spectra were obtained by scanning in the 28 range of 5 to 17 and 5 to 70 degrees.

In terms of eured samples7 at the end of the required moist-curing periods, the samples

were taken from the humid room for immediate processing. Various treatrnent techniques

were used as follows: soil "as it is" 7 acid, heat, magnesium. and glycerol treatments. Sail
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"as it is" refers to anx-ray of a sample without any treatment and prepared as previously

indicated. Acid treatments cites the performance of an x-ray of a sample prepared by

heating 0.2 g of soil in an equal volume of concentrated Hel for 1/2 hr. Following this

period the sample was washed three times with water ta neutralize the acid. Each time

a mixture of sample and distilled-water was shaken for 112 hr and centrifuged to discard

the supernatant. FinaIly, 4 mL of a mixture of sample and distilled-water was placed onto

a glass slide and air-dried. This treatment was used ta destroy chIorite peaks to

distinguish chIorite from kaolinite. Heat treated samples were prepared in a similar

manner to the soil "as it is" treatment and heated ta 550 degrees centigrade, in the muffle

furnace for one hour. The fact that kaolinite will he destroyed and chlorite will not he

affected by the heating process is used ta differentiate between these clay minerais. Ta

provide an unvarying expansion for all crystals of an individual mineraI, the soil sample

should he treated to become homoionic. Magnesium and potassium treatments might he

used (Moore and Raynolds 1989). Ta prepare magnesium treated samples, 0.2 g of soil

is mixed with MgCl2 and left to equilibrate for 2 hours. It is then centrifuged and the

cIear supernatant discarded. The sample is then washed once with MgC12, twice with

MgA~, and once more with MgC12• In each case, one nonnal solution was used, then

samples were washed with 50/50 water/ethanol. After this stage, the tube is centrifuged

and the clear supernatant discarded. The excess CI- is removed by washing the sample

three times with ethanol and water (80/20). The sample is then oven dried and four drops

of the mixture of treated soil and distilled-water are placed on a glass slide. After

nmning this slide a solution of 10% glycerol in ethanol was spread on the magnesium

treated slide. These were used to determine presence of montmorilonite.

3.5 GEOTECHNICAL TESTING

Usually geotechnical investigations are performed to evaluate the extent of sail
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behaviour improvement by the addition of additives such as cement and lime. Howevery

in this researchy the geoteehnical testing program was based mainly on the following

three reasons: Firsty to investigate the geoteehnical performance of stabilized marI over

minerai transformation. Secondly y to establish the raIe of pure palygorskite and sepiolite

as a major fraction of marI. And thirdy ta indicate that the current mechanical evaluation

of sail stabilization is not capable of surveying the long-term behaviour of stabilized marI

when ettringite minerai forms and develops. According to ASTM standards y to evaluate

soil stabilization performance three general criteria can he used. These include

unconf"med compression or CBR testingy Atterberg limits evaluatioDy and pH variation.

Therefore y to achieve the aforementioned objectives, CBR testing was chosen as the main

tooI, in terms of soil strength refmementy in the stabilization process. The explanation

of geoteehnical testing is as follows:

3.5.1 Evaluation of Dispersivity Behaviour

The dispersivity performance of sail samples was determined by the application

of two series of experiments:

First, saturation extract and double hydrometer methods in conjunction with

exchangeable cations determination. These techniques determine the sodium adsorption

ratio (SAR), exchangeable sodium. ratio (ESR) and percent of dispersion, as was

explained in Chapter 2 and section 3.2.2 and will he addressed in Chapter _5.

The second series of experiments includes the study of the slaking performance,

of unstabilized and stabilized marI. This slaking performance (as will he discussed in

Cbapter 6) is attributed to the dispersing behaviour of marI. In this series of experiments y

samples were mixed with different percentages of additives. After storing for

equilibrium, they were compacted according to their maximum dry density and optimum

water content. After the desired curing period of 30 days, sail samples were kept in

water for 24 hours. The ratio of the dry weight of sample after soaking in water to that

of the same sample before soaking, is taken as representative of the ability of additives
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to control slaking behaviour of marI (Ouhadi et al. 1993).
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3.5.2 Calibrating Coefficients for Compaction Characteristics

Evaluation of compaction characteristics was performed following ASTM D698.

This includes the measurement of maximum dry density and optimum water content. Due

ta the Iimited amount of soil available for this study and also the considerable time

required for measurement of these two factors in regular molds, the measurement of

optimum moisture content and maximum dry density of sorne samples was performed by

calibrating a Harvard Miniature apparatus using a small moId (7.1 cm height and 3.3 cm

diameter). To do 50, SPeCimen preparation was performed according to ASTM D 4609­

86, standard guide for screening chemicals for soil stabilization and the suggested method

of test for moisture-density relations of soils using a Harvard compaction apparatus. In

this test~ the selection of the most appropriate number of layers, tamping force, and

number of tamps applied per layer is a function of the type of materiai. Therefore, it is

tirst necessary ta calibrate the Harvard apparatus to Ïmd out the correct number of tamps

per layer and ta manage the tamper springs sa that the required tamping spring,

commonly producing 5 to 20 kg can he ernployed. GeneraIly, ten or more tamps per

layer are required (ASTM 1990). For calibration, sufficient soil-water mixture was

prepared. Then the amount of water required for the maximum dry density according ta

ASTM D698 was evaluated. From the same batch of sé1!Dple, a series of specimens was

prepared using an arbitrary combination of number of tamps per layer (20, 25, 30, 40)

and having constant tamper spring (15 lb (6.81 Kg) and 30 lb (13.62 Kg). For each

group of samples having the same compacted layers and tamPer spring pressure, the

maximum. dry density and optimum water content was calculated. The standard deviation

of maximum dry density and optimum water content are calculated based on the

coefficient of variation suggested by Stanzatopoulos (1985). As cau he seen in Figure

3.10, for a certain tamper spring, with increasing number of tamps per layer, maximum

dry density increases and finally reaches an aImast constant value where, by increasing
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the number of tamps per layer, a significant change in dry density cannat he observed.

At the same condition, as Figure 3.11 shows, the optimum water content decreases until

rmally it is inclined ta a constant value. In fact, for a 15 lbs (6.81 Kg) tamper spring,

after 30 tamps per layer, bath optimum water content and maximum dry density go

towards a constant value. More or less the same pattern can he seen once the tamper

spring is increased to 30 lbs (13.62 Kg). While in the latter case, with a lesser water

content, higher density is achieved. The optimum water content for the former condition

is almost 1.1 times of the one achieved in standard proctor test while the maximum dry

density in this case is aImost 74% of proctor test. Therefore, to achieve the optimum

water content and maximum dry density for different additive percentages and other cases

in the rest of this research, compaction was performed using the Harvard Miniature

apparatus with the application of a 15 lbs (6.81 Kg) hammer and 30 tamps per layer. To

obtain the best estimation of maximum dry density and optimum water content for

different cases, the correction factor of 1/0.90 and 0.74 was u.sed for maximum dry

density and optimum water content, respectively. These calibration coefficients were

found to he 1/0.93 and 0.93 when the 30 lbs (13.62 Kg) hammer and 40 ramps per layer

are used. In this process the best estimation of maximum dry density and optimum water

content of the common compaction test will be achieved. Based on the method of error

analysis suggested. by Stamatopoulos (1985), the standard deviation for estimated

optimum water content and maxim~ dry density lies within the same range as presented

in the Figures 3-10 and 3-11 .
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Figure 3.11: Calibrating coefficient for optimum moisture content using
the Harvard Miniature apparatus.
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3.5.3 CBR Testing

CBR testing is suggested as a criterion for the evaluation of strength of soils, in

both unstabilized and stabilized conditions (ASTM 1990). Furthermore, it bas been used

as a design criterion in road construction (DSIR 1952). CBR testing was conducted,

following ASTM D 1883 onunsoaked and soaked samples, before and after stabilization.

In the [IfSt step, the mari behaviour before adding additives is evaluated, while the

second series of tests covers the mechanical evaluation of soil stabilization during the

minerai transformation. In each case, as will be presented later, the curing period is

addressed.

3.5.4 Oedometer Mold for Free Swelling Measurement

The oedometer mold is used ta measure the free swelling of marI and palygorskite

samples and to investigate the raie of carbonate upon variation of free swelling of marI.

The dimension of the mold was 62 mm diameter and 45 mm height. By applying a statie

load, the sample was compacted to the desired density. It had already been mixed with

the necessary water content and sieved through No. 8 screen to have a homogeneous

sample. In the case of a soil having a different percentage of calcite, the sample was

mixed with calcite in dry condition before performing the above process. A light lucite

cap (which weights 123.95 g) was placed on the top of the sample. By placing a gage on

the lucite cap, the monitoring of the. free swelling was possible. Ta have enough space

for the cap, each sample was compacted up to approximately 25 mm height in the mold.

Ta provide appropriate water distribution across the sample and quiek relaxation of pore

water pressure induced by compaction force, a porous plate and tilter paper were placed

on the top and bottom of the sail sample. On the top, they were set between cap and soil

sample. On the bottom they were fitted between soil and mold base. A water supply tube

was connected to the bottom of the mold. No externaI load was applied ta the top of the

sample except the stress caused by the cap, which was calculated ta be 0.004 kg/c"r .
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3.6 SOIL SUCTION TESTING

Materials and Methods

•

Pressure plate apparatus were employed to investigate sorne of the factors

influencing the behaviour of soil before and after ettringite development. Those factors

are as follows:

1) To evaluate the effect of soi! structure on suction behaviour of soils. This includes

focusing attention on the suction behaviour of palygorskite and sepiolite with

comparison to that of for illite.

2) To determine how stabilizers affect the influence of soil structure in terms of

suction performance.

3) To investigate the role of minera! transformation, ettringite development and

carbonate on the retention of pore fluids by the soil.

Tests were performed on natura! marI soil, pure sepiolite, pure ettringite, illite

and stabilized marI. Calcite was added to the soil samples and the raIe of calcite on soil

suction was aIso investigated in this manner. Sand-box and pressure plate extractors were

used as devices for suction measurement.

Sand-box, is a smaIl water tank containing clean, coarse sand «0.5 mm

diameter) providing a pF range of 0 to 1, in which suction pP is the logarithm value of

the water head in cm. The sand sample was compacted to a height of 15 cm into a Iucite­

box. Then it was covered with a sheet of flIter paper. A water supply was copnected to

an outlet at the bottom of the tank. The water levei was adjusted to 1 cm below for pF

o and 10 cm below for pP 1. The sand-box was fmally covered to rninjmize the

evaporation of water.

The test procedure was performed according to the method descnOed by Yong and

Warkentin (1975). For preparation PurPQses, the sample was compacted in a Iucite ring

of 38.1 mm diameter and 15 mm height until achieving the desired dry density. Following

preparation, to saturate samples, they were placed in the sand-box in which the water

level was up to the middle of the height of the lucite rings. After a one week saturation
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period, the sand-box was used to measure suction of samples in the range of pF 0 to 1.

Another sets of saturated samples, were placed in pressure plate extractors, (a closed

chamber device) for suction measurement for higher suction ranges. In this apparatus a

water-saturated ceramic plate was placed at the bottom of the samples and the bottom of

this plate was retained in connection with atmospheric pressure. Following increasing the

air pressure in the enclosed chamber, water was caused to move out of the samples

through the ceramic plate. This process endured ta reach an equilibrium between the

applied air pressure and the energy at which pore fluid was retained in the sail. This

process were carried out by applying different pressures in each case and following

equilibrium the moisture content was measured. Two different cycles called absorption

and desorption can he conducted on samples. While in the desorption cycle, water is

removed from the sample by increasing the applied pressure, in the absorption cycle

water is absorbed by the sample by decreasing the applied pressure. The suction range

was adopted between pF 0.0 and pF 3.8. Due to the small height of the sample, as

pointed out before, the gravitional effects are negligible. Furthermore the osmotic

impacts are ~sumed to he negligible in samples baving pure minerai. Due to the

limitation of equipment, the osmotic effects in samples are not taken into account. It was

observed that in order for each pF stage te) reach an equilibrium., a minimum period of

about 5 to 7 days was required. This period of rime is mainly a function of grain size

distribution and composition of soil samples.

3.7 SOIL LEACHING STUDY

The process of soil leaching may affect the condition of ettringite development.

This is particularly important in terms of the ability of ions, especially chloride, and

sulfate, in the process of interaction with soil components, as the importance of theoretic

aspects was addressed in Chapter 2. In this study, leaching cells were used to study the

migration of chloride in unstabilized and stabilized soil. The test plan was carried out in
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accordance with the methods proposed by Fuller (1982) and Yong et aL (1986).

The main objectives of this experimental scheme are to evaluate:

1) the role of soil open structure on 1eaching potential of soil

2) the effect of mineraI transformation, clay 10ss and presence of ettringite on the

1eachability behaviour of mari and availability of chloride ions for interaction with

additives.

3.7.1 Cell Characteristics

Each celI consists of a cylindrical plexiglass having 50 mm diameter, 100 mm

height and 3 mm thickness, as is represented in Figure 3.12. Each dry sample was mixed

with the desired amount of water (few percents more than the optimum. water content of

soil). This will make the samples to he compacted on the wet side of their maximum dry

density (in the compaction curve) and will provide enough adhesion between mold and

sail. Before compacting the samples, and after the addition of water 7 samples were

thoroughly mixed and sieved through No. 8 sieve to obtain a homogeneous sample, then

wrapped in pararI1m. and stored overnight for equilibration (Green et al. 1981). As is

indicated in Figure 3.12, each œil has two connections, one at the top and the other one

at the bottom. The top one is connected to a pressure gauge which contraIs the gradient.

The other one acts as an effluent c.ollector during the leaching process. Two porC?us

stones, having a thickness of 3 mm, were established on top and bottom of the soil

sample ta provide uniform distribution of the hydraulic pressure on the sail surface and

to colleet and lead the effluent ta the drainage outlet, respectively. The leaching cells

were subjeeted to a constant gradient under a hydraulic gradient of 17.5 which was

applied to the top of the cell and the effluent was drained from the bottom at atmospheric

pressure. This hydraulic gradient was provided by the application of2.5 psi (eachpsi or

lb/square inch equals to 0.07 Kg/square cm) pressure applied to a cell of 10 cm height.

Distilled-water as a leachate solution was allowed ta permeate through the sail sample
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for periods varying ta severa! months. During this period, effluent was collected

periodically in a plastic bottIe after different pore volumes as will he addressed in

Chapter 7.

3mm SOmm 3mm

3mm

50 mm

!nIet for air pressure---...-

\Vater

Iniet for water

5 mm porous stone

•

10 mm

PlexigIass cylinder

100 mm

Compacted soil

5 mm porous stone

lOmm

Effl uent outlet

Figure 3.12: Schematic representation of the laboratory Ieaching cell used in this research.
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3.7.2 Leaching Test Procedure

Two series of samples were used in this study, which are as follows:

1) Natural marI when it was mixed with the ratio of 60 percent marI and 40 percent

silica sand No. 16.

2) The same marI-sand mixture when stabilized with different percentages of lime

and lab produced ettringite.

The effluent from the cells was tested after termination of the passage of different

pore volumes (PV). The concentration of chloride was determined by chemical analysis

of effluent.

3.8 ZETA POTENTIAL STUDY

EIectrokinetic phenomena occur when two phases move with respect to each other

while the interface is the seat of an electric double layer. In this motion, for example

between a solid and a liquid phase, a thin layer of liquid adheres to the solid surface, and

the shearing plane between liquid and solid is located in the liquid at sorne unknown

distance from the sail surface. Part of the caunter-ion annosphere therefore moves with

the soil, and part moves with the liquid. The electric double-layer potential at the

shearing plane is called the electrokinetjc or zeta potential. The sign and magnitude. of

the zeta potential retlect the sign and magnitude of the charge on the particle. Zeta

potentiai measurements are made using a procedure called "micro-electrophoresis".

The sample should he prepared using a minute quantity of specimen (about 0.02%

soUd concentration). To measure the zeta potential of a colloïdal sample, the specimen

is placed in an electrophoresis œIl and a De voltage is applied to the electrodes which

are inserted in either end and are already connected ta the power unit. Sïnce the particles

are electrically charged, they mave toward the opposite electrode. Their velocity in cell

is relative ta the zeta potential and their velocity is measured by timing individual
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particles on a microscope grid as they move through the celle Each traverse takes 3 ta

15 seconds. Approximately r1fteen colloids are usually tracked and the average time is

then reported. The zeta meter is used ta measure the zeta potential of artificial ettringite.

3.9 DATeR EQUILmRIUM TESTING

The soil sample was dried and ground until a uniform powdery specimen was

acquired (section 3.3). From this soil sample, 3 grams of soil were taken and placed in

a plastic bottle. Different concentrations of sulfate, which is one of the main elements

for ettringite formation, were provided. Then, 30 mL of these concentrations were added

to a bottle and bottles were placed in the end-over-end shaker (40-50 rpm) for 24 hours.

This period is known to he the optimum time ta reach equilibrium (Mohamed et al.

1994). One bottle was considered a "blank sample lt
, rI1led up solely with solution and

where no soil sample was added. Following the shaking Period, the bottles were placed

in centrifuge to separate soil fraction frOID liquid part. After fùtering the supernatant

from the hottle, the concentration of interested constituent of the supernatant was

measured. using a turbidimeter. This concentration is called C. While C: is the initial ion

concentration and q is defined as a adsorptionldesorption mass ratio. q is computed

according to the following equation:

q=(Co-c)VIM (3-1)

•

where V is the volume of liquid added to the bottle and M represents the mass of soil in

a bottle. In the above equation, the numerator indicates the mass of constituent adsorbed

onto or desorbed from the salid fraction. To assess the magnitude of the relative mass

of the constituent adsorbed onto the solid phase, the nominator of the above expression

has to he divided by the mass of the soil. In other words, the unit of q would he gram.

of constituent adsorbed per gram of dry sail. For soil pore fluid analysis, three gram of

63



• Chapter 3 Materials and Methods

•

soil were mixed with 30 mL of distilled-water and after the same procedure of shaking

and centrifuging, the clear supematant was analyzed for different ions determination.

3.10 SUMMARY

A series of physico-chemical experimentations which were carried out in this

research are discussed in this Chapter. Experimentation bas been addressed through the

explanation of materials properties, sample preparation, test procedures and apparatus.

Marly soil has been chosen as the natura! soi! sample of this research in which its clay

fraction is dominated by the presence of palygorskite. The other pure clay mineraIs

which are used in this research include, pure palygorskite extracted from marI, pure

sepiolite, illitic sail and pure kaolinite. Artificial ettringite was formed and was added

to soil samples to investigate its influence on sail behaviour. Sorne of the general

physico~hem.ical characteristics of these soil samples were addressed in this Chapter.
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CHAPTER4

THE NECESSARY CRITERIA FOR QUANTITATIVE

XRD ANALYSIS OF MARLY SOILS AND

ETTRINGITE

4.1 INTRODUCTION

In arder ta classify marly sails and to investigate the raIe of their different

minerais on their behaviour, it is necessary ta have a quantitative XRD evaluation.

Current XRD techniques for quantitative analysis are based mainly on four methods as

follows:

- Mineral quantification based on peak areas.

- Analysing based on the identical mass absorption coefficient method.

- Mineral diagnosing based on using an internaI standard.

- Quantitative mineraI evaluation based on an external standard.

The intensities of the XRD pattern of an individual minerai are known ta he

proportional to the concentrations of the different mineraIs present. Therefore, by

measuring the inteosities of patterns, sorne idea of the relative amounts of each phase can

he achieved. The diffracted intensity of any hkl reflection from any crystaIline material

can he related ta its composition, matrix, and ta the instrumental characteristics

(Alexander and Klug 1948, Noorish and Taylor 1962). Based on different evaluations of

achieved densities, a number of quantitative methods have been devised. Among them,

the four mentioned methods have received the major attention of researchers. These

methods will he reviewed, and examined, as an introduction ta the proposed method of

this research for quantitative XRD analysis of marly soils and ettringite.
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In all explained methods, intensities can he measured either based on peak heights

or the area under the peaks.

4.2 QUANTITATIVE MINERAL EVALUATION l\ŒTHOnS USING XRD

Based on the limitation and difficulties involved in the application of these

techniques, it is not as common to use these methods for a fast and accurate quantitative

evaluation in clay soils. Specifically, when several minerais are present in the sail. The

main aims of this Chapter will he: 1) Investigating the main XRD characteristics of

sepiolite, palygorskite, and ettringite in order to provide the necessary data for

quantitative XRD analysis. 2) To review the CUITent quantitative XRD methods and to

evaluate the accuracy of these methods for their application to marly soils. 3) An attempt

to develop a simplified XRD analysis to he used for quantitative mineraI evaluation of

Marly soils. To do this, several artificial samples were prepared for x-ray diffraction.

The XRD results on these controlled samples have been examined by the current

quantitative XRD methods. This will help to achieve the above objectives based on the

application of the artificial controlled samples. These artificial samples cODSist of four

different sets of samples including: 1) Severa! different mixtures of kaolinite and

sepiolite. 2) Various ffiÎX01res of kaolinite, sepiolite and calcite. 3) Severa! different

mixtures ofpalygorskite-calcite and sepiolite-calcite. 4) Variou.s mixtures ofpalygorskite­

ettringite and kaolinite-ettringite. 5) A mixture of kaolinite, palygorskite, calcite and

ettringite. 6) Pure samples of the major elements.

4.2.1 Intensity of the Radiation

It is known that familles of planes of atoms in a given crystal will reflect an x-ray

beam when Bragg's law is fulîI1led (Bragg 1912). Bragg's law is as follows:

•
2dsin6=nÂ
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in which dis the distance between two planes of atams, (J is the angle between the planes

and the x-ray beam, À is the wave length of incident rays, and n is aften called the order

of reflection. Based on Bragg's law, if a single crystal is located in an x-ray bea:m, then

there would he a minor possibility for Bragg's law being satisfied. This is because there

will he no guarantee that a particular family of planes are placed in the correct position

to fulfu the Bragg's law. On the other band, if the crystal is powdered, without

destroying the crystal structure it produces plenty of very small crystals in all directions.

Therefore, there would he at least enaugh crystals having planes to satisfy Bragg's law.

The general equation evaluating the x-ray radiation absorption, while it goes

thraugh a test sample, is expressed by lAmbert' s law. Lambert's law is generaIly

accepted to govem the absorption of radiation as it passes through matter. This Iaw is

based on the assumption that the amplitude of absorbed radiate while it passes through

a layer of matter is proportional ta twa factors. First, the thickness of the layer and

sec0 ndly, the nature of absorbing matter and wave length of radiation. The role of

absorbing matter and wave length of radiation are included thraugh a factor called. "the

absorption coefficient". If 10 is the intensity of the radiation incident on a layer of test

sample (AB) and 1 is the intensity of the radiation after passing through the layer,

according ta the Lambert's law the governing equation will he:

J.-J j
-=-=-~f'X

J. J.
(4.2)

where dx is the thickness of the layer and ILL is an indication of the linear absorption

coefficient. This equation is true only when âx becomes infmitesimal, therefore,

assuming 1
0

equal to 1 in this limiting case in the denominator, the equation will become:

•
dI
-=-~pr
1
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the integration of the above equation over the thickness of sample will he:

1
logl-logl.=log J. =-I1~

and the [mal form of Lamben's law cao he written as follows:

I=l.e -~,:r

(4.4)

(4.5)

The value of /LI for a certain material depends on the material staws in terms of

being solid, liquid or gas. For a particular material, absorption increases and /LI decreases

when going from the salid ta the gas. In fact JLI is a direct function of the number of

atoms traversed by the incident rays. Therefore, for a particular material, as is confirmed

by observation, the ratio of /-LI over density (p) will he constant. In the latter case, the

material status does not affect the amplitude absorption of the material since it is aIready

included in the new defmed parameter (p.lp) called the mass absorption coefficient.

Therefore, LAmben's Iaw as applied to x-rays is usually written as follows (Sproull

1946):

in which:

IJ.,
11=­

p

(4.6)

(4.7)

•

where p is the density of the absorbing material and J.L is called the mass absorption

coefficient.

Based on the above explanation, the concept of a mass absorption coefficient

seems ta he an essential factor governing quantitative minerai evaluation.
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4.2.2 Instrument and Sample Preparation Error in XRD Testing

Two major sources of error in quantitative XRD analysis include, the error

resulting from sample preparation and an instrument error. Due to the sample preparation

process (Chapter 3) the quantity of sample being deposited on the glass slide will not

have the same minerai concentrations when different slides for a single minerai are

prepared. This will cause a different XRD intensity for a single mineraI in these slides

since the intensity of reflection lines is a function of mineraI concentration on the glass

slides. At the same time, this difference in concentration will affect the degree ofmineral

orientation on the glass slide which in turn, will influence the quantity of reflection lines.

On the other hand, instrumental effect will cause fluctuations in the quantity of

intensity and reflection lines of minera17 even if a single sample is analyzed by XRD

severa! times. To take into consideration these sources of error, 19 XRD tests were

performed in an attempt ta establish sorne basic quantity as the coefficient of variation

(COY) for XRD experiment.

To figure out the error arising from an instrument source, a single sample of

sepiolite was prepared on a glass slide (Chapter 3) and nID by XRD 10 times. Onlyone

sample was used to identify the instrumental error. Then the quantity variation of the

sepiolite major reflection line and its intensity were monitored. The results of these

experiments are presented in Figures 4.1 and 4.2 in which, ta show the scattering of data

in .each Figure, the vertical and horizontal axis are. representative of a similar quantity.

The very low coefficient of variation presented in these two graphs indicaœs the

negligible errar which cornes from instrumental effects. On the other hand, to find the

sample preparation effect on XRD test results, another series of samples (including 9

different slides prepared using artificiai ettringite) were run by XRD. The results of these

experiments are shown in Figures 4.3 and 4.4 for the major reflection Hne of etttingite

and its peak intensity, respectively. While the coefficient of variation for the reflection

line is the same as in the previous series of experiment, the COV for ettringite peak
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intensity is much higher in comparison to the previous series of tests, where it increased

from 0.07 to 0.27. It can he concluded that as opposed to the instrumental effect, the

errar arising from sample preparation, should he taken into consideration as a source of

error in the intensity evaluation of XRD testing. In this research, the quantity of

coefficient of variation arising fram sample preparation is considered as the population's

coefficient of variation for XRD testing.

4.2.3 Standard Deviation and Relative Deviation of XRD Analysis

The accuracy of sorne common quantitative XRD techniques and the suggested

method are examined through the caIculation of the correlation coefficient and computing

the "relative deviation of estimation" where these parameters are defmed as follows:

The coefficient of correlation, r, indicates the correlation between the quantity of

mineraI estimated from established graphs of any certain method and the real quantity of

mineraI present in the artificiaI control samples based on the relationship shawn in

equation 4.8 (Samani 1987).

(4.8)

•

in which QRqm is the real quantity of minerai present in the artificial multi-phase sample,

QEqg is the estimated quantity of minerai using the established graphs, and <bve.is the

average of the real quantity of a certain minerai which we are looking for, in the series

of artificial samples being tested.

Another criterion to evaIuate the accuracy of mineraI estimation by the use of

quantitative XRD methods, is the calculation of I1 relative deviation of estimation from real

quantity present in the artificiaI muiti-phase sample". This is calculated based on equation

4.9.
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(4.9)

•

in which the QRqm and~ are the same as the quantity defmed in equation 4.8.

4.3 DEFICIENCY OF XRD ANALYSIS USING AREAS UNDER PEAKS

This method is based on the direct comparison of intensities or peak areas of

minerais identified by XRD testing. Due to the simplicity of mineraI evaluation of soUs,

this method is very common among researchers. Even though this technique cao give an

estimation of the quantities of the individual mineraIs, due to the difference mass

absorption coefficients of minerais, as will he extensively discussed later, this method

might lead to a wrong quantitative mineraI estimation (Carroll 1970). To evaluate the

accuracy of this method, the peak intensity of severaI artificiaI mixtures of palygorskite

and calcite are analyzed by XRD. Samples were prepared as previously outlined in

Chapter 3. Figure 4.5 indicates the variation of peak intensity of the major reflection line

of palygorskite and calcite in these samples. Under simiIar conditions, calcite indicates

a higher reflection line intensity in comparison ta palygorskite. In other words, as can

he seen from Figure 4.5, quantitative analysis based on peak area or peak height of the

minerai present in the mixture, might strongly lead to an underestimation of the quantity

of palygorskite. This is shawn in Figure 4.6, which illustrates how extensively the

minerai evaluation based on peak height might underestimate the presence of palygorskite

and overestimate the presence of calcite in a two phase system. As an example, in the

artificial mixture of 50% calcite and 50% palygorskite, this method illustrates the

percentage of palygorskite as ooly 16%. The correlation factor between the predicted
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quantity based 00 areas under the peak and the real quantity present in the sample

(Equation 4.8) for palygorskite is 0.22. The same deficiency was observed in the two

phase system of sepiolite and kaolinite. While in the latter case, analysis based on peak

height or areas will lead ta an overestimation of the presence of sepiolite. This can he

observed by simply comparing the peak intensity of sepiolite and kaolinite in Figures 4.7

and 4.8, in which the different percentages of artificial samples of mixtures, in a two

phase system, are analyzed. Figure 4.7 indicates the variation of the percentage of

mineraI versus the intensity of the major ret1ectioo lines for mixtures of kaolinite and

sepiolite. These reflection lines are chosen as 12.1 and 7.2 angstrom for sepiolite and

kaolinite, respectively. Figure 4.7 shows that sepiolite in these mixtures has a higher

relative intensity in comparison to kaolinite, where similar concentrations in different

mixtures is monitored. This is weIl illustrated in Figure 4.8 where it can he easily seen

that estimation based on peak height or areas of minerais in these conditions might

strongly lead ta an overestimate of the presence of sepiolite, especially in its low

concentration. The correlation factor between the real quantity present in the artificial

sample and the magnitude predicted using height of the peak is 0.78.

Therefore, it seems that analysis based on ooly peak's area or height, will not he

reHable in terms of quantitative evaluation. Furthermore, although it may give an overall

estimation of the presence of mineraIs in the sail mixture, still in terms of minerai

identification based on descending or ascending ord~r of existing mineraIs in the soil this

method will not he reHable.
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4.4 XRD ANALYSIS USING IDENTICAL MASS ABSORPTION

Sînce intensity is proportional to concentration, then for a mixture of (wo

elements the following proportion can he written (Whiston 1987):

(4.10)

in which A and B are representative of two elements present in the mixtures,. wA and WB

are the weight percentages of the two elements, and lA and lB are the intensities of two

selected diffractions of these two elements, respectively.

The proportionality sign can he replaced by proponionality coefficient, K, as

follows:

(4.11)

Assuming a two-component mixtures, we would have:

SoIving these latter equations for WB will give:

100w
B 1+K{I./IP)

(4.12)

(4.13)

•

Based upon the latter equation,. to determine K, it is required to prepare a mixture

of these mentioned mineraIs (Le. A and B) of known weight percentages. Having the

intensities of the two selected minerals is sufficient to solve the latter equation for K. The

main problem involved with this method includes the limitation of derivation equations

when more than two minerais are used. On the other band, in this method the

relationship between intensity and concentration is assumed ta he constant.
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4.4.1 Palygorskite and Sepiolite Quantification

To investigate the accuracy of this assumption for sepiolite and paIygorskite7 a

series of mixtures of palygorslcite and sepiolite at different concentrations was prepared

and run by XRD. The quantity of sample deposited on ail slides was carefully prepared

to he the same. Figure 4.9 indicates the variation of XRD peak intensity of sepiolite

versus its percentage in a series of artificial samples. As can he seen in this Figure7 in

a two-phase system of sepiolite and kaolinite7by increasing the percentage of sepiolite,

the intensity of sepiolite7s major peak increases. Three samples in a multiple-phase

system having a controlled amount of sepiolite were analyzed for the intensity of

sepiolite's major peak. These are presented on the same graphe This7 in fact7shows the

effect ofminerai interference on the x-ray diffraction intensities of sepiolite's major peak.

The relative deviation from the real quantity present in the artificial sample (Equation

4.9) for sepiolite determination in a multi-phase system in comparison to the standard

graph will he 45%,3% and 4%. Where 25%, 50% and 100% sepiolite are present in the

tested mixtures7 respectively . In fact, these interference effects are concentrate

dePendent, as will aIso he confirmed later7at a low concentration of minerai, intensity

shows a higher deviation from the multi-phase system. Figure 4.10 compares the

variation of proportionality coefficient of sepiolite and palygorskite versus the

concentration of these minerais. Two different sets of experiments using different

mixtures of sepiolite-kaolinite, and palygorskite-calcite .have been used. This Figure

illustrates the concentrate dependency of proportionality coefficients of the tested

mineraIs. A high proportionality coefficient of sepiolite in its low concentration indicates

that even in low concentrations, sepiolite might show a high diffraction intensity. The

average of the proportionality coefficient was found to he 2.05 with a standard deviation

of 0.96 and coefficient of variation of 0.47. Samples having above 25% sepiolite gives

the average proportionality coefficient of 1.58 with a standard deviation of 0.2 and

coefficient of variation of 0.12. This again indicates the significant effect of scattered

data in the low concentration of sepiolite on the calculated proportionality coefficient.
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This suggests that up to around 25 percent sepiolite will he bard to quantitively identify

by this method. This lowest identifiable percentage seems to he even more than those

reported for the other clay minerais (Carroll et al. 1963). This fmding is in good

agreement with the data presented in Figure 4.9, in which there is a relatively high

scattering of data in the low concentrations of sepiolite when two and multiple-phase

mixtures are compared. For palygorskite, the average value of the proportionality

coefficient for these two phase samples was found to he 0.24 with a standard deviation

of 0.05.

In addition to the above discussion, as is illustrated in Table 4.1, the

proportionality coefficient obtained for these mixtures is not consistent when different

reflection lines for K measurement are used. Table 4.1 indicates the variation of

proportionality coefficient, K, for different mixtures of the two phase system of kaolinite

and sepiolite according ta their three different reflection lines. In this Table the calculated

K, is based on the use of the different reflection lines of these minerais which have a

similar weighting factor. Even though for evaluation of the proportionality coefficient,

this method suggests the use of the peak intensity related to the major reflection line,

there is no explanation why the other peak intensities of a certain mineral rather than the

highest one, should not he used. Moreover, sorne minerals such as a palygorskite,

sodium chIonte and calcium chIorite hydrate are known to have more than one peak

having possible highest intensity. For sorne kinds of illite, even four different .Iines are

known to have the highest ret1ection intensity (lCDD 1988). These factors also make

questionable the use of only major reflected lines in the quantitative minerai eva1uation

of clays by this method.
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Table 4.1: The caIculation of proportionality coefficient for different mixtures under different reflection

angles.

ProportionaIity Coefficient

Weighting Factor

of Reflection
50% Kaolinite 25% Kaolinite U.S% Kaolinite

Lines
50% Sepiolite 75% Sepiolite 87.5% Sepiolite

100 1.87 1.27 1.54

40 1.19 0.42 0.11

35 2.6 0.82 0.29

4.5 MINERAL DIAGNOSING USING INTERNAL STANDARDS

This method is based on the use of an internaI standard ta caiculate how peak

intensities vary with variation of concentration. By adding a certain amount of a

particular componeot, as a standard, ta the tested sample and using different artificial

samples, having different concentrations of the desired mineraI, the establishment of a

calibration graph is possible. This particular component should oot necessarily he one of

the elements present in the sail sample. A calibration graph presents the different

percentages of minerai, which we are 100king for (i.e. X%), versus the ratio of intensity

of this mineraI on that of the internaI standard componeot (Le. lxlls, while ls is the

intensity of the internai standard component). Then, having the latter ratio from the

unknown sample, the amount of desired minerai (i.e. X) cao be calculated. With the

establishment of different calibration graphs, the investigation for different minerais will
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he possible. This method, in spite of its advantage of not assuming a linear relationsbip

between the intensity of a certain diffraction peak and concentration during the addition

of standard to the unknown sample, assumes a linear relation between the intensity of

consumed standard and minerai concentration. Therefore, it f"mally ignores the

interference effects of different minerais in making and using the calibration graphs.

Furthermore, in this method, for establishment of different calibration graphs, only the

intensity of one peak (usually the peak with the highest intensity) will he used. In other

words, as was previously addressed, despite of problems involved with use of only the

major reflection line, in this method the raIe of other peaks of a certain mineraI will not

he considered. Therefore, there is a significant possibility of mistakingly defming the

presence of a minerai, since for eaeh mineraI ooly one Peak will he used. For instance,

as will he addressed in Chapter 5, the reflection angle of palygorskite's major peaks in

soiIs rich in salt, is of the same order of magnitude as those of illite peaks and will he

mistaken with illite.

Different internal standards have been proposed including aluminum powder

(Burtner 1974), zinc hydroxide (Mossman et al. 1967), and molybdenum sulfids {MoSJ

(Quakemaat 1970, Gody and Thompson 1976). Al20 j is usually used as an internal

standard. The Joint Committee on Powder Diffraction Standards (JCPDS) publishes ratios

of InD the ratio of peak heights of the major strongest reflection of minerais ta the

strongest pealcs Of Al20) for al: 1 mixture by weight of the twq phases. Thus, if one

takes a 1:1 mixture ofAl20) and a sample to he tested for a certain minerai (Le. X), then

the amount of this particular minerai in the original sample will he as fol1ows:

1/2 (lnc for mixture ofAl20 j and sample in terms of a particular minerai divided by lnc

for JCPDS value)

By and large, since the reflection lines of minerais in clay soils have been shown

to he very sensitive to the soil fabric, it seems that in XRD analysis of clay soils,

focusing ooly on a major reflection angle of minerai is questionable. This faet bas

already been addressed in section 4.4.1 and will he addressed in the evaluation of the
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role of salt in diffraction peaks of soiIs in section 5.4.1, which shows that the soil fabric

plays an essential role in changing not only intensity of reflection Hnes (Gillon 1960,

Yoshinaka and Kazama 1973), but also the quantity of reflection lines in clay soils.

Furthermore, while it is feasible to make a set of binary mixtures for the principal

associated minerais, the method becomes less practicable for systems with three or more

components (Brindley 1961). Due to the similarity of the principals associated with the

internaI and external methods and the above explanations, only the external method, as

will he discussed in the following, bas been examined in this research.

4.6 ANALYSIS BASED ON THE EXTERNAL STANDARD

This method is based on the use of pure minerais, as a standard, when they are

known to he present in the testing sample. By maldng artificial samples having different

percentages of a known pure minera! (Le. Y), the peak intensity of the major reflecting

line of this added pure minerai will he monitored in all artificial samples, pure minerai

and unknown sample as well. With the calculation of the ratio of peak intensity of Y in

all samples over its intensity in the pure minerai, the preparation of a calibration graph

will he possible. This calibration graph will have the percentage of known mineraI in one

axis and the ratio of peak intensity of added_ minerai over peak intensity of pure minerai .

in the artificial sample, on the another axis. Therefore, having the ratio of peak intensity

of this minerai in the unknown sample over the peak intensity of pure minerai and using

calibration graph, it is possible to detennine the estimated percentage of mineraI in the

unknown sample.

Although this method might lead to a good estimation of existing minerals in the

sample, it requires many sample preparations as well as XRD analysis to make cahoration

graphs of different minerais present in the natura! soils. Furthermore, since for some

minerais, different major peak intensities might he possible due to the presence of
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different structures of a certain minerai, it will he very bard to say that the added pure

mineraI is exactly the same as the one which exists in the soil. For instance, while the

major reflection line of illite appears at 10 angstrom, sorne illites are known to have the

major reflection line at 4.43 or 2.58 angstrom (lCDD 1988). The use of just tlle major

retlection line in this rnethod enhances the above mentioned problem.

4.6.1 Multi-Phase System of Marly Soils

Figure 4.11 indicates the use of different mixtures ofkaolinite and sepiolite as an

extemal standard for quantitative mineraI analysis in a series of artificial samples. In this

Figure, the horizontal axis is representative of the percentage of sepiolite in the mixtures.

The vertical axis indicates the intensity ratio of the major basal spacing of sepiolite in the

mixture over that of pure sepiolite. For instance, applying linear regression for data

presented for mixtures of sepiolite and kaolinite in Figure 4.11, gives the correlation

factor of 0.94. Following the establishment of a standard graph, sepiolite quantification

of five artificial multi-phase mixtures was examined by the external method where, the

percentage of sepiolite was flXed at 25, 50, and 75 percent. As can he seen, at a low

percentage of sepiolite, there is noticeable deviation among the achieved data with respect

to the calibration graph. For instance, for multi-phase samples having 75, 50, and 25

percent sepiolite, the use of these established standard graphs gives the relative deviation

of estimation (Equatio~ 4.9) equal to 4 %, 6 %, and 52%, ~tively.As is illustrated

in the graph, the low amount of sepiolite can indieate a very high intensity. In other

words, as was addressed in this research and by previous researchers (i.e. Canol! et aI.

1963), in the use of these quantitative analyses methods, one should always notice that

low concentrations of minerai can lead to a wrong quantitative evaluation. This in tum

shows the importance of parallel physico-chemical methods with quantitative XRD

evaluation of soils. Problems addressed in the use of the internaI method, exist in the

application of the external method. For instance, the ignorance of the absorption

coefficient of the multi-phase, the difficulty of making severa! artificial samples and the
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ignorance of other retlection lines of minerals can he coumed. One advantage of the

application of the extemal method will he the possibility of differentiating between the

magnitude of the mass absorption coefficient of mineraIs. Figure 4.12 differentiates

between the variations of intensity of palygorskite and sepiolite in the controlled two

phases samples. The data of the severa! artificial two phases mixtures, including mixtures

of sepiolite/kaolinite, sepiolite/palygorskite, and caIcite/palygorskite, are plotted based

on data evaluation by the external standard method. This in rom indicates that for a

similar mineraI concentration in the mixture, palygorskite bas the lower peak intensity

in its major basal spacing when compared to sepiolite. The data presented in this Figure

again illustrates the important consideration of different mass absorption coefficients of

minerais in quantitative mineraI evaluation.

4.7 PROPOSED XRD ANALYSIS FOR MARLY SOILS & ETTRlNGITE

Based on the above evaluation of the most common quantitative XRD methods,

the following results are summarized and may be used for a more practical and accurate

quantitative XRD evaluation of clay soils:

a) The direct analysis based on Peak intensity or areas under the peaks might

strongly cause an overestimation or underestimation of the quantity of clay mineraIs.

b) Quantitative evaluation based on only the major reflection line might strongly

induce the following mistakes in mineraI identification of clays: Providing the wrong

evaluation of the presence of clay mineraIs due to similar or very close major retlection

lines of sorne clay minerais. This includes achievement of wrong results in minerai

recognition due to the fahric effect on fluctuation of the reflection Iines's quantity or

intensity variation of certain reflection lines. More explanation of this will he addressed

in Chapter 5.

The above mentioned two points can he attributed to the role of mass absorption
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coefficients of clay particles which arise from the different crystallization degree9

orientation and chemical composition of minerals, the different particle size of soil

fraction9 and the different microscopie structure of clay soils. The ignorance of the

different crystallization degrees of similar minerais will he involved orny if the major

reflection line is used.

c) Even though the absorption coefficient plays an essential role in clay

identification9the interference effect makes it necessary to take into account a border as

an identifiable quantity for evaluation of clay mineraIs by XRD. This detection limit

might he different for different clay soils due to the difference in their mass absorption

as confirmed in this research and as addressed before (Carroll 1970).

The theoretical basis of the proposed quantitative XRD analysis is based on the

relationship established between the intensity and the absorption coefficient of the soil

sample as suggested by Klug and Alexander (1954), and Brindley (1961). According to

them, the intensity of the x-ray reflected by a component C in a mixture is known to he

related to the volume proportion Vc as follows:

(4.14)

•

in which JL/m is the mixture's mass absorption coefficient and Pc is a constant for any

certain reflection from the component C. To avoid the previously addressed difficulties

involved with the use of just major reflection lines for quantitative analysis, the other

reflection lines, especially those which have a relatively high intensity weighting factor,

should he taken into consideration. This will have the following advantage in clay

identification: First, the possibility of any mistake of clay identification when considering

only the major reflection line will he eliminated. Secondly, the concept of the

crystallization degree which causes the disappearance of sorne reflection lines will he

taken iota account. Thirdly, all the reflection lines of clay minerais having more than one
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major Hne will he considered. Therefore, the proportionality coefficient which is usually

calculated based on the major reflection lines (CulUry 1967), can he estimated based on

at least those reflectian lines with a relatively high intensity weighting factor. The

reflection lines with an intensity weighting factor of equal to or more than 30, are used

in this research ta detennine the proportionality coefficients of sepiolite, palygorskite,

and ettringite. To do so, for proportionality coefficient measurement, the average

weighted intensity is calculated as follows:

(4.15)

in which ft is the intensity of the reflection line having a weighting factor equal to or

more than 30, W i is the standard weighting factor of that reflection line, n is the number

of reflection lines having weighting factors equal to or more than 30, and Iawi is the

average weighted intensity for proportionality coefficient measurement purposes.

Replacing the latter equation in the former equation, one will get:

~1.xW KYLJi 11 CC

L; ~ ~lm

(4.16)

in which Kc is a constant for the existing reflections from the component C. On the other

band, volume proportion Vc can he defmed as follows (Brindley 1961):

v=w PIJ'l
c c Pc

(4.17)

•

in which Pm is the average density of the mixture, Pc and Wc are the weight proportion

and density of component C, respectively. Replacing Vc in the former equation will result

in:
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L: r,x~ K Wcp.

L: ~ c Pc~I.
(4.18)

Based on Equation 4.7, the mass absorption coefficient of a mixture can he

defmed as follows:

(4.19)

in which /lrm is the absorption ratio and Pm is the average density of the "mixture",

respectively. By replacing the mixture's mass absorption ratio in the pre'.'ious equation

the following can he written:

L: lix~ k w::
E' ~ c 11.

(4.20)

In any multi-component mixture, the latter equation can he written for two

component to eliminate the mass absorption coefficient of the mixture as follows:

L: Ir;ixWd

L:Wd

L: ldixWdi

L:Wdi

(4.21)

•

The latter equation in tum indicates that the intensity ratio is directly proportional

to the weight ratio of components. The application of this latter equation will he

applicable to quantify the percent of minerais in the unknown sample. In fact, once again

similar to the extemal and the internaI standard methods, one can use pure mineraIs and

make calibration graphs for the binary mixtures of minerais present in the unknown

samples. These calibration graphs, which show the variation of the intensity ratio versus
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the weight ratio of mineraIs for standard mixtures, can he used ta estimate the ratio of

the binary mineraIs in the unknown sample. By applying this process to all components

in pairs, the quantification of mineraIs in the mixture can he provided.

4.7.1 Practical Graphs for XRD Mineral Quantification of Marly Soils

Ta include these important factors, the above mentioned consideratioDS are used

in minerai identification and quantitative mineraI evaluation of artificial marly soils in a

set of controlled samples. Very good correspondence was observed as described in the

following. As was presented hefore, the main elements of marly soils consist of

palygorskite/sepiolite, calcite and quartz. Among other clay mineraIs, kaolinite and illite

are known to he possibly present in marly soils (Davis 1967. Purser 1973. Yong et

al.1996) . Since the behaviour of marI is controlled by a combination of these major

elements, the quick quantitative analysis ta quantify the magnitude of each fraction is of

interest. As will he mentioned in Chapter 5, the quartz fraction can he easily separated

by the different soil washing steps. This, in fact, will eliminate the interference effect of

quartz and clays in the quantitative analysis. Therefore, the major elements to he

quantified will include, sepiolite or palygorskite, calcite, kaolinite and illite. Based on

the suggested quantitative evaluation technique, a series of binary mixtures of standard

minerals were prepared in different concentratioDS. Figures 4.13, 4.14, 4.15, and 4.16

show the results obtained for palygorskite-calcite, sepiolite-kaolinite, palygorskite­

sepiolite, and kaolinite-illite in the binary mixtures. In these graphs, the horizontal axis

indicates the weight ratio of two minerals and the vertical axis represents the ratio of the

average weighted intensity of two minerals in the mixture as was defined in Equation

4.15. The linear pattern is chosen for regression analysis purposes based on the prior

assumption of a relationship between intensity and concentration (Alexander and Klug

1948. Noorish and Taylor 1962). As is shown in these graphs the correlation factor for

each series of data is more than 0.93 which indicates the acceptable linear fitting of the

relationship between weight ratio of minerals and the average weighted intensity.
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For each minerai the average weighted intensity is chosen based on reflection

lines having a weighting factor equal ta or more than 30. The application and validation

of the established graphs will he evaluated later in this Chapter.

4.7.2 XRD Quantification of Ettringite in Marly SoiIs

Ta he able to quantitively monitor the minerai transformation of the clay fraction

of marly soils ta ettringite y the required graphs, based on the application of average

weighed intensity of reflection lines y are established. With the use of prepared artificial

ettringite, pure extracted palygorskite, kaolinite and calcite, severa! artificial mixtures

were prepared. Figures 4.17, 4.18, and 4.19 indicate the established graphs for severa!

mixtures of palygorskite/ettringite, ettringitelkaolinite and ettringite/calcite. In all series

of samples the linear relationship between the average weighted intensity and mineraI

concentration seems to he valid where the correlation factor, based on a linear fitting of

data, is shown ta he more than 0.97. While graphs 4.17 and 4.18 can he used directly

ta monitor mineraI transformation, Figure 4.19 may he used for control purposes, since

the quantity of calcite can initially he found by performing chemical analysis.

4.7.3 Valldation of Established Graphs for XRD Quantification

Ta validate the extent of accuracy of these graphs for a quantitative analysis of

minerais in marly soils y a set of artificial multi-eomponent mixtures was prepared. The

artificial mixtures consist of different percentages of palygorskite, sepiolite, calcite,

kaolinite, and ettringite. Two different series of artificial samples were used. The frrst

series consists of severa! different mixtures of calcite, sepiolite 9 and kaolinite as

representative of marI soils. The second series of samples had different percentages of

kaolinite, palygorskite, calcite and ettringite (Table 4.2). Chemical analysis was chosen

for calcite determination which gave accuracy within 1% (Hesse 1979). For marly

samples the quantity of calcite was flXed at 25, 25, and 50 percent. In marly samples

having artificial ettringite, the quantity of calcite was flXed to he 12.5, 25, and 37.5
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percent. Sorne of the XRD diffraction of these mixtures are presented in Appendix ill.

Based on the above explanation, by rmding the percentage of calcite, the analysis of XRD

data was completed by analysing the average weighted intensity ratio of sepiolite/kaolinite

peaks in marly samples. For artificial samples having ettringite in the components, the

ratio was calculated for kaolinite-ettringite and palygorskite-ettringite. The reflection lines

having a weighting factor equal to or more than 30 was chosen in this analysis.

The results obtained are plotted in Figure 4.20, in which the real quantity of

minerai in the mixture is plotted against the percentage achieved from XRD analysis. For

comparative purposes, the bisector of the graph is drawn and called the ideal case in

which the quantitative XRD evaluation gives the same results as in the real case. Having

extreme accuracy, means the quantity of aIl calculated points locate on this bisector.

Based on previously presented graphs (4.13 to 4.19), the quantitative mineral evaluation

of the artificial samples was achieved. Figure 4.20 shows a1l the calculated percentages

of different minerais in these experiments. The correlation factor between these points

and the ideaI case (bisector) using Equation 4.8 is found to be 0.90.

Table 4.2: The artificial mixtures prepared for validation of XRD quantification method.

Quantity of Minerais Present in the Artificial Mixtures
Sample

Palygorskite Sepiolite Calcite Kaolinite Ettringite
Number

1 - 25% 25% 50% -

2 - 50% 25% 25% -

3 - 25% 50% 25% -

4 25% - 25% 25% 25%

5 12.5% - 37.5% 12.5% 37.5%

6 37.5% - 12.5% 37.5% 12.5%
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Quantitative mineraI evaluation of marly soils is an essential step to provide the

expected behaviour due to the importance of the quantity of each major minerai fraction

on the performance. This aIso helps to have a more accurate classification of soil, as will

he presented in Chapter 5. The application of the four current methods for minerai

quantification purposes were experimentally reviewed for clayey soils. This lead to a

proposed quantitative minera1 evaIuation for marly soils. The problems involved in clay

minerai evaIuation based on the direct use of peak intensity or areas under the peak, are

addressed. In addition, severa! mistakes induced by the application of only the major

reflection lines of clay mineraIs for quantitative evaluation purposes have been cited.

Using the rermement made to the proposed relationship between the intensity and

absorption coefficient in the method suggested by Klug and Alexander (1954), the use of

alI major reflection Hnes having a weighting factor equal ta or more than 30 was

employed. By performing a series of XRD tests on artificiaI samples, a set of practical

graphs for binary mixtures of major marI components and ettringite minerai is proposed.

The applicability of these graphs for mineral quantification of marly soils and ettringite

is examined via preparation of multi-eomponent artificial samples which are quantified

by the established graphs. Very good agreement was observed between the computed and

the real quaIJ.tity of each minerai present in the artificial samples.
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CHAPTER 5

THE ROLE OF MARL COl\1POSITION AND

REACTION FACTORS ON IN8TABILITY AND

BEHAVIOUR OF MARLY SOILS

S.l INTRODUCTION

The very general definition of marI as a mixture of clay and carbonate (Banh et

al. 1939. Fookes and Higginbottom 1975, Pettijohn 1975) bas failed to differentiate

between the noticeable performance of marI and other clay minerals. In other words, the

role of marI composition and, in particuIar, the raIe of palygorskite and sepiolite as the

major fractions of marI (Yong et a. 1996. Ouhadi et al. 1996) in conjunction with the

presence of calcite as the source providing potential determining ions (Yong et al. 1978.

1979) bas strongly contributed to the very distinct performance of marI. The so-ealled

open-structure of palygorskite and sepiolite in conjunction with the presence of salt and

sulfate in the pore fluid of marI, cause sorne significant effects in the CEe measurement.

That bas resulted in an important need to make refmements in the current CEe methods.

In this Chapter a physical technique was developed for extracting pure palygorskite from

a marI sample. By application of the x-ray diffraction technique, extraction of pure

palygorskite was confirmed. A series of physico-chemical tests were performed to

establish the role of marI components on its behaviour and to investigate the wetted-state

reactioDS of marly soils. Significant attention was placed on the roIe of palygorskite and

sepiolite on marI performance. Finally, based on the introduced results, a new

classification for marly soUs is presented.
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5.2 MODIFICATION IN THE CEC l\ŒTHOD, SOILS RICH IN SULFATE

The measurement of cation exchange capacity (CEC) is important in sa many

aspects and mainly indicates how reactively soils behave. For CEe measurement,

different rnethods are suggested by different investigators. Sorne of the hest known of

those methods were ron to evaluate the CEC of marI. As will he addressed in this

section, very conflicting results were observed, which Iead us to apply a modification to

the current CEC rnethods.

Cation exchange capacity (CEC) is a quantitative evaluation of easily

exchangeable cations which are balanced by the negative charge of the soil particles. The

negative charges in soils arise from different sources including, isomorphous substitution

within the structures of mineraIs, broken bonds at different ages of mineraIs and

adsorption of certain ions on the soil particle surface. While negative charges, which

arise from isomorphous substitution, are independent of the pH variation or bulle solution

properties, the other sources of charges are highly dependent on the pH value, bulle

solution properties and anion nature present in the solution. Therefore, due to the many

different parameters affecting the capability of soils for exchanging cations, the CEC is

not a soil characteristic which can he independently measured without considering the

type of mineraI, the measurement conditions and limitations. This will also produce

different results when different methods of evaluation are used.

Some of the sources of error in conventional CEe methods are reviewed by

Rhoades (1982). The general principle of CEC measurement requires either saturating

the soil with a strong cation to measure the amount of replaeeable cations of the soil, or

replacement of saturating cations. In the saturation step, there is a possibility of not

completely saturating the sites of the soil fraction. During the replacement stage, trapped

adsorbed cations between inter-Iayers might prevent replacement during extraction

(Bower 1950). Evaluating exchangeable cations and total exchange capacity by the
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ammonium acetate (NH40AC) is suggested by Lavkulich (1981). This method is based

on measuring the total extractable cations (exchangeable and soluble) by saturating a

certain amount of sail with ammonium acetate and analysing the supernatant for Na+,

K+, Qt+, and Mg2+. This method is known to have significant errors due to the

dissolution of CaCO) and gypsum which result in an excess of Cd+ heing extracted by

NH'+. In soiIs containing these minerais, exchangeable ût+ will he too high. Polemio

and Rhoades (1977) suggested a method particularly suited to arid land soils. This

method is based on the saturation of cation exchange sites with a sodium acetate (NaOAc)

solution and extraction with 0.5 N MgNO). During this measurement, chloride should he

determined so that the soluble sodium. carried over from the saturation step to the

extraction step can he subtracted from the total sodium in evaluating exchangeable

sodium. Exchangeable cations and CEe may he measured using barium chloride

(Hendershot and Duquette 1986). This method provides a rapid means of determining the

exchangeable cations and the CEC of a wide range of soil types. The same as the

ammonium acetate method, this method is based on saturating the exchangeable sites

(here with 0.1 malar barium chloride) and analysing for major cations as addressed in

the ammonium acetate method. Problems may arise if this method is used with saline

soils containing sulfate, since BaS04 will precipitate (Hendershot and Duquette 1986).

These three major methods were used in this research to evaluate the CEe of

- marI. Different marI samples having different weathering states were used in this series

of experiments. mite was used as a control sample. Table 5.1 indicates sorne of the

problems involved with the barium chloride method for CEC measurement of marly soils .
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Table 5.1: Problem involved with the barium chIoride method for CEe measurement of marly soils.

Concentration of Cations (ineq/lOO g soil)

Soil Sample
Soluble Cations Extractable Cations Exchangeable Cations

(CEG)

tM2 90+7 92+7 2+10

mtM3 118±10 110±9 -8+13

WM 96+8 104+9 8+12

Dlite 3±0.3 43+3 40+3

As can be seen in Table 5.1, for all different states of weathered marI, the

extractable cations, which normally include both soluble and exchangeable cations, show

very noticeably low amounts of extractable cations. Even in moderately weathered marI

(sail sample mtM3 in Table 5.1), the extractable cations are less than those of soluble

cations (Le. negative CEC). In this method, barium is responsible for replacement of

other exchangeable cations ta represent a measure of available exchange sites. However,

as was pointed out before, since marI sail is rich in sulfate, barium sulfate will

precipitate and there will be insufficient barium ions ta replace all exchangeable sites.

The very similar magnitude of soluble and extractable (including exchangeable and

soluble) cations for all marI samples, shown in Table 5.1, confirms this conclusion. This

will persuade us to extremely underestimate the total extractable cations, leading us to

obtain a very low or even negative cation exchange capacity. The very high concentration

of calcium cations observed in the extractable measurement, can he related ta either the

solubility of remaining insoluble gypsum (calcium sulfate) which is available by the

formation of barium sulfate or the replacement of a low amount of barium by

exchangeable calcium in the clay fraction of marI. Moreover the concentration of soluble
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sodium was found to he less in the extractable step when compared with that of the

soluble step. In Chapter 2, it was discussed that, the hydrated radius of cations plays a

significant role in terms of the replaceability of the cations with the same valence. From

the particle interaction standpoint, the larger the ion, the thicker the layer required to

accommodate the necessary number of cations, and hence, the greater the interparticle

repulsion (Yong 1975, 1992, Mitchell 1993). Therefore, barium ions with a hydrated

radius of 8.8 angstrom have the ability to replace calcium and magnesium ions with the

hydrated radius of 9.6 and 10.8 angstrom, respectively. Furthermore, the replacement

of barium cations with a high valence in the exchangeable sites of clay and the

availability of a reiatively high concentration of calcium, mainly from gypsum, will

decrease the repulsion force. This leads to a more flocculated structure. Creating a

flocculated structure will, in tum, keep more sodium ions in the pores and trap them in

the flocculated structure of soil (Bower 1950), ending up with a lower concentration of

sodium ions in the pore fluid of the sail.

Attempts were made to overcome these problems which lead ta incorrect results

in the CEe m~ment. Based on the origin of these difficulties in the different

methods, as previously addresseds the removal of problems associated with the barium

chloride method was studied. To do this, the removal of sulfate from the soil and the

possibility of sulfate adsorption by marI were examined. The variations of sulfate

removaI versus different processes of soil washing for marI apd illite samples are shown

in Figure 5.1. Sulfate was measured (section 3.2.2) for sail samples and after every soil

washing process. Each soil washing process included the addition of distilled-water at the

ratio of 1:10, shaking in the end-over-end shaker for 24 hours, and analysing the

suPematant for sulfate. After centrifuging and sulfate measurement by turbidimetric

method, the supernatant was discarded. Afterwards, by the addition of distilled-water,

this process was repeated. As can he seen in Figure 5.1, following three soil washings,

the sulfate was removed and the percentage of sulfate decreased to as low as 3% in the

weathered marI and 5 % in the unweathered marI with relation to the initial conditions.
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The higher amount of sulfate after three soil washings in marI samples in comparison to

illite can he attributed to the raIe of the open structure of palygorskite, as will he

addressed later, and aIso the higher amount of sulfate background in marI. In bath

samples, the fmal amount of sulfate is less than the amount of sulfate in unwashed illite.

According to Table 5.1 and the following discussion, this amount of sulfate in the non­

washed illite sample seems to he within the safe range. In other words, sulfate

concentration does not have a noticeable effect on the CEC result of illite which may

accur by the precipitation of barium sulfate. This can he concluded by comparison of the

CEC for illite using different methods (Table 5.1, 5.2, and 5.3) and different authors

(Warith 1987, Yong et al. 1992). In fact, these different methods give more or less the

same CEC for illite with regards to the ca1culated standard deviation of measured CEe.

Therefore, it can he reasonably assumed that the application of the barium chloride

method for an illitic sample is not noticeably affected by the quantity of sulfate present

in the pore fluid of soi!. As can he seen in Figwe 5.1, the amount of sulfate, present in

the marI sample after three washings, is less than the initial amount of sulfate in illite,

the so-called safe range of sulfate. Therefore, it would he an acceptable assumption that

this remaining sulfate will not play a significant raIe in the fmal result of CEC

measurements of marI when the barium chloride method is used. Based on the above

explanation, CEC measurements were performed using the modified barium chloride

method. To do this, soil samples were washed with distilled-water three times. Each time_

the soil sample was mixed with 1 to 10 soil-water ratio and shaken for 24 hours.

Supernatant was separated and kept for cation measurement and again distilled-water was

added and the process was repeated. After three soil washings, the barium chloride

method was performed on the sail samples. The results for marly soils and illite are

shawn in the Table 5.2. Based on the above discussion, the CEC results for marI samples

achieved from modifications made in the barium chloride method, seem to lie within the

range of their reai cation exchange capacity.
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Table 5.2: Cation measurement after different soil washings to perform the modified CEe measurement.

Total Soluble Cation Concentration CEe

Soil (meq/lOO g soil) By use of barium

Sample cWoride method
First Second Third

after the third soil
Washing washing Washing

washing

tM2 93.4 4.1 1.7 39±3

mtMJ 120.4 4.5 1.6 42+3

WM 97.2 3.4 2 42+3

TIlite 2.9 0.9 0.6 45+4

14,000 .....--------------------------~

6,000

4,000

12,000

E 10,000

ê:
ë 8,000
eu
ë
o
u
eu
~
"3
CZJ

2,000

WM
S=60-240ppm­1M2
S=30-120ppm
~
lllite

S=30ppm..

•
oL_~_ _*=====:=:=:d~===~~=&.------'----.-J

o 2 3 4

No. of soil waslùng

Figure 5.1: Effect of sail washing on sulfate removal of MarI and nlite.
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To support these findings, sulfate adsorption by palygorskite was investigated. To

do this, batch equilibrium testing was performed on the soils using a constant soil-water

ratio and different sulfate concentrations. The procedure for the test bas aIready been

addressed in Chapter 3. Figures 5.2 and 5.3 represent the sulfate adsorption by

palygorskite and blank samples at palygorskite natura! pH equal 9. Whi1e Figure 5.2

indicates an adsorption of sulfate by palygorskite, Figure 5.3 compares sulfate adsorption

by the same sample to a blank sample (i.e. by use of only distilled-water as a pore fluid

and no soil sample). This Figure illustrates that the assumed adsorption in Figure 5.2 is

Iess than the precision of the test. In fact, no adsorption bas occurred in palygorskite at

its natura! pH and all the added sulfate stayed in the pore fluid of the sail. On the other

band, since sulfate is known to he among the non-potential determining ions (Yong et al.

1992) this, in turn, will he in agreement with the above conclusion.

Based on the above discussion, there does not seem any problem regarding the

use of the modified barium chloride method to measure CEC of marly soils (Table 5.2).

The ooly difficulty which remains to he discussed, is the change of the fabric of the sail

due ta soil washing. In fact, during the process of sail washing, the sail structure tends

ta he more oriented, leading ta the exposure of more sites to he replaced by

exchangeable cations. However, we should keep in mind that due ta the pore fluid

analysis of bath iIIite and marI (as was addressed in Chapter 3) the samples show

- dispersive behaviour. Therefore, the raIe of soil washing on exposure of more surfaces

ta external cations will not he 50 significant. This can he proved by comparison of CEe

for illite before and after sulfate removal in which we face the same range of CEC. As

can he seen in Tables 5.1 and 5.2 for illite, while the common barium chloride method

gives the CEC equal40±3 meq/100 g of soil, the suggested modified method based on

three soil washings and applying the barium chloride method ends up with CEC equal

to 45±4. This low difference, is observed to he within the range of error existing in the

CEe measurement (Rhoades 1982) .
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In the ammonium acetate method (Table 5.3) even though it gives CEe within the

range of expectable values for marly soi1~ its extractable parts come mostly from calcium

cation~ as was explained before. This happens for marly soils while for illite samples the

range of released extractable calcium was within the same range as the barium chloride

method giving 46 and 49 meq/lOO g soll, respectively. It should he noted that the amount

of calcite in marly soils was more than three times when compared with illite samples,

as was presented in Figure 3.3. The high concentration of calcium cations in CEC

measurement of mari with this method~ could he from either excbangeable cations or

dissociation of calcite~ as previously addressed. Even though it was observed that~ due

to the trapping effect of the soïl structure as was explained before, the amount of

extractable sodium (the summation of soluble and exchangeable) was less than that of the

soluble one! (Table 5.3). This is in good agreement with the above discussion where it

was explained that this method is not useful for soil rich in calcite. The extensive

dissociation of calcite, which causes a high conct:ntration of calcium ions, bas the ability

to extensively depress the diffuse ion-layer of clay fraction. Following that~ the

development of a flocculated structure has the ability to trap some ions (Bower 1950).

The decrease in sodium ion concentration in the extractable stage might he due to the this

trapping process caused by the high release of calcium ions in the dissociation process.
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Table 5.3: The anunonium acetate method for CEe measurement. unit: meq/IOOg soil.

Unacceptable sodium concentration by CEe measurement by

application of ammonium acetate summation of

Soil Sample method exchangeable Na, K,

Mg and Ca ions

Soluble Sodium Extractable Sodium CEe

tM2 110±10 71+6 41

mtM3 102±9 92±8 37

WM 102±9 80+7 44

mite 1±O.1 3+0.3 54

The homoionic method (Polemio and rhoades 1977) was also performed on three

different marI samples. Table 5.4 only indicates the amount of soluble and extractable

sodium in this method. As can be seen, again surprisingly, the amount of extractable

sodium is less than the measured soluble sodium. AIthough this method is a very time

consuming method, it still does not lead to an acceptable result in marly soils (Le.

negative exchangeable sodium in Table 5.4)

Table 5.4: The homoionic method for CEe measurement. unit: meq/lOOg soil.

Soil Sample Soluble Sodium Extractable Sodium Exchangeable Sodium

tM2 110±11 40±4 -70±12

mtM3 lO2±10 42±4 -60±11

WM lO2±lO 39±4 -63±11
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Based upon the above discussion, and because of the various reactions obtained,

it was decided that the results abtained using the modified barium chloride method were

perhaps the least compromised. This provided a CEC measurement of about 39-42

meq/lOOg soil (Table 5.2), a value which places the marI used in the study in the high

range, comparable ta active chiantes. Therefore, the CEC for soils rich in sulfate can

he achieved from the previously mentioned refmement made in the current CEC methods

(Table 5.2). At least three soil washings will he performed upon the soil, each time

measuring the rate of sulfate removal. Finally, the barium chloride method is performed,

using the method previously mentioned, to measure the exchangeable cations. These

suggested steps seem to he much faster than the current technique for CEC measurement

of saline soils. Based on the results of this research, and before doing any more

investigation, the maximum sulfate which can he considered to be within the safe range

(in terros of not significantly affecting the CEC results by application of barium chloride

method) seems to he 7 meq/l. Soils rich in potential deterrnining ions or showing

dispersive behaviour by their pore tluid analysis will he more compatible with this

method since they already q.ave an oriented structure and the fmal results will not he

significantly affected by change in the soil fabric.

5.3 SOIL WASHING METHOD TO EXTRACT PURE PALYGORSKITE

Ta investigate the raIe of salt on marI performance, sail washing with distilled­

water was used. In each step of soil washing, using plastic centrifuge tubes, pulverized

marI was mixed with distilled-water in a soil water ratio of 1:5. Then the tubes were

shaken on a end-to-end shaker for 24 hours. After shaking, samples were centrifuged at

60000 RPM for 10 minutes and then the supernatant was discarded. Following severa!

sail washings, it was observed that the marI sample settled in a manner in which different

colours of soil fraction layers were distinguishable. Continued soil washing with distilled-
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water removed the sait fraction. This was monitored by pore fluid analysis and is

addressed in Table 5.2. Because of different soil grain sizes, the specimen settled in a

manner in which the heavier fraction settled faster. After severa! sail washings, simple

observation on the settled sample in centrifuge tube indicated that segregation of marI

components happens during the soil washing process. Therefore, this process was

assumed as a possible method for extraction of different marI components. Specifically,

extraction of pure palygorsldte which was free of calcite is of interest.

Usually, for the purpose of enhancing the gravitional force, a centrifuge is used.

It has the ability to increase the rate of particle settling. In fact, the process of

centrifuging, enhances the total force acting on the solid particles and fmally makes the

settling time shorter. By and large, concentration variation, the density of solid particles

and the viscosity of fluid are known to affect the settIing velocity. The raIe of

concentration of suspended particles on the rate of settlement was evaluated by severa!

researchers without considering the role of the soil surface charge of clay particles

(Richardson and Zaki 1954, Robinson 1961). However, clay particles, due to their

surface ~harge, cause additional attraction or repulsive forces which will affect the rate

of particle settlement. Pavlik and Sansone (1973) evaluated the role of the diffuse ion­

layer of clay particles on settlement under the force of gravity. They showed that due ta

the distortion of the diffuse ion-layer, an electric field, opposed to the force of gravity

is setup. This developed force may cause a sub.stantial fraction of the total resistance ta

the movement of small particles. Alammawi (1984) examined, experimentally, the effect

of the concentration of suspended different kaoLinites on the rate of settlement with the

view of fmding a relationship between settlement due to the gravity and centrifugai

forces. He indicated that, depending on the concentration, segregation occurs in

experiments conducted under centrifugai force as a function of rotational speed. His

studies aIso indicate the importance of the variation of concentration and centrifugaI time

upon the height of suspension settlement.

In the current research, to investigate the effectiveness of palygorskite extraction

110



• Chapter 5 Mari Composition & Reaction Factors.....

•

from marly soils over the soil washing process y XRD was performed on severallayers

of settled sail. After several sail washings y as previously describedy soil fractions in the

centrifuge tube were sectioned into 7 layers. Ta do this y based on different coloursy sail

samples were extracted from the tube. Then the extracted layers were air dried and

pulverized for XRD analysis. For preparation of XRD slides y 0.2 grams of each sample

were mixed with 10 mL distilled-water in a small volumetric flask, shaken for 3 minutes

and placed in an ultrasound for a short period. Then, four drops of this mixture were

poured on to a glass slide and analyzed with XRD.

For the extracted layers, Figures 5.4, and 5.5 indicate the variations of relative

XRD peaks intensity of palygorskite, calcite and quartz. The settled soil layers in the

centrifuge tubes were numbered from top ta the bottom. Therefore, the upper layer in

the centrifuge tube is called layer one. Layer seven is the lowest layer settled in the

bottom of the centrifuge blbe. As can he seen in Figure 5.4, the concentration of

palygorskite is much higher in the fIfSt layer, as opposed to the other layecs. At the same

time, the concentrations of calcite and quartz are almost lowest in this layer. Pure

palygorskite was taken frOID the flfst layer. Figure 5.4 shows that as we go along the

lower Iayers y quartz and calcite concentrations ïncrease. This can he attributed ta the

particle size effect which causes the settlement of coarser particles much faster than finer

particles. In the fifth layer, we are faced with a sudden increase in palygorskite

concentration. In this layer calcite and quartz concentrations tend to _decrease in

comparison to the fourth layer. During soil extraction from the centrifuge tube, it was

visually observed that, as we go along the depth of sail deposit in the centrifuge tube,

the concentration of coarser particles increases, while the concentration of clay fraction

decreases. In spite of this simple observatioDy XRD analysis indicates a decrease in quartz

and calcite peak intensity after the fourth layer. As previously mentioned y during sample

preparation for XRD, a mixture of dry sail and distilled-water was kept in an ultrasonic

device for a short period of tïme. This process will cause coarser particles to senIe faster

and therefore they do not appear in the soil water mixture taken for XRD analyses.
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Therefore, we are faced with a sudden decrease in quartz and calcite peaks in the fifth

layer. At the same time, due to the removal of coarser grains, the clay fraction will show

an increase in concentration in this layer. On the other hand, very fme quartz and calcite,

which will settle in the tube after coarser particles, seem to appear from the fourth layer

as indicated from XRD analysis. In fact, layers four and five are the border Iayers for the

appearance of very fine and coarse quartz and calcite. This evaluation is based on

assumption that fme quartz and calcite have been taken from the volumetric flask for the

XRD analysis, but not coarser particles. This assumption was continuously confirmed by

simple observation during sample preparation. The furtber pattern of XRD analysis for

calcite and quartz, which shows a lower concentration of these mineraIs in layers 6 and

7 when compared ta layer 4 and an overall increase in concentration when compared to

the whole pattern, conflrms the previous discussion. By and large, in the frrst layer a

very negligible quantity of calcite and quartz was identified (less than 1%), therefore, it

seems this physical method is an appropriate way to extract pure palygorskite from marI.

The XRD of pure palygorskite compared with a marI sample is presented in the Appendix

ill. As can he seen in Appendix ID, all calcite, quartz and other clay minerals disappear,

leading to a pure palygorskite mineraI.

Particularly, this method would he very effective in separating the calcite fraction

of IlIitic sample (Domtar seaIbond) from a pure clay minerai as is investigated in the

following section.
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5.3.1 XRD Evidence, Extracted Pure DIite from Domtar Sealbond

To investigate the effectiveness of the above suggested method for calcite

removal~ a sample of illite domtar sealbond was treated by the same process of sail

washing as previouslyaddressed in case of marI. After four soil washings~ the sample

was centrifuged and sectioned into the four layers. XRD was performed on these samples

after drying and preparation as mentioned before. Figure 5.6 and 5.7 shows the variation

of XRD peaks in these experiments. Figure 5.6 indicates the XRD results of illite in its

basal spacing equal ta 10 angstrom for those layers. Both the XRD peak intensity and

relative peak intensity are plotted. As can he seen~ afier several soil washings and

centrifuging, we are faced with a relatively pure illite~ free of calcite in the fIfst layer

(the top layer). The relative intensity of calcite in this layer was 1.1 percentage while for

the untreated sample it was 14%. In regard ta the chemical analysis of the illitic sample

used in this research~ it was found that, based on the XRD results, the amount of calcite

in the top layer was less than 1%. As we go to the further layers (Le. along the bottom

of the centrifuge tube), the concentration of calcite increased and illite showed a decrease

in its peak intensity. The pure i1lite~ free of calcite, found in the upper layer can be

extracted easily and be used for experiments without having any chemical effect on the

clay fraction of sample. Even though the lower layer samples were still a mixture of illite

and calcite (Figure 5.7), achievement of pure illite, free of any calcite which was

obtained in the top layer was the main aim of this step. _

5.3.2 The Advantage of the Suggested Extraction Method

The advantages of the suggested extraction method, for extracting pure minerai

from natura! marl~ are as follows:

1) This method is a physical method, therefore, the process of mineraI separation

does not affect the chemical properties of sail. As an example, the common method for

separating calcite from soils rich in carbonate, which calIs for acidification of soil, might

affect the praperties of clay fraction specifically when chIante is present in the sail.
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2) Achieving pure palygorskite is made possible to evaluate sorne properties of

palygorskite. This significantly heIped to discover the contribution ofpalygorskite to marI

performance, as will he addressed Iater in this Chapter.

5.4 THE ROLE OF MARL COMPONENTS ON ITS BEHAVIOUR

This section covers the evaluation of the role of palygarskite, sepiolite, carbonate,

and salt upon marI behaviour. The wetted-state reactions of mari also will he addressed

in this section. The clay fraction of marI is generally dominant in palygorskite and/or

sepiolite, and it is the presence of these clay sail fractions !hat are the root cause of many

of the problems encountered in the use of such soils as Ioad bearing materials (Yang and

Ouhadi 1997). This makes it necessary to investigate the mIe of palygorsldte and

sepiolite on marly soUs performance. These minerais have chain-like structures as

opposed ta the more classica1 pIate-shaped type of minerai particles commonly associated

with clay minerais. Furthermore, palygorskite-sepiolite are known to have the same

general XRD and dehydration characteristics. It is therefore not uncommon ta consider

the performance of palygorskite as also being representative of sepiolite.

5.4.1 Diagnostic the XRD Properties of Palygor~kite

The extent of variation in the diffraction characteristics of palygorskite is not weIl

known (Grim 1968). XRD tests, using different treatments as previously addressed, were

performed on marI samples. The following diagnostic characteristics were observed from

the palygarsldte fragment of marI. 1) In spite of the fact that palygorskite is reported ta

have a basal spacing of 10.40 angstrom, in aIl weathered states of marI samples, the

presence of basal spacing of 10.07 angstrom was observed. WhiIe after several soil

washings, as was addressed in section 5.3, the basal spacing of palygorskite increased

to 10.40. This variation of basal spacing could he attributed ta the removal of salt fram
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the sample which caused the transformation of the sail structure to a very oriented fabric.

As the number of soil washing increased the basal spacing of palygorskite got closer ta

10.40. The intensity of peaks aIso followed the same pattern. The pure paIygorskite that

was fmally extracted from marI after several sail washings shows the basal spacing equal

to 10.40 angstrom. Therefore, in soils rich in salt, palygorskite's peaks might he

mistaken for illite. 2) Acid and heat treatment (up ta 500 degrees centigrade) did not

have any effect on the basal spacing of paIygorskite, however, it was observed that its

intensity will be affected. 3) Glycerol treatment decreases the intensity of the basal

spacing of palygorskite and magnesium-glycerol increases the relative intensity of the

paIygorskite's peaks. In both cases the basal spacing remained unchanged.

5.4.2 The Role of Palygorskite on Mari Behaviour

The role of palygorskite {(Mg, Al)5 (Si, Al)8 0 20 (OH)2 8H20)} on soil

performance has not yet been sufficiently investigated. This mineraI was fust found in

the Urals in 1861 in the Palygorskite Range on the Popovka River and takes its name

from fuis locality (Ssaftchenkov 1862, Ovcharenko 1969). It bas a fibrous texture and its

cardboard or paper like appearance is due to the tangling of the fibres.

It is known as attapulgire in North America after it was found at Attapulgite,

Georgia (Lapparent 1935). Pialile and lassalite aIso are known ta he considered as

synonyms- for palygorskite (Heddle 1879, Friedel 1901, 1907). However! palygorskite

is known as the more aIuminous member (Fersmann 1913). Palygorskite may he of

sedimentary or hydrothermal origin. It is sometimes derived from pyroxenes and

amphiboles (Longchambon 1935). Sorne different ideal formula for paIygorskite are

suggested which vary depending on the amount of alumina and magnesium in its

structure. It usually occurs in a mixture of carbonate deposits due to the environment in

which it is formed. It is essentially white or yellowish or bas a greyish yellowish, or

greenish colour when wet. The main factor which distinguishes palygorskite from other

clay minerais is its chain-like structure, as is presented in Figure 1.2. Water in its chain-
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like structure is called zeolitie water. Water is combined with cations and anions on the

surface and in the zeolitic type channels of its crystals.

In the characterization part, the effect of weathering on the behaviour of marI was

evaluated. To determine the amount of palygorskite in the samples and to evaluate the

effect of the weathering process on the palygorskite fraction of the soil, XRD analysis

with different treatments (acid, heat, magnesium and glycerol) were done. X-Ray testing

results show that the clay fraction of marI is dominated by the presence of palygorskite.

The consistent overlap of XRD peaks for three samples (each having undergone different

states of weathering) indicates that aIl of the soi! samples come from the same minerai

formation (Appendix llI). ft should he noted, however, that the mineraI concentrations

vary in each sample. The XRD results indicate that palygorskite peaks remain present

even after weathering. In fact, in aIl weathered states palygorskite contrais the marI

bebaviour (Table 5.5). The amount of quartz and kaolinite with the basal spacing of

about 3.35 and 7.2 angstrom, respectively, was found to he present in the following

order:

WM> mtM3 > tM2

Grain size distribution analysis confrrms that the amount of clay sized particies

is the reverse of the above order, the results of which were confIrmed by specifie surface

area measurement, as illustrated in Figure 3.8. The concentration of salt in the pore fluid

of soi! specimens is aIso higher in weathered samples. than in unweathered soils (Figure

3.1) .
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Table 5.5: XRD test results for three mari samples and pure palygorskite (Data %), Different treatments including

sail "as it is", acid, magnesium, and glycerol treatmenlS have been carried out.

p....... ,

Sample Quartz Felds. Cale. Dolom. Palygorsldte Chlorite Kaolin Dlite Montmor.,Gypsum,

Arcanite,Thenardite

tM2 17 2 20 4 34 9 8 3 3

mtM3 20 2 20 3 33 7 10 3 2

WM 23 1 18 3 33 6 Il 2 3

Relds. = Felds
. ~ . ~- . or- • .... 'IL • .
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It seems that rain slightly washes the clay part of the sail. However, because of

marI suction and capillary rise, the concentration of salt in the surface layer increases.

This is quite significant, in terms of sulfate attack, in stabilized soil during the service

life in any engineering construction. The regional climatic conditions appear to he

responsible for increasing the kaolinite content of weathered marI. Sïnce the organic and

amorphous content of the tested marI, as indicated in Figures 3.5 and 3.6, are around

1%, it seems these parameters do not have a significant effect on the behaviour of marI.

However, the presence of amorphous alumina could be responsible for the acceleration

of ettringite formation in the short terme

To investigate the role of palygorskite upon marI stability, severa! experiments

were performed on pure palygorskite extracted in the manner previously outlined. These

physico-chemical tests are as follows:

Cation exchange capacity of palygorskite is known to he in the order of 9-30

meql100g (Van Olphen and Fripiat 1979, Mitchell 1993). While Van Olphen and Fripiat

(1979) report the SSA ofpalygorskite to he 172 m2lg when water is used as the covering

material for SSA measurement purposes, the result ofthis research shows SSA equals 192

mzIg where EGME is employed. In this research using barium chloride as an extractable

solution, sodium was observed as the main exchangeable cation of palygorskite in which

the exchangeable sodium percentage (ESP) was more than 50%. Soils with ESP greater

than about 2 percent are known to he suspectable to spontaneQus dispersion in warer and

behave as dispersive c1ays (Mitchell 1993). For the illitic sample this ratio was measured

as around 2 %. Therefore, since palygorskite was known to he the major clay fraction of

mari, the high disPersivity potential due to the presence of sodium ions will he one of

the significant sources of marl dispersivity behaviour. This in tum will illustrate, that the

dispersivity behaviour of marI is strongly governed by palygorskite performance as a

major fraction of marI.

To investigate the chemical composition of palygorskite, digestion testing (EPA

1979) was performed. Table 5.6 represents the amount of different elements obtained
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after analysis of supernatant following digestion testing. The ïmal pH of pore fluid which

was used for ion concentration measurement in digestion testing, was less than 0.5.

Table 5.6: The results of digestion resting on pure palygorskire.

Cations monitored in digestion experiment (meq/IOO g soil)

Description
Na Ca Mg K Si Al

Palygorskite 80±7 9+0.8 321±21 51±5 14±1 578±54

The result of this test indicates that the amount of releasible alumina is in the

order of 578 meq/100 g sail. This is quite significant in terms of ettringite formation,

since the presence of soluble alumina is known to be one of the main elements of

ettringite formation (Mehta and Klein 1966, Yong et al. 1996). This will be discussed in

more detail in Chapter 6. Table 5.6 (and further Table 5.7) indicate that significant

quantities of magnesium and silica are associated with this type of soil, and the minerals

should remain stable sa long as the alkaIine environment is maintained. However, should

leaching of the salts in the soil occur to the extent that the alkaline environment is

considerably reduced, decomposition occurs and transformed products would be likely

obtained. Palygorskite was observed to be a very swelling soil. Figure 5.8 indicates the

free-swelling measurement of palygorskite using oedometer testing in which after four

days, 32% free swelling was observed. This might justify the swelling performance of

marly soils which cao be attributed to the palygorskite/sepiolite's swelling in contact with

water.

5.4.3 The Performance of Pure Sepiolite

Sepiolite aIso might be present as a one of the main elements in marly soils

(Davis 1967). The investigation of the role of sepiolite on marly soils behaviour is
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soils behaviour is necessary ta provide a comprehensive picOJ.re of the expected behaviour

of maris and the raIe of domjnant mineraIs of marI impacting on i15 instability. The raIe

of sepiolite {(Mg4 AIz Siro 0 17 15H20) or (Mg4 Si6 0 15 (OH)2 6H20)} on soil behaviour

bas not been adequately addressed in the literature. The term sepiolite which was frrst

applied in 1847 by Glocker., bas a Greek root meaning cuttlefish whose bone is light and

porous (Grim 1968). 115 electron microscopy picture shows elongate lath-shaped uni15.

In comparison to palygorskite the individual laths appear to he thicker and shorter.

Caillere et al. (1948) reports the density of sepiolite to he 2.08.

To investigate sorne general behaviours of sepiolite., which are not sufficiently

addressed in the literanrre., a series of characterization experiments were ru.n on the

sepiolite sample. The results of Atterberg limit testing including liquid limit., plastic lïmit.,

and plasticity index of sepiolite show 500., 200., and 300 respectively. The activity

coefficient which is defmed as the ratio of the plasticity index over the percentage of clay

sizes., was caIculated to he 3 for the sepiolite sample. This classifies sepiolite as a very

active clay since clays having an activity coefficient more than 1.25 are known to he very

active (McCarthy 1977).

The compaction characteristics of sepiolite using the Harvard Miniature apparatus

were measured as 0.64 Mg/ml and 105% for maximum dry density and optimum water

content. While with application of calibration factors as presented in the Chapter 3., the

maximum dry density and optimum water content will he. 0.7 Mg/ml and 86%

respectively. The CEe of sepiolite using the barium chloride method was measured as

10 meq/100 g soil. While the specifie surface area with the application of the EGME

method was 370 "rlg. Very high SSA and low CEC is representative of very noticeable

sepiolite and palygorskite performance in comparison to other clay minerals. The open

structure of these minerais could he responsible for indicating high surface area in spite

of their low CEC. In fact., the very high liquid limit is in good agreement with a high

SSA., in which the open structure has a high ability to keep water. Table 5.7 indicates the
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results of the digestion experiment for sepiolite in which the final pH of pore fluid for

ion concentration measurement was less than 0.5. As can be seen, sepiolite bas a very

low amount of alumina in comparison ta palygorskite. In this aspect, it has a lower

ability to directiy affect ettringite development. This difference will be addressed in

Chapter 7 where the contribution of different clay minerals for ettringite formation are

addressed.

The water holding capacity of a sepiolite sample is investigated by the

perfonnance of suction testing, as presented in Figure 5.9_ The result of this experiment

indicates the very high water holding capacity of sepiolite in comparison to that of illitic

soil. As an example, at pF 0, the water content of sepiolite shows 291 % while for the

illitic sample the water content at this pF indicates only 31 %. This very noticeable water

holding capacity of sepiolite, which is attributed to its high surface area and open

structure, and availability of sulfate ions cao strongly contribute to post stahilization

failures, as will he addressed in Chapter 7.

Table 5.7: The results of digestion testing on pure sepiolite.

Cations monitored in digestion experiment (meq/l00 g soil)

Description
Na Ca Mg K Si Al

Sepiolite 2±0.2 1±0.1 1012±90 10+1 80+7 9+1

123



• Chapter 5 MaTI Composition & Reaction Factors.....

35,.---------------------------...,

2 3

Tune (days)
4

The Height ofsample. 25 mm

Dry densiil5 Mg1m3

5 6
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Figure 5.9: Ruid retention curves for Sepiolite and nlitic samples.
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5.4.4 The Role of Carbonate on Mari Performance

The carbonate fraction of soiIs may form as a result of physical and chemical

weathering of parent carbonate rocks including Iimestones, dolomites, and carbonate

sandstones (Akili 1981). These carbonate mineraIs tend to he soluble, chemically reactive,

easily recrystalizable and very different in origin (Fookes and Higginbottom 1975). They

might hehave like a cement binder in sail deposits (Brenner et al. 1990). It is shawn that

the cementation process is directly proportional to time, temperature, and dryness

Beckwith and Hansen (1982). The removal of these cementing substances might cause

mechanical instability of the soil mainly in a collapsed form (Lamb 1990). Sorne typical

geotechnical laboratory test results on remoulded carbonate soils are presented by

Akili(1981). To evaluate the raie of carbonate on mari performance, the effects of adding

artificial calcite to marI properties was examined. Ta do so, a set of mixtures of marI

samples with different percentages of carbonate were prepared. Each soil sample was

subjected to two sets of testing. The fust set investigated the role of carbonate on the

fluid retention characteristics of mari and illite and was achieved by Atterberg limit

evaluation and suction measurement. The second set examined the effect of carbonate on

the free-swelling performance of mari. In bath cases distilled-water was used as a

solution while additional carbonate was added ta the marI and mixed carefully in the dry

condition. As can he seen in Figure 5.10, generally by increasing the percentage of

additional carbonate, bath the liquid limit and the piasticity ind~x decrease. As is shown

in this Figure, adding more carbonate to mari, (up to 20 percent additional carbonate)

does not significantly affect the monitored performance. It should he notOO that the marI

sample used in this research initially had around 25 percent carbonate. By adding more

than 50 percent carbonate, the plasticity index shows significant improvement and bas

decreased from 24.4 to 15.4 percent. At the same time, the liquid limit decreases with

the increase of percentage of calcite. The presence of carbonate in the soil fraction cau

affect soil behaviour in two different aspects. These aspects will be the chemical and

physical influences. From the chemical point of view, carbonate might increase the
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calcium ion concentration in one aspect and bicarbonate concentration in another aspect,

as was addressed in Chapter 2. These facts will cause conflicting performance; the

tendency for depressing diffuse ion-layer on the one band and affmity for producing a

dispersive structure due to the presence of bicarbonate ions, on the other hand. As was

presented in section 5.2, the results of soluble ion measurement indicate that the calcium

concentration achieved from soluble measurement and extractable measurement using

ammonium acetate have very noticeable differences. Since the ammonium acetate method

bas the ability to dissociate the calcite fraction of soil, it can he concluded that with

consideration of the low concentration of calcium. ion in soluble measurement, calcite

does not have a significant role in terms of depressing the diffuse ion-layer. On the other

band, depending on environmental conditions, these interactions are time dependent and

since these experiments were performed right after the addition of calcite, there was not

enough time for development of these possible interactions. In addition, from the physica1

point of view, the presence of calcite replaces the clay fraction of soil. In this manner

the clay fraction, with. high surface area, will be replaced by carbonate leading to a lower

w~ter holding capacity and liquid limit of soil. Therefore, the simple replacement of

calcite by clay fraction governs the behaviour which causes a decrease in the liquid limit

and plasticity index and an overal1 improvement in soil performance. This is confirmed

by evaluating the role of carbonate on the water holding capacity of illitic sail. Figure

5.11 indicates the effect of the addition of.30% carbonate on the suction performance of

an illitic sample. As can be seen, by the addition of carbonate, the water holding capacity

of soil decreases. This phenomena cao he attributed to the replacement of clay fraction

by carbonate which is in good agreement with the results of Atterberg limit testing. The

suction performance of a marly sample is aIso presented in this Figure. The suction

performance of the marly sample, in comparison with two others illitic soils, indicates

that, not ooly the water holding capacity of marI is higher than an illitic soil but aIso the

rate of removal of water by applying excess pressure is lower in the marI sample. For

instance, from pF 0 to pF 3.14 (20 psi) the water content of the illitic soil decreases by
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approximately 44% while in a marly sample this quantity has decreased by onIy Il%.

This performance can he attributed to the role of the open structure of the palygorskite

fraction of marI. With an increase of carbonate content one expects ta diminish the water

holding capacity of sail, in one aspect and, increase the rate of water removal by

increasing suction in another aspect.

By and large~ the increase in carbonate content of sail leads to that sail being

classified as a clay with low plasticity (i.e. CL) based on the plasticity chatt of unified

system (Craig 1987).

Ta have a clearer view of the carbonate effect on marI hehaviour, a series of free­

swelling experiments were performed. The soils used in these tests were a marI sample

with 20% additional carbonate and a marI sample without any additional carbonate (Le.

marI as it îs). The results of these experiments are plotted in Figure 5.12. The initial

height and dry density of samples was chosen to be the same. The sample was compacted

with the same range of water content and dry density, where the dry density and water

content were L 7 Mg/cm3 and 17%~ respectively. This was chosen due to the observation

of small differences in the compaction characteristics of these samples achieved by the

use of the Harvard Miniature apparatus. On the other band, it was decided to compact

the sail samples on the dry side of optimum water content ta have the highest possible

swelling (Schroeder 1975). The free-swelling of samples was monitored by leaving the

.compacted samples to he saturated and swell und:er a very small surcharge, as mentioned

in Chapter 3. These results indicate a decrease in free-swelling of mari with an increase

in the percentage of carbonate. The relative swelling was around 6.8% in the case of 20

percent carbonate~ and 9.9 percent free-swelling when no artificial carbonate was added.

This can he attributed to the non-reactive performance of carbonate. In fact, the

replacement of the clay fraction with an artificial carbonate tends to decrease the swelling

fraction of soil, leading to a decrease in fmal swelling. This is in good agreement with

the results presented in Figure 5.10 in which by increasing the percentage of artificial

carbonate to the mari sample a decrease in Atterberg limits of samples can he observed.
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A decrease in water holding capacity of a mixture of illite and carbonate in comparison

to that of an illite sample as presented in Figure 5.11 supports the above discussion.
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Figure 5.12: Free-swelling measurement of marI and Mari/Calcite
sampIes using Oedoemeter testing.
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5.4.5 Impact of Wetted-State Reactions

Control of marI soil performance, especially in the longterm will depend not only

on the mechanical and physical interactions (nonnally considered important in

geotechnical engineering) but aiso on the many physico-chemical factors. In panicular,

as indicated previously, the presence of swelling-type minerais (palygorskite and

montmorilonite minerais) in combination with the high carbonate, sulfate (gypsum) and

salt contents are all a recipe for a very interesting and chalIenging suite of reactions

which could prove to he adverse to the longterm stability of the soil. The first indication

of problems arising from physico-chemical reactions of such soils was indicated

previously in the laboratory procedures required to determine the Cation Exchange

Capacity (CEG) of marI. The combination of a high specific surface area, together with

high water holding capacity, presence of carbonates, sulfates, swelling-type clay

minerals, and excess salts in the pore water can ooly mean that careful control of water

entry in the compacted or stabilized mari soil is required if degradative reactions are to

he avoided.

As a simple example, Figure 5.13 shows the free swelling performance of the

marI soil in the "naturaI ft and "washed" state. The washed soil condition was obtained

using the same procedure as explained in section 5.3. After severa! soil washings

processes and discarding the supernatant, the sample was dried, ground, mixed and

sieved to rmer than 75. micron mesh (i.e. the same size as unwashed marI). It is

immediately clear that maximum swelling for the natura! sample is not significantly lesser

than the "washed" sample over the longer term. period. However, we note that the

"washed" sample reaches the maximum. swelling in at least one-fourth the time period

taken by the natura! sample to reach its own maximum free swell. This performance,

together with the index properties shown in Table 5.8 are pieces of infonnation which

reveal the reaction effects that will contribute to strength reduction and subsequent

instability for the compacted clay. The significance of the results lies in the phenomenon

of leaching of the compacted soil by influent water, generally obtained as rainfall.
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Whereas, one could argue that the reduction in the various saIts and sulfate are

considerable, and that the reductions are not reflected in comparable property changes

as noted in Table 5.8, the impact of these changes need to he viewed in terms of the

physico-chemical process. Before discussing the reaction consequences via mechanistic

mode1 interpretations, we can view the XRD peak intensity for palygorskite for the

natura! and washed state, as shawn in Figure 5.14.

The numbers shown in Figure 5.14 adjacent to the points on the graph, are the

respective nweighting factors" of the evaluated reflection lines, based on those presented

by the International Centre for Diffraction Data (lCDD. 1988). (In XRD, each minerai

shows a series of peaks which are specific to each individual minerai. ASTM and reDD

classify the data for each minerai on the basis of the most intense diffraction lines which

are usuaIly ca1led. the "weighting factor"). As noted from the results shown (in the

Figure), there is a significant increase in the peak intensities of the different reflection

lines at the various basal spacings except at the second-Iast basal spacing. This could he

related either ta the removal of the coating effect of amorphous material around clay

particles (McKyes et al. 1974), or ta the weil oriented soil particles caused by sail

washing which will cause sharper and higher intensities as can he seen in Figure 5.14.

When considering the very low amount of amorphous material in marly soils (Figure

3.6), one might conclude that the salt removal and more oriented fabric are the major

reasons for these differences in peak ÏDtensities. This information lends weight ta the

mechanistic model developed in the next subsection to describes the changes in the

structure of the soi! due to the wetted state reactioDS.
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unwashed MarI samples for different Palygorskite's reflection lines.
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5.4.6 Wetted State Instability, Mechanistic Model

The wetted state mechanistic model, which needs to he developed to show how

the changes in the integrity of the compacted natura! mari soil, benefits from the

collective information, presented in Table 5.8 and Figures 5.13 and 5.14. Based on these

results, a mechanistic model is developed which shows that the reactions developed in

the wetted state can lead ta the collapse of the compacted marI, or to dispersive

behaviour. The model of the natural compacted marI (not wetted) shows:

(1) precipitated carbonate and sulfate bonds forming the core of the "cementing"

relationships for the flocculated structure as shawn in Figure 5.15, (2) a simplistic 3­

particle representation of the elements of the structural fabric, and (3) equivalent matric­

osmotic pressures are developed as a result of inter-penetration of the diffuse ion-Iayers

from adjacent particles (using the diffuse double layer model).

The Itwetted-state" condition which is developed after compaction of the marI soil

results in (a) weakening of the cementation effect produced by the carbonates and

sulfates, and (b) significant reduction in the salt content of the soil. The destabilizing

outeome .of (a) and (b) occurs through the increase in the matric-osmotic pressures

because of the reduction in salt concentration. This increase in matric-osmotic pressures

can he predicted from diffuse double-layer theory, and should these pressures exceed the

conîming stress and bonding established by the "cementing bonds" swelling of the soil

results, and/or self detachment of particles ocq.lI'S, thereby leading to dispersive soil

behaviour. Continued exposure to water in the wetted state will contribute to instability.

The free-swelling informationgiven in Figure 5.13, together with the values notOO

in Table 5.8, indicate that the structural integrity established in the bonded soil bas been

destroyed because of wetted state reactions, as described heretofore. Confirmation of the

dispersed structure is obtained by the XRD information shown in Figure 5.14. The

sharper and higher intensities shawn by the "washed" samples indicate well-oriented

particle arrangements. We can therefore expect a dispersed structure for the wetted state,

and a dispersive behaviour of the system. The sequence of structural change leading to
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instability of the unit is shown in Figure 5.16.

Table 5.8: Evaluation of the raie of soil washing on the mari performance.

son Sample

Test Type
Salînity MarI Washed Mari

Liquid limit (%) 45.8 49.6

Plasticity indexe%) 24.4 30.3

Sulfate (ppm) 5520 290

Salt (ppm), Na 18230 230

K 310 40

Ca 670 20

Mg 410 60

Maximum dry density (Mg/nt)1 1.78 1.71

Optimum water content1 (%) 19 22.5

Maximum free-swelling (%) 9.9 10.4

1 According to Harvard Miniature testing.

In any particular case, standard deviation is as addressed in Chapters 3 and 6.
-
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r-----Precipitate bond

Clay particle unit
!
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Figure 5.15: Schematic of 3-particle unit showing precipitate bonds and matric-osmotic
pressures affecting stability of unit (Yang and Oulzadi 1997A).

c

B

B = Wetted structure showing
precipitate bond deterioration and
increased matric-osmotic pressures,
as confirmed by free swelling
curves.

A = Original stable structure

C = Dispersed structure obtained
as wetted stage continues ­
confirmed by XRO information.

Figure 5.16: Sail structural changes due ta wetted state reactians, leading to instability.•
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S.5 NEW DEFINITION AND CLASSIFICATION OF MARLY SOILS

As discussed, marly sails are defmed as a sail or rock with 35-65 % carbonate and

a complementary content of clay (Barth et al. 1939, Pettijohn 1975). However, this

defmition cannot he universally applied to many of the rocks in Britain, the Persian Gulf

area, D.S or other countries which are often referred to as marIs. As examples, most of

the marls of the Keuper series contain less than 20% carbonate material (Belis 1978),

while Ontario and Quebec marI is reported to have more than 70% calcite (Guillet 1969).

Such soils, according to the classification of clay-lime carbonate mixtures, are marly

clays (Barth et al. 1939). Furthermore, this defmition does not consider the type of clay

fraction in maris. The literature review indicates that usually the clay fraction of marI is

dominated by the presence of palygorskite or sepiolite which governs marI behaviour.

Persian Gulf marI is dominated by the presence of palygorskite (Kassler 1973. Yang et

al. 1993. Ouhatfi et al. 1996). In the reported post-stabilization fallure in the United

States, where lime was used as the agent, sepiolite was the most abundant, while

montmorilonite and kaolinite were also present. Calcite, gypsum, thenardite and arcanite

were also identified (Hunter 1988). U.S. marI in the Virgînia region is dominated by the

presence of palygorskite. Palygorskite is the dominant clay fraction of Russian marI

deposits (Ovcharenko 1969). The clay mineralogy of KeuPer marI also i.ncludes sepiolite

(Keeling 1956). Palygorskite and sepiolite have a chain-like structure (Figure 1.2). The

zeolitic water of palygorskite and sepiolite, which is the water in channeIs located within

their structure, can accommodate different ions giving cise ta a high degree of selectivity

in the ion adsorption process. This produces the so-called molecular sieve structure.

By and large, based on above explanations and the results of this Chapter, it can

he concluded that palygorskite and sepiolite significantly control marI behaviour.

Therefore, their presence in combination with carbonate makes the clay-carbonate

mixture more distinguishable from any other clay-carbonate mixture. Therefore, it seems

that the CUITent definition of marI, which considers any combination of clay and
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carbonate (Barth et al. 1939), must he improved. This improvement should take into

account the type of clay fraction of marI. In this view point, not all combinations of clay­

carbonate will he considered a marly soil, but the presence of palygorskite or sepiolite

will he a necessary condition, as the governing clay fraction, for this categorization. This

can he done with a modification to the defmition suggested by Barth (1939) (Figure

5.17). As such, a new det""tnition based on the suggested classification by previous

researchers, and the results of this study, is necessary. This is illustrated by means of the

triangular diagram in Figure 5.18. This suggested classification bas the following

advantages:

a) It considers the presence of palygorskite or sepiolite a necessary condition for

marly soils. This is in order to take ioto account the significant and noticeable role of

these two minerals on marI behaviour before and after stabilization, as was explained in

this Chapter and will he further investigated in the Chapter 6.

b) The suggested classification can he applied to all marly soils classified by Barth

et al. (1939), Fookes and Higginbottom (1975), and Pettijohn (1975).

c) By including the percentage of silt or sand in the classification, the expected

behaviour of marI in terms of swelling, dispersivity or collapsible performance can he

obtained. Ail seven possible combinations of marly soils suggested by Fookes and

Higginbottom 1975 are plotted on the same triangular graph in Figure 5.18. These seven

regions are called pure clay or. mudstone, clay, clayey marI, marI, limey marI, marly

limestone and pure limestone, respectively. The base of the triangle includes the

suggested classification by Barth in which the percentage of silt or sand will he zero. By

considering all combinations of soil fractions including clay, carbonate and silt/sand, all

the above different marly soils can he considered in the areas numbered 1 to 7 in Figure

5.18, respectively. Sorne of the available information in the literature, including the

results of the research conducted by Davis 1967, Hunter 1989, IsmaeI1993~ Yong et. al

1993, Ouhadi et. al 1993, Mohammed 1995, and Yong et. al 1996 which include more

than 30 samples, lie in the regions 4 and 9. In aIl these cases, silt and sand are present.
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While in ooly three cases, the coarse fraction of soil is dominated by the presence of

sand, in the rest of the cases the coarse fraction is mainly sUt. It was observed that in

these available case studies, 30 samples lie within region 4 and 9, while ooly 3 samples,

in which the coarse fraction is dominated by sand, lie in region 11. As was explained in

this Chapter, marly soils are known to show a possible collapsibIe, dispersive and

swelling behaviour. According to an extensive study conducted by Rollins et al. (1994)

regions 8 and Il (marly silt or marly sand) have a high possibility of collapsible

bebaviour. By increasing the percentage of clay fraction to more than 20 percent, silt

content < 50% and carbonate content> 50%, the collapsible potential decreases. Region

No. 10 (silty marI or sandy marI) which has mainly more than 30 Percent clay, 20 to

50% silt and carbonate content < 20 %, is principally govemed by swelling performance

(Rollins et al. 1994). Region No. 9 and 4 behave as transition zones between collapsible

and swelling soils. On the other band, with regard ta pore fluid properties of sail, a

highest potential for dispersive hebaviour can he obtained while the potential for

collapsible or swelling behaviour exists. The latter bebaviour increases when soil

composition lies in regions 8 and 10. The samples studied in this research correspond to

region 9. Regions 9 and 4 are compatible with the general collapsible, dispersive and

swelling behaviour of marly soils. Other regions cao he suspected of having different

bebaviours.
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Figure 5.18: Proposed classification for Marly soil.
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The significant role of palygorskite and sepiolite on marI behaviour and the

wetted-state reaction of marly salis were addressed in this Chapter. A modification of

CEe measurement of soils rich on sulfate and having relatively dispersive structures due

to their pore fluid characteristics, is suggested. By the application of the suggested

method, based. on severa! soil washings and by XRD analysis, the separation of different

components of marly soils and illitic soil (domtar sealbond) are evaluated. By use ofXRD

analysis, it is shown that, this technique bas the ability to extract pure palygorskite and

illite from marly and illitic samples respectively, which are free of calcite. Based on the

literature review conducted and the results of this research (showing very distinguishable

performance and behaviour of palygorskite and sepiolite) a new classification for marly

soils is presented in this Chapter. This classification fecases attention on the presence of

palygorskite or sepiolite as the major fraction of marI which governs its behaviour.
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MINERAL TRANSFORMATION OF PALYGORSKITE,

AND ETTRINGITE DEVELOPMENT IN STABILIZED

SOIL

• Chapter 6 Mineral Transfonnation and Ettringite...•.
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6.1 INTRODUCTION

This Chapter fcenses attention on mineraI transformation and ettringite

{C~2(S04)3(OH)12,26H20} development in marI stabilization and their impact upon

sorne geotechnical responses. Soil stabilization from bath the mechanical and chemical

points of view is evaluated. The deficiencies of geoteehnical evaluation of marI

stabilization are addressed. In the chemical and mineralogical aspects of soil stabilization,

the minerai transformation is monitored using an evaluation of pore fluid chemistry and

by conducting XRD, at different time intervals under different curing conditions. Mineral

transformation is achieved by monitoring the change in palygorskite's XRD peak

intensities and its transformation ta ettringite. Performing XRD tests at different time

intervals and under different conditions allowed the monitoring of the variation of these

peaks and the formation of new peaks.

6.2 STABILIZATION FROM MECHANICAL ASPECTS

Usually traditional sail stabilization evaluates soil performance, mainly from a

mechanical point of view. This includes focusing attention on stabilization to assess how

the stabilizer agents affect the mechanica1 properties of soil. The common geoteehnical

criteria emphasize Atterberg limits evaluation, CBR or unconfmed strength

measurements, and pH variation (ASTM 1990~ 1992). The strong tendency to use
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mechanical consideration of sail stabilization bas created much previous research where,

even the evaluation of chemical stabilizer agents mainly focuses on mechanical responses

of soils (Michaels and Tausch 1960, Moh et al. 1962, Kezdi 1979, Rao et al. 1993,

Amoudi 1994A). However, in this research main attention was given ta the physico­

chemical aspects of soil stabilization. While the current geotechnical evaluation criteria

for soil stabilization are carried out on stabilized samples t the deficiency of these criteria

are addressed. To evaluate the raIe of additives on stabilized marI performance from the

geotechnical point of view, Atterberg limits, CBR and pH tests are carried out as fol1ows:

6.2.1 Geotechnical Criteria of Mari StabiIization

Figures 6.1 and 6.2 indicate the variations in liquid limit and plasticity index for

a single marI sample stabilized with varying degrees of lime, cured at 20 degrees

centigrade and saturated humidity for different time intervals. Since, in the curing period,

samples were kept in the humid condition, they were initially wet before performing of

the Atterberg limits experiments. In each step fol1owing the curing period, a certain

amount of distilled-water was added to the samples and Atterberg limits were measured.

In sail stabilization using lime, changes in Atterberg limits show a disordered trend with

the addition of lime ta made Atterberg limits, after one day curing, indicate the effect

of ion exchange on sail performance caused by the addition of lime. This will produce

a flocculated structure due mainly to the replacement of sodium ions by calcium ions.

The significant role of soil pore fluid on the distribution feature~of the electric potential

and the counter-ion charge is expressed by the double layer theory (Gouy 1910, Chapman

1913) as presented in Chapter 2. Initially, in a soil sample before the addition of

additives the interaction between interpenetrating diffuse ion layers from adjacent

particles, frOID adsorbed water layers, and from interaction between like charges will

cause the development of repulsion forces in clays (Yong and Warkentin 1975). This

repuision force will cause the particles to become separated and will produce a dispersive

structure. According to the double layer theory the diffuse ion-layer thickness is govemed
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Figure 6.1: Liquid limit measurement for stabilized
MarI samples at different curing intervals.
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Figure 6.2: Plasticity index rneasurement for stabilized
MarI samples at different curing intervals.
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by factors including concentration and val~nce of the ions. UsuaIly the higher the

electrolyte concentration and the higher the valence of the cations~ the more the diffuse

ion-layer thickness will be reduced. Over the stabilization period~ the addition of lime

will cause an increase in calcium ion concentration. Therefore~ since Ca2+ bas a higher

valence and lower hydrated radius than Na + ~ the replacement of Na+ by Ca2+ will cause

a decrease in the diffuse ion-layer thickness and this in tum will produce a flocculated

structure (Quric and Schofield 1955). In fact~ sodium clays are likely to display a higher

degree of dispersion. Therefore, the major source of repulsion forces decreases. Once

this process occurs the forces of repulsion are decreased~ and the forces of interparticle

attraction will act. This will cause the clay particles to get closer and finally the clay

flocculates. This process will fmally cause an improvement in sail performance from the

mechanical point of view.

On the other hand~ the chemical aspects of soil stabilization will cause further

improvement in soil behaviour as follows. The solubility of silica and alumina versus

variation of pH is presented in Figure 6.3 (Keller 1964). As pH increases, the solubility

ofboth the silica and alumina fraction of clays increase. Therefore, as time goes on, the

high pH environment, induced by addition of lime, will solubilize the alumina and silica

of the clay fraction. The interaction of alumina and silica with calcium ions will produce

two cementing agents called CAH (calcium alumina hydrate

{3CaO.A1203.Ca(OH)~.12H20})andCSH (calcium silica hydrate {3CaO.2Si02.3H20}),

respectively (Thompson 1966, 1968). These cementing agents are responsible for the

improved. soil behaviour after stabilization. This improvement is caused by enhancing and

cementing the flocculated fabric, and consequently decreasing the exposed surface area

ta the water.

The potential of soUs ta keep water is a function of two factors: (1) the extent of

exposed surface of soUs where, if increased, the ability of soil to keep water will

increase, and (2) the extent and size of soil pores. These in tu.rn will affect the liquid

limit of soils. The addition of lime in one aspect decreases the exposed surface area of

•
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soil, due to the formation of a flocculated structure, and this in tum tends to decrease the

liquid limït. On the other band, because of the carbonate-type bonding for the flocculated

structure (section 2.8.1) the amount of trapped water within the soil structure will

increase leading to a further increase in liquid limit. This will he further addressed

through the evaluation of the water holding capacities of soils, in Chapter 7. Therefore,

while for soils with a very high liquid Iimit it can he expected that there will he a

noticeable decrease in liquid limit upon addition of lime, for soils with moderate to low

liquid limit, the addition of lime not only will not decrease the liquid limit, but also, as

is presented in Figure 6.1, the liquid limit increases. This increase could he even more

than the initial amount, resulting from the significant raIe of developed pores to keep

water. This is in good agreement with the conclusion made by Kezdi (1979) in which the

decrease or increase in the liquid limit of a stabilized sample is related to the magnitude

of the initialliquid limit of soil (Le. to the magnitude of the liquid limit of soil before

stabilization). Still a soil sample keeps its trend with an overall decrease in plasticity

index by the further addition of lime in both the short-term and long-term evaluation

which is representative of an overall improvement of soil performance. With

approximately 4 ta 5 percent of lime added, the plasticity index starts ta decrease and no

noticeable further increase in liquid limit is observed (Figure 6.2). These results are

conf'rrmed by the increase of CBR resistance of the stabilized sail where different

percentages of lime were added (Figures 6.4 and 6.5). Figure 6.4 presents the variation

of CBR resistance of a stabilized marI sampleversus the addition of lime in dry, wet, and

curing conditions. The dry condition indicates the performance of a test following

compaction of samples according to their optimum water content and maximum dry

density. Performing CBR in wet conditions applies to conducting experiments in which,

compacted samples have already been kept for 96 hours in distilled-water. These

experiments were performed on two series of samples in which no curing and seven days

curing was used. Figure 6.5 represents the CBR resistance of marly soil where the

samples are stabilized with 4 % lime and tested after different curing time intervals in the

•
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wet condition. The major conclusions which can be made from these experiments can he

summarized as follows:

a) As the percentage of added lime increases, the CBR resistance of stabilized

marI increases. This is valid for both wet and dry samples.

b) As Figure 6.4 and 6.5 indicate, the curing condition causes a noticeable

increase in resistance of stabiIized soil. As an example, for a sample stabilized with 4%

lime, the CBR of sail increases more than 300% after 30 days curing. However, the

major increase in resistance is achieved after 30 days. Following the first 30 days the sail

strength increases at a very slow rate \vhere the difference between the CBR after 75 and

30 days shows only 4% increase.

c) Performing the experiments on dry samples gives a higher resistance than in

wet sarnples, keeping other conditions similar. However, as curing conditions are applied

on samples, wet CBR shows even higher resistance than on an uncured dry sample. This

might commonly be attributed ta the speeding up of the cementing process caused by sail

stabilization.
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Figure 6.3: Solubility of silica and alumina versus variation ofpH (Keller, 1964).
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Figure 6.5: Wet CBR of a MarI sample stabilized by 4% Lime,

after different curing intervals.
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6.2.2 MarI StabiIization Considering pH Criteria

Monitoring the pH is one of the cornrnon criteria for evaluating the perfonnance

of lime and cement as a stabilizer agents. For instance, according to ASTM C977 in soil

stabilization using lime, if the pH readings are 12.40 or higher, the lowest percentage

that gives a pH of 12.40 is the amount of lime required ta stabilize the sail. The idea is

ta achieve a pH in which the cementitious caused by chemical interaction between

additives and sail starts.

Ta examine this criteria, the pH variation of a single marI sample stabilized with

different percentages of additives is illustrated in Figure 6.6. This Figure compares the

variation of pH where lime and cement are used as stabilizer agents. As can be seen in

this Figure for all cases sail stabilized with lime shows a higher pH than a sample

stabilized by cement. However, the difference is nat significant and in aIl cases the

difference is less than 6%. On the other hand, while the initial pH of sail was 8.7, even

the addition of 2 percent of lime increases the pH ta as high as 12.80. By increasing the

percentage of additives from 2 % ta 10%, the pH increases only less than 4 %. While,

with the addition of 10 percent lime, the pH was 13.30. The use of more than 10%

additive for sail stahilization is considered ta be uneconomical. With application of the

pH criteria, even 2 % cement or lime seems ta he able to overcome marI associated

problems. 14
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Figure 6.6: pH variation of stabilized Mari with different percentages of Lime and Cement.
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6.2.3 Deficiency of Geotechnical and pH Criteria for Sail Stabilization

Based on the discussion in sections 6.2.1 and 6.2.2, the required geoteehnical

conditions might he achieved by application of ooly 2% additives. For instance, this

arnount of stabilizer agent causes a flocculated fabric, as can he seen in the results of the

Atterberg tests in Figures 6.1 and 6.2, causing a higher liquid limit after curing.

Furthermore, as Figure 6.4 indicates the addition of 2% lime increases the CBR up to

500% more than the initial wet CBR of marI. This is just the measured resistance in the

wet condition and after 7 days curing. In addition, stabilization with 2 % cement or lime,

raises the pH as much as 12.8 and 12.6, respectively. Different common geotechnical

criteria indicate that 2% additive can overcome marI problems. To further evaluate these

criteria a series of slaking experiments was performed on stabilized mari. The procedure

was as follows. Samples were mixed with different percentages of additives and after

keeping for equilibrium they were compacted according to their maximum. dry density

and optimum water content. Then they were cured for 30 days using the previously

mentioned curing conditions. After preparation of samples and following the curing

period, samples were kept in water for 24 hours to evaluate their slaking hehaviour. The

results of these experiments for samples stabilized by cement and lime are presented in

Tables 6.1 and 6.2, respectively. The percentage of slaking used in these Tables is

defmed as the ratio of the dry weight of sample after keeping in water for 24 hours over

its initial dry weight. This~ in fact, is representative of the weight loss of samples

measured after being -kept in water for 24 hours. The curing period of 30 days was

chosen to provide sufficient time ta ensure the achievement of chemical interaction

between sail and additives. As the Tables indicate, in spite of current geotechnical

criteria previously addressed, the application of 2% additive will not he reHable, in which

100% percentage of sIaking in water will happen. While the behaviour is relatively

uniform for cement stabilization (with the addition of cement the rate of slaking

decreases), this pattern does not seem ta he uniform. in terms of lime stabilization. Even

though the required pH for pozzolanic reaction is achieved, sufficient CBR resistance is
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reached, and obtaining flocculated fabric is displayed by Atterberg limits evaluation,

slaking performance after 30 days curing indicates unsatisfactory behaviour. The higher

slaking of a sample stabilized by 8 or 10% lime in comparison ta that of a sample

stabilized by 4 or 6% lime (Table 6.1) can be attributed ta the presence of the excess

quantity of lime which does not interact with sail fraction or may be attributed ta the

variation of ettringite formation in the stabilized marI as a function of available calcium

ions as will be discussed later in this Chapter and in Chapter 7. By and large, it seems

that the geotechnical criteria are not capable of evaluating the required percentage of

additives in marI stabilization. It should be noted that based on the results of Tables 6.1

and 6.2, cement has a better response than lime when used as a stabilizer agent. This will

be addressed in Chapter 7 where the soil water potential of stabilized marI is discussed.

•
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Table 6.1: Slaking behaviour of stabilized mari with lime, after 30 days curing.

Curing SIaking after keeping samples in

% of Lime (Days) water for 24 ms.

%0 %25 %50 %75 %100

0 30 *

2 30 *

4 30 *

6 30 *

8 30 *

10 30 *
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Table 6.2: Slaking behaviour of stabilized marI with cement. afier 30 days curing.

Curing SIaking after keeping samples in

% of Cement (Days) water for 24 hrs.

%0 %25 %50 %75 %100

0 30 *

2 30 *

4 30 *

6 30 *

8 30 *

10 30 *

15 30 *

6.3 CHEMICAL AND MINERALOGICAL ASPECTS OF STABILIZATION

Specifie surface area (SSA) measurement is used as an another tool for soil

stabilization performance in the CUITent research. For the same samples under the same

curing condition, the variation of SSA and percentage of added lime were evaIuated.

Samples were mixed with additives and distilled-water. After any specifie curing

condition, the samples were dried and processed for SSA measurement. Figure 6.7

represents the variation of specific surface area for samples stabilized with different

percentages of lime under the same curing condition. This series of experiments was

performed after different time intervals. Figure 6.7 shows that with an increase in the

percentage of added lime in marI stabilization, there is an increase in the surface area
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after one hour of curing. This can he attributed to the dispersive structure resulting from

high pH right after the addition of additives. In fact, while a low pH promotes a positive

edge to negative surface interaction which creates a flocculation structure, dispersion of

clay particles often happens with high pH conditions. In other words, increasing the pH

will make the surface charge density more negative since the surface concentration of

OH- will he increased. The relatively significant quantity of kaolinite, as a pH dependent

fraction of mari, will contribute to this process. In fact, since the edge of the kaoiinite

is known ta possess a pH dependent charge, as a result of high pH, the edges will he

negatively charged conttibuting to a more dispersive structure. It should he emphasized

that at the same time an ion exchange effect will occur. This phenomenon, due to the

addition of lime, is not as quick as increasing the pH, since it is usually fulfilled after

7 days curing (Kezdi 1979). Therefore, while increasing pH governs the short term

behaviour of marI stabilization in terms of variation of SSA, ion exchange contraIs the

mid-term performance in terms of deereasing the surface area due to increasing the

percentage of added lime, causing an improvement in the mechanical response of the soil

being stabilized. That is why, as is shown in Figure 6.7, the behaviour is followed by

a decrease in the-surface area after one week of curing of stabilized samples. In view of

the promotion of cementing resistanee in the soil stabilization process, we would

commonly expect a further decrease in the sail surface area. This decrease in surface

area can he related to the progress of cementious effects of additives. The cementatious

process, in fact, reduces the amount of the exposed surface of the soil. Furthermore, in

long-term behaviour of sail-additive interaction, prior research indicates a significant

decrease in specifie surface area which is attributed to the formation of a crystalline

struewre of calcium silica hydrate (Kondo et al. 1967). However, as is illustrated in

Figure 6.7, surprisingly we are faced with an increase in the surface area after one month

of curing. A similar behaviour is observed when sea-water is used instead of fresh-water

(Figure 6.8). WhiIe these aehievements are in conflict with the geoteehnical results, they

indicate an agreement with the slaking performance response of tested samples.

•

•

Chapter 6 Mmeral Transformation and Ettringite.....



• Chapter 6 Mineral Transfonnation and Ettringite.....

140 ,....---------------------------,

Standard deviation=5-7
1 Hour

12LO4 6 8

Percentage of added Lime
2

20 L-_....L...-_-l..- ---'-_ ___L.._----l._----'~_.l....__ _'___ __I.__ __'__--I

o

Figure 6.7: Specifie surface area (SSA) of stabilized MarI samples with
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6.4 E1TRINGITE FORMATION INDICATED BY XRD ANALYSIS• Chapter 6 Mineral Transfonnation and Ettringite.....

•

Ta interpret these conflicting results, XRD tests were performed on the cured

samples, under the previously indicated conditions. The XRD spectra were obtained by

scanning in the 28 range of 5 to 70 degrees. At the end of the required moist-curing

periods, the samples were taken from the humid-room for immediate processing. In this

series of experiments the reflection lines of palygorskite, CSH, CAB and ettringite are

monitored and will he explained in the following.

6.4.1 Palygorskite's Peak Intensity Variation Over Stabilization Period

Figure 6.9 indicates the variation of palygorskite's peak intensity for its five

reflection lines, under different curing time intervals. These reflection lines are 10.4,

6.33, 5.38, 4.46, and 3.17 angstrom, as were previously addressed in Chapter 2. The

variation of the reflection lines of palygorskite are monitored after 1, 7, and 30 days

curing following marI stabilization with 10% lime, and are compared with the initial

values for palygorskite (Figure 6.9) corresponding to zero days of curing. After different

curing time intervals, a portion of sample was taken and analyzed by XRD. As can he

seen in Figure 6.9, over the curing period, palygorskite's peak intensity starts ta diminish

with the addition of lime. Only the variation of peak intensity for the reflection line equal

to 3.17 does not follow the other patterns and will he explained in the next section

(6.4.2). This refiection line is the same for palygorskite and CSH. The overall pattern

of decreasing palygorskite peak intensity can he attributed to the solubility of the silica

and alumina fraction of palygorskite at high pH reaction. In fact, as was presented in

Figure 6.3, the solubility of clay minerais increases as the pH of pore fluid goes to

around 12. This released alumjna and silica will be available for further chemical

reaction. The second reason which contributes ta the mid and long term decreasing of

palygorskite peak intensity will result frOID ion exchange interaction causing a flocculated

structure. It was a1ready explained (Figure 5.14) that for a single sample having different
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degrees of orientation, the weIl oriented structure indicates a relatively higher peak

intensity than that of a less oriented structure. Therefore, the phenomenon of ion

exchange can contribute to the diminishing of palygorskite peak intensity as the curing

period progresses.

• Chapter 6 Mineral Transformation and Ettringite.....

•

6.4.2 CSH and CAB Formation Over Stabilization Period

As was previously addressed, two cementing agents are known to form in the

stabilization process and are responsible for the improvement of soil behaviour. In tbis

process, the released alumina and silica of clay fraction are responsible for the

development of cementious agents called CSH and CAR through their interaction with

lime.

The formation and growth of CSH can he found by observing the increase in the

peak intensity of its major basal spacing (d=4.15 angstrom) over different time intervals

as displayed in Figure 6.10. The variation of the second basal spacing of CSH (d=2.67

angstrom) confirms the progress in CSH formation. Another reflection line of CSH which

is in the same order of magnitude of that of the palygorskite reflection lines, was aIso

monitored. This reflection line, which is 3.17 angstrom, is presented in Figure 6.9.

Following the prior explanation of palygorskite and CSH peak intensity ovec the

stabilization period, the disordered pattern of this reflection line can he speculated on and

cau he explained as follows. Due to the solubility of palygorskite in all curing conditions,

this mutual peak indicates a decrease in intensity after one and seven days curing. In a

one month cured sample, the apparent intensity from CSH formation, as was confirmed

with its others reflection lines, overcomes the decreased palygorskite peak intensity of

this mutual reflection line. This will cause a noticeable increase of intensiry al 3.17

angstrom spacing after one month periode

The formation and growth of CAB is evaluated by monitoring its major reflection

line at 7.6 angstrom (Rao et al. 1993). As is presented in Figure 6.10, the formation of

calcium aluminate hydrate (CAR) was observed after seven days curing by achieving
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Figure 6.9: Variation ofPalygorskite's peak intensity for its five reflection
lines, in stabilized MarI with 10% Lime, after different curing intervals.
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Figure 6.10: 'Variation of CSH and CAHs peak intensity for their three reflection

lines, in stabilized MarI with 10% Lime, after different curing intervals.
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9.2% relative peak intensity. Surprisingly, in spite of expectation of an increase in its

intensity, the one month cured sample revealed a decrease in the relative peak intensity

of the CAR major reflection lîne. The one month cured sample shows a relative peak

intensity equal to 6.9% for this reflection line. More explanation of this performance will

he addressed in the following.

• Chapter 6 Mineral Transfonnation and Ettringite.....

•

6.4.3 Ettringite's Peak Intensity Variation Over Stabilization Period

As was explained before, the availability of dissolved alumina in the presence of

sulfate and calcium might provide a favourable condition for ettringite formation. As

presented in Figure 6.1 C with increasing time, ettringite mineraI forms in marI

stabilization. The ettringite is formed due to the provision of dissolved alumina. from

palygorskite fraction of marI, calcium. ion from added lime, and the sulfate present in the

pore fluid of marI. As was previously addressed, the high pH environment caused by the

addition of lime is necessary for this reaction. On formation of ettringite the rate of

ettringite growth increases leading to an increase in surface area resulting from the high

surface area of the ettringite. Ettringite, with a basal spacing of 9.72 angstrom, appears

after seven days of curing. The variation of reflection lines of 5.61 and 2.77 angstrom

also are shown in this Figure. It would seem that while ettringite, with its high swelling

cbaracteristics, produces failure in a stabilized sail, its needIe-like structure in sorne

manner contributes to the geotechnical response of the soil behaviour. The formation and

growth of CSH (Figure 6.10) also helps to achieve a high strength in common

geotechnical testing. On the other band, the variation of the CAR reflection line and its

decrease in intensity which coincides with the increase in ettringite intensity, strengthen

the possibility of the contribution of CAB to ettringite formation as time goes on. This

contribution happens through the provision of alumina for ettringite formation.

The XRD analysis indicated no other byproduct formation, which may typically

include monosulfate or thaumasite. This factor was evaluated by performing XRD tests

on both wet and dry samples. Monosulfate peaks in XRD analysis, disappear upon drying
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of sample, while ettringite peaks are stable in bath wet and dry circumstances. The

results of the solubility of the alumina fraction of marI, which are measured at different

sail washing with acid and base, are presented in Figure 6.12. The procedure of tests bas

already been addressed in Chapter 3. After each process of sail washing the amount of

soluble alumina and silica were measured. As can he seen, the release of soluble alumina

is very time dependent. The results of this experiment also show a good agreement with

the time dependency of ettringite growth in sail stabilization. In fact, as time goes on

more alumina will he available which will contribute ta the continuous ettringite

formation. These alumina are usually responsible for the formation of CAR as a

cementing agent in sail additives interactions.

• Chapter 6 Mineral Transformation and Ettringite.....

•

6.4.4 Necessary Conditions for Ettringite Formation and Its Stability

Ettringite minerai is repeatedly reported to he stable above pH of 10.5 (Gabrisova

et al. 1991, Havlica et al. 1991). Ta ensure the occurrence of the required condition for

ettringite stability, the pH of two samples stabilized by 4 percent lime and 10 percent

cement are compared in Figure 6.13. As can he seen, with increasing duration, the pH

decreases showing how the hydration process contributes to the stabilization process. It

is quite significant that even after one month the pH is still greater than 10.5, which is

the minimum pH required for ettringite formation.

Sorne of the appropriate conditions for ettringite formation, in cement hydration,

were previously investigated (Mehta and Klein 1966). This research indicates that in the

system having the required elements for ettringite development, achieving a molar ratio

of Al20 3/S04 Iess than 1.0 is a favoured condition for ettringite formation. Based on the

alumina solubility pattern of soil, as was presented in Figure 6.12, the release of soluble

alumina does not have an instantaneous pattern. In fact, depending on the environmental

conditions, in terms of pH and availability of moving water, the amount of released

alumina can vary. In other words, the above mentioned ratio might he continuously

changed over the leaching process. This fact can justify the different concentrations of
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ettringite being formed at different places, having sunilar initial conditions located in the

single case study. In the road failure reported in U.S. due to the ettringite formation

(Hunter 1988), at different places, having similar initial conditions but different

availability of water, different concentration of developed ettringite was observed.

• Chapter 6 Mineral Transformation and Ettringite.....
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Figure 6.11: Variation of Ettringite's peak intensity for its three reflection
lines, in stabilized MarI with 10% Ume, after different curing intervals.
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• Chapter 6

6.5 SUMMARY

Mineral Transformation and Ettringite•....

•

The minerai transformation of a palygorskite fraction of marI over the soil

stabilization process was addressed in this Chapter. The results of this Chapter indicate

the significant deficiency involved in the current common geoteehnica1 criteria for sail

stabilization evaluation.

From current mechanical evaluation of soil stabilization, three criteria are usually

used to evaluate the soil stabilization process. These include, pH evaluation, Atterberg

limit variation, unconfmed compressive strength, and/or CBR testing. That is why

common soil stabilization evaluation criteria emphasize achieving a high pH (more than

12.80), improving Atterberg limits, and increasing CBR or uncommed strength. The

results of the current study indicate that the very common method of soil stabilization,

which focuses attention on mechanical aspects of soil performance, is not capable of

evaluating the fallures and instability of stabilized marI due to the ettringite formation.

Specifie surface area measurements, in conjunction with XRD, are two valuable means

to evaluate marI stabilization from the physico-chemical point of view. Ettringite

formation, whose presence appears in XRD could explain the conflicting results between

the mechanical and physico-chemical evaluations of marI stabilization. It would seem that

while ettringite, with its high swelling characteristics, produces fallure in a stabilized

soil, its needle-like structure in sorne manner contributes positively to the geoteehnicaI

response of the soil behaviour. Any other source of sulfate may also augment the

possibility of ettringite formation. The necessary conditions to provide for ettringite

formation and its stability were aIso examined in this Chapter. The very rime dependent

pattern of releasable alumina and silica fraction of clay soils were examined. In which

this pattern can provide a very flexible and variable molar ratio of Al20 3/S04 over the

stabilization process, which might directly affect the possibility and rate of ettringite

formation.
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CHAPTER 7

KINETICS OF ETTRINGITE AND FLUID RETENTION

OF STABILIZED MARL

7.1 INTRODUCTION

Equations for the rate of ettringite formation have been derived by many

investigators. There exists fewexperimental studies for validation of these derivations.

Furthermore, comparing the pattern of the kinetics of ettringite, formed from different

possible sources, specifically in stabilized soil, will help to obtain not only a clear picture

of the kinetics of ettringite from the different sources, but aIso to have a clear expectation

of ettringite formation and growth in sail stabilization. This will he another aspect of the

physico-ehemicaI evaIuation of soil stabilization. XRD analysis can he used ta monitor

the process of formation and growth of ettringite mineraIs. In such an evaIuation, the

establishment of the contribution of different clay minerais to ettringite formation will

provide a general expectation of the possibility of soil instability when the clay minerai

of soil fraction is known.

Among severa! factors involved, soil fluid retention plays an essential raie in the

process of ettringite formation as it can provide permanent access to the environment's

sulfate source. In terms of environmental conditions, pore fluid of marI is usually

accomplished by the presence of chloride ions. As previously discussed in Cbapter 2

(section 2.8.3), the availability of chloride ions during the leaching process may affect

the extent of ettringite formation. In this Chapter, by the use of a series of physico­

chemicaI tests the above addressed key points are investigated.
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7.2 KlNETiCS OF EITRINGITE FORMATION• Chapter 7 Kinetics of Ettringite & Fluid Retention.•...

Several investigators have tried to derive and establish equations for the rate of

ettringite formation. The equation suggested by lander (1927) is the most frequently

used. This equation is as follows:

(7.1)

where Cl is the reaction ratio, t is time and P is a rate constant. This equation is based

on the assumption that ettringite forms when substance A reacts with substance B ta form

product AB. While lander reported that the N value was equal to 2, Mori & Minegishi

(1968) observed that kinetics of ettringite formation, and consequently the value of N,

are dependent on the variation of temperature. GinstUng & Brounshtein (1950) dermed

a more precise derivatioD. Their equation is as follows:

1-2/3«-(1-a.yt3=Pt (7.2)

where Cl, t and P are the same as in the Jander expression. This equation bas the ability

ta consider the size of particles which participate in the interaction process. Plowman &

Cabrera (1984) investigated the kinetics of ettringite formation using tri-eaIcium

aluminate which was extracted from cement. In this instance the rate of ettringite

formation, presumably at room temperature, followed the following form:

[1-(1-«)113] =(Pt-c)1fl (7.3)

•

In a recent study by Brown & LaCroix (1989), the kinetics of ettringite formation

were evaluated by the use of tri-calcium aluminate as a source of ettringite formation.

They used a rearranged fonn of the equation suggested by lander (1927) and Mari &

Minegishi (1968) as follows:
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[1-(I-a;) 1/3] =Pt N (7.4)

•

in which N=0.5 implies diffusion control, while N = 1 implies surface area control.

Among the above suggested equations, the latter seems to he more practica1 because it

takes into consideration both the diffusion and the surface area of the chemicals involved

in the interaction. In other words, from the beginning, Equations 7.1 and 7.3 assume that

the process of interaction is govemed by the diffusion role of the elements present in the

chemical interaction.

In the current research, by application of XRD analysis, the kinetics of ettringite

formation is monitored in two different cases. First, the rate of artificial ettringite

formation is evaluated using alumjna sulfate and lime at the different time intervals.

Second, the kinetics of ettringite formation on stabilized soil are evaluated.

7.2.1 Kinetics of Artificial Ettringite

The theoretical basis of kinetics of artificial ettringite bas previously been

addressed by severa! researchers, as was pointed out in the section 7.2. Most of the

pervious experimental studies were performed by application of tri-ealcium

aluminate(Mehta 1976, Plowman & Cabrera 1984. Older & Maula 1984, Grusczscinski

et. al 1993). However, the two major sources ofartificial ettringite formation are known

to he by use of tri-ealcium. aluminate and alumina sulfate.

By and large, few experimental studies exist on the evaluation of the kinetics of

ettringite formation. For instance, there is a need to evaluate the kinetics of ettringite

formation by the use of alumina sulfate and lime, in which calcium. ions are produced

from the same source as those in the soil stabilization condition. Furthermore, such an

evaluation will help to extend the established criteria for favoured conditions of ettringite

formation. For this purpose the kinetics of ettringite formation is experimentally

evaluated in this section by the use of alumina sulfate and lime. To investigate the

kinetics of artificial ettringite formation when alumina sulfate and lime are used as the
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source of minerai formation, a series of XRD tests were performed on mixtures of these

two elements and distilled-water at different time intervals. Artificial ettringite was

prepared using the method suggested by Older and Maula (1984). For complete mineraI

formation, 48 hours of agitation of prepared mixtures was performed. To monitor and

establish the rate of ettringite formation, at different time periods, a sample was taken

from the prepared mixture, dried and analyzed by XRD. For these experiments, Figure

7.1 indicates the variation of reaction ratio of ettringite fonnation versus time. The

reaction ratio is calculated based on the peak intensity of the major reflection line of

ettringite at each period, divided by its Ïmal achieved peak intensity after equilibrium of

chemical reactions. Ettringite formation was monitored at the time intervals of 1 min.,

5 min., 15 min., 45 min., 24 and 48 hours. Analyses of the relation between reaction

ratio versus time are performed by application of non-linear least square regression

applied by TableCurve Software (Jandel Scientific TableCurve, Version 3.01, 1991). The

four different equations suggested by Jander (1927), Ginstling & Brounshtein (1950),

Plowman & Cabera (1984), and Brown & LaCroix (1989), as was addressed in previous

section, are applied on the achieved data. The coefficients introduced in equatioDS, 7.1,

7.2, 7.3, and 7.4 are presented in Table 7.1.

The results of XRD analysis indicate that ettringite forms after 1 min. of mixing.

Brown & LaCroix (1989) in the study of the kinetics of ettringite formation using tri­

calcium aluminate report the appearance of ettringjte peaks after 10 minutes. The value

ofN obtained in the current research (Table 7.1) is consistent with the value obtained by

Plowman & Cabera (1984) and Brown & LACroix (1989). However? the values of P

indicated in Table 7.1 are much smaller than values reported by the above mentioned

authors. A comparison of the results, indicated in Table 7.1 and previous works, shows

that as the rime required for ettringite formation increases the value of P decreases. It

should he noted that by rearrangement of Equation 7.4 ta the form of Equation 7.1 the

coefficient of N will he 1/0.63 or 1.59 and coefficient of P will be O.OOO33? which are

in the same arder of magnitude as those of the other equation coefficients presented in

•

•
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Table 7.1. The values ofN, obtained in this study, lie within the range predicting the rate

of ettringite growth to he diffusionally controlled. WhiIe in previous research, tri-calcium

aluminate, was used as a source for production of ettringite, the general mechanism of

minerai transformation is in accord when alumina-sulfate and lime are used as the

sources of ettringite formation. The faster formation of ettringite in the current research

may he attributed to the faster availability of alumina and sulfate ions (when alumina­

sulfate is used as a source of ettringite formation) and is due to the higher soIubility of

alumina sulfate in comparison with that of tri-calcium aluminate. Gypsum was found to

form mainly at relatively higher concentrations than ettringite in the very earlier stages.

However, its concentration rapidly decreased after 48 hours when equilibrium was

achieved. The fmal concentration of gypsum was estimated to he less than 10%. The pH

of prepared ettringite in a 1:10 solution was 12.3.

Table 7.1: Application of experimental results on the theoretical equations for kinetics of emingite.

• Chapter 7 Kinetics of Ettringite & Fluid Retention•....

•

Applied Equations for Kinetics of Ettringite Formation

Coefficients
Equation Equation Equation Equation

('.I) (7.2) (7.3) (7.4)

p 0.00033 0.00012 0.00034 0.0065

N 2 - - 0.63

c - - 0.02 -

,J 0.92 0.94 0.92 0.93

ir= Coefficient of correlation

7.2.2 Kinetics of Ettringite on the Stabilized Soil

As was discussed in Chapter 6, in marI stabilization, ettringite may form after 7

days of curing. 115 formation was monitored up to 30 days in the current research (Figure
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6.11). Mitchell and Dermatas (1992) report the continuation of ettringite formation for

more than 20 months. In the failure reported in the lime-treated subbase of roadways in

the U.S., damage due to the ettringite formation visually started within six months

following construction and severely increased by the end of two years (Hunier 1988,

Mitchell 1986). As the results of the current research and previous worlcs indicate, the

rate of ettringite formation in stabilized soil is much slower than that of artificial

ettringite. Data presented by Mitchell and Dermatas (1992) were used for a quantitative

comparison of the kinetics of ettringite formation in soil stabilization with the data

presented in section 7.2.1. It was previously pointed out that the coefficients of the

Equations 7.1 through 7.4 express the features of kinetics of ettringite. Table 7.2

represents these coefficients for previously addressed Equations regarding kinetics of

ettringite in soil stabilizatiOD. For calculation of the coefficients presented in Table 7.2,

the data plotted in Figure 7.2 are used. In this evaluation, reaction ratios are calculated

with the assumption that ettringite formed after 20 months curing, is the equilibrium

condition in terms of the maximum quantity of ettringite which may fonn under these

specific conditions. These data were used because of the longer period of monitoring of

ettringite minerai in soil stabilization.

It should he notOO that by rearrangement of Equation 7.4 to the fonn of Equation

7.1 the coefficient of N will he 1/0.904 or 1.1 and coefficient of P will he 1.2 x 1()"6.

As mentioned in section 7.2, Equation 7.4 bas the advantage that it takes into

consideration, both the surface area and diffusio'n roles in the ettringite formation

process. The range of values of N obtained by application of Equation 7.4 indicates that

in spite of artificial ettringite, the ettringite formation in soil stabilization is accomplished

with surface area control.

• Chapter 7 Kinetics of EttringiJe & Fluid Retention.•...
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Table 7.2: Application of experimental results on the theoretical equations for kinetics of Ettringite in sail

stabilization.•
Chapter 7 Kinetics of Ettringite & Fluid Retention.....

•

Applied Equations for Kinetics of Ettringite

Coefficients Formation in Stabilized Soil

Equation Equation Equation Equation

(7.1) (7.2) (7.3) (7.4)

P 1.13 3.78 1.26 4.3x10-6

N 2 - - 0.904

c - - 0.1 -

r 0.97 0.99 0.98 0.99

l r =Coefficient of correlation

7.3 THE ROLE OF DIFFERENT IONS ON ETTRINGITE FORMATION

To investigate the role of different ions including, alumina, sulfate and calcium

on ettringite formation, and to evaluate the extent of ettringite formation in the system

of alum.ina-suifate/iime/distilled-water, tests were carried out on samples by varying the

following constituents: alumina sulfate, slaked lime, and distilled-water. The variation

of these elements takes into account the raIe of change on the main elements present in

the ettringite structure. For this purposes, eight different mixtures of alumina-sulfate,

hydrated lime and distilled-water were prepared, kept to equilibrate and monitored for

the quantity of ettringite minerals by application of XRD analysis. The process of sample

preparation followed the method suggested by Oider and Mauia (1984). In addition to

ettringite, monosulfate may aIso form in the presence of alumina sulfate, and calcium
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ions (Mehta and Klein 1966). While Lea (1970) reports that the peaksy verifying the

presence of monosulfate hydrate, occurs at 8.92 and 4.46 angstrom, Berman and

Newman (1963) found XRD lines at 9.5-10, 5.7, and 4.7 to 4.9 angstrom for wet

monosulfate hydrate which was confirmed by Mitchell and Dermatas (1992). To take into

consideration these reported findings, and to avoid any mistakes (in terms of similar basal

spacing of monosulfate and ettringite) XRD was performed on wet samples after

preparation of samples and following equilibrium. This was done to monitor the

possibility of monosulfate formation which is reported to have a similar major basal

spacing as ettringite and is stable only in wet condition. No noticeable quantity of

monosulfate formation was observed in these experiments. Later, sampIes were air dried

and processed for XRD in the dry condition (the details of preparation were addressed

in Chapter 3). In dry samples, the ret1ection lines of ettringite were monitored. Figure

7.3 indicates the variation of XRD intensity of ettringite peak versus variation of

concentration of sulfate for a series of samples having 0.12 mol calcium in the mixtures.

The tirst three major reflection Hnes of ettringite are plotted in this Figure. As can he

seen, by increasing the sulfate concentration, the intensity of ettringite peak increases up

ta 0.06 mol of added sulfate where a maximum peak intensity is achieved. Following this

point, by increasing the sulfate concentration, the intensity of ettringite peaks decreases.

The same pattern was observed when the roIe of alumina concentration on the quantity

of ettringite formation was evaluated for a series of mixtures having 0.12 mol calcium.

in the mixture (Figure 7.4). Furthermore, when the concentration of alumjna and sulfate

were fIXed at 0.04 and 0.06 mol, respectively, varying the concentration of calcium

follows the above described pattern for ettringite peak intensity. It was noted that in aIl

these points, where the maximum quantity of ettringite's XRD peak is achieved, the

concentration of different elements including, sulfate, alumina and calcium lies exactly

in accordance with the "stoichiometric" relations of these elements required for ettringite

formation. Moreover, in this series of experiments the formation of ettringite seems to

he more sensitive to the variation of available sulfate and alumina ions rather than that
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of calcium concentrations. This can he concluded by comparing the slope of the graphs

and the variation range of horizontal axis's values in Figures 7.3, 7.4, and 7.5.

Based on above discussion, one may come to the conclusion that when the

formation of ettringite is possible, due to the sulfate concentration in pore fluid of soil,

small variations of calcium concentration, in which in sail stabilization may happen, do

not play a noticeable raIe in preventing ettringite development. In other words, it seems

that in sail stabilization, when sulfate is present in the pore fluid of soil, application of

lime may lie in the range of high risk for ettringite formation even if mechanicallphysical

experiments indicate the achievement of better properties. This conclusion is in good

agreement with the results of an investigation presented by Mehta & Klein (1966) in

which they found ooly in the case of very high ratios of calcium ion, formation of

ettringite may not he stable. However, even though the previous studies (Mehta and

Klein 1966) reported that ettringite formation is favoured when the molar ratio of

Al20/S04 does not exceed 1, the results of the current research presented in Figures 7.3

through 7.5 indicate that ettringite formation may lie in the critical range even if the

above ratio is 1.33. The use of various sour~ for ettringite formation can he responsible

for these differences. It should he noted that the important effect of solubility of. major

elements of ettringite mineral, which directly affect the rate and extent of ettringite

formation, can he another reason for these differences. This fact bas been addressed in

Chapter 6.

The fmal- conclusion (achieved from Figures 7.3 to 7.5) is achievement of a

higher intensity of the fust basal spacing of etttingite (Le. d=O.973 nm), in comparison

with other basal spacings presented in these graphs. The major basal spacing of minerais

show the highest possible intensity and this is a characteristic of weIl crystallized

minerais (Cullity 1967). The general achieved pattern in which basal spacing of d=O.973

nm bas the highest intensity, can he an indicator of the assessment of relatively complete

crystal formation of an ettringite minerai. Therefore, the XRD diffraction follows the

generaI pattern of completely formed ettringite crystal.

•

•
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Figure 7.3: The role of sulfate concentration on the quantity of Ettringite formation,
having 0.12 mol calcium in the mixtures.
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having 0.12 mol calcium in the mixture.
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7.4 CLAY MINERALS CONTRIBUTION TO ETTRINGITE FORMATION• Chapter 7 Kinetics of Ettringite & Fluid Retention....•

•

As shown in Chapters 1 and 6, released alumina ions in the clay fraction

constitute the main elements for ettringite formation. To investigate the possible

contribution of different clay minerais on ettringite formation, two series of experiments

were performed, as follows:

1) The maximum amount of releasable alumina of different clay minerais was

measured through a series of digestion tests (EPA 1979). Achieving pH less than 0.5 in

this experiment made it possible to dissolve all releasible alumina from the clay fraction.

2) Since the quantity and the rate of releasible alumina of clay mineraIs is a

function of pH (Keller 1964), a set of experiments was conducted to investigate the

amount of releasible alumina of clay minerais by variation of pH. In this series of tests,

by application of 1 N NaOH and 1 N HCl, the different clay-water mixtures were

adjusted to different pH levels. Following equilibrium, the solubility of alumina ions was

measured by the use of MS. The results of these experiments are explained in sections

7.4.1 and 7.4.2.

7.4.1 Total Releasible Alumina of Clay Minerais

Table 7.3 compares the results of digestion tests in terms of the measurement of

total released alumina of different clay mineraIs. The results of these experiments

indicate that palygorskite bas the highest ability to release alumina ions in comparison

with the different clay minerals studied in the current research. This confirms that the

extent of ettringite formation might he highest when palygorskite is present in the clay

fraction of soil, assuming all necessary conditions for ettringite formation are met. Even

though sepiolite bas a very low quantity of releasible alumina, its very noticeable water

holding capacity can strongly contribute ta the post-stabilization fallure, as was addressed

in Chapter 5. This would occur by provision of sulfate ions for chemical interaction due

to the high water holding capacity of soil (Figure 5.9). The very noticeable water holding
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capacity of sepiolite, which is attributed to its open structure, can provide availability of

sulfate ions as a necessary element for ettringite formation. The expected effects caused

by the presence of other ions in the structure of palygorskite, sepiolite, and marI on soil

behaviour, were previously addressed in Chapter 5.

Table 7.3: The results of digestion testing on different clay mineraIs.

•
Chapter 7 Kinetics of Ettringite & Fluid Retention.....

•

Cations monitored in digestion experiment

Clay minerais (meq/lOO.g soiI)

Na K Mg Ca Si Al

Palygorskite 80±7 51±5 321±21 9±0.8 14±1 578+54

Sepiolite 2±0.2 10±1 1012+90 1±0.1 80±7 9±1

MarI 305+20 12±1 260±20 370±25 23±2 270±20

lUite 8±0.8 16±1 139+10 62±6 18±1 288±20

Kaolinite 5±0.8 0 0.3 ±0.1 0 16±1 88±7

7.4.2 Releasible Alumina of Clay Minerais at Different pH

Figure 7.6 indicates the variation of soluble alumina in sepiolite versus different

pH of soil-water mixtures. As can be seen, the amount of soluble alumjna of sepiolite,

at the initial pH of soil, is almost zero. By adding IN NaOH to the soil-water mixture,

the quantity of this soluble alumina increases as pH tises. In the range of pH studied,

around 20 % of total alumina in sepiolite is released. This may contribute to the early

formation of ettringite minerals, assuming all necessary conditions are met. However,

according to the results of Chapter 6 and the long-term performance of stabilized sail,

most parts of the clay fraction will be solubilized. Therefore, the total quantity of

alumina ions in clays, as was described in Chapter 6, seems to govem the extent of

ettringite formation.
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On the other band, a possible difference exists in the quantity and rate of

releasible alumina in clays (Table 7.3), which may cause a different rate of ettringite

formation. Therefore different coefficients of kinetics may he expected once ettringite

forms with an alumina source of different clay mineraIs.

• Chapter 7 Kinetics of Ettringite & Fluid Retention.•..•

•

7.5 FLUID RETENTION DURING ETTRINGITE FORMATION

In this section, the fluid retention potential of different soil samples will he

evaluated. In addition, the effect of clay loss on the retention potential of marly sail and

sepiolite will be studied. Precise evaluation of the long-term behaviour of stabilized soil

with regard to ettringite formation will be accomplished by evaluating the soil fluid

retention, and by assessing the mineraIs' transformation effects on this retention potential.

In fact, these properties of sail can provide aceess to the sulfate and water from the

environment to extend minerai transformation.

As was discussed before, the growth of ettringite, as a new mineraI which forms

after soil stabilization, occurs slowly. Therefore, the effect of minerai transformation on

the retention potential of soil a1so is of interest. To investigate the role of ettringite

formation on soil solute retendon, artificial ettringite was formed, and its formation was

confrrmed by XRD. It was then compacted in a suction mold for measurement of fluid

retention potentiat. To provide simiIar initial conditions to other suction experiments, the

compaction characteristics of ettringite were measured, using a Harvard Miniature

apparatus. These compaction characteristics were used to compact ettringite in a suction

mold. Performing compaction testing by use of Harvard Miniature apparatus revealed the

optimum water content of ettringite equals 78% and its maximum dry density equals 0.83

Mg/nr. Therefore by application of the calibration coefficient presented in section 3.5.2,

(to achieve the corresponding optimum water content and maximum dry density if the

standard test is done) one will get an optimum water content of 58% and a maximum dry
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density of 0.89 Mg/nr. Samples were compacted on the wet side of the compaction

curve, as was shawn in Chapter 3. For these experiments, Figure 7.7 compares the fluid

retention characteristics of pure artificial ettringite with tbat of a marly sample. The

standard deviation of these measurements is established based on the coefficient of

variation calculated by measurement of the retention potential of Il illitic samples at

pF =0. The mean value of these measurements was 36.7, standard deviation was

calculated to he 1.3, and coefficient of variation (COli) was caIculated as 0.04. This

coefficient of variation can he used to calculate the standard deviation of the fluid

retention potential in suction measurement testing. It is interesting ta note that this COy

is equal to the upper limit of COY for compaction testing as is presented in Appendix [.

As Figure 7.7 shows, the fluid retention potential of ettringite is noticeably high.

For instance, as cao he seen in Figure 7.7, in all different pressures applied on samples,

the fluid retention of ettringite is significantly higher (as much as 400% ) than that of the

mari sample. In other words, as ettringite grows in stabilized sail, its presence may

enhance the water retention of soil, providing more sulfate for further interaction with

the clay fraction of soil. This in tu.m strengthens the conclusion previously derived with

regard ta the existence of a difference between the pattern of kinetics of ettringite

formation. In fact, in the post-stabilization process, one may expect ta have continuous

fluctuation of the molar ratio of sulfate, alumina and calcium. This will happen not ooly

due ta the variation of concentration of alumina ions over the post-stabilization period

- (as was addressed in Chapter 6) but also due to the variation of sulfate concentration due

to the increase in fluid retention of soil as ettringite grows in stabilized soil. The process

of ettringite formation and its contribution ta providing more sulfate for sail additive

interaction may he another justification for the pattern of the kinetics of ettringite

formation in stabilized saiL

This conclusion is in good agreement with the field observation reported by

Hunter (1988) in which in a single site in the U.S. where post-stabilization was observed,

the variable degrees of mineraI transformation ta ettringite and thaumasite occurred at

•

•
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different cross sections of the site.
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7.5.1 Free-Swelling Measurement of Ettringite

For further investigation of the raIe of ettringite on the stability of soiIs, the free­

swelling measurements of artificial ettringite were evaluated. For this purposes, ettringite

was formed and its purity was conÏlIllled by XRD analysis (Appendix Ill). Following

grinding of the dried ettringite, it was compacted to its maximum dry density and

optimum water content in an Oedometer testing apparatus. Figure 7.8 shows the free­

swelling measurement of pure ettringite in comparison with that of a palygorskite sample.

By and large, there exists two major schooIs of thought regarding the expansion

associated with ettringite formation. These are the crystal growth theory and the swelling

theory (Cohen 1983). While the flISt theory relates the expansion caused by ettringite to

its crystallization pressure, the second impression attributes the expansion to the water­

adsorption and swelling characteristics of ettringite (Mehta 1973). The very high swelling

of ettringite, which is in the order of 50%, strengthens the latter school of thought that

expansion produced by ettrÏngite formation is mainly due to its swelling or water­

adsorption characteristics. Zeta potential evaluation showed that the artificial ettringite

holds a negative charge. This mechanism is associated with the water holding capacity

of ettringite, as was shawn in Figure 7.7. Where, following ettringite formation, the tluid

retention of sail increases leading to more water in soil structure. Consequently, due to

the high swelling characœristics of ettringite and its high water adsorption, it swells

leading to the stabilized soil fallure .
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7.5.2 Differentiation of the Performance of Cement and Lime

The achievement ofconditions necessary for ettringite formation is associated with

provision of sufficient water in the stabilized sail. The fluid retention of soil can play an

essential role in this matter. It cao also help with the availability of sulfate ions for soil

additive interactions. Therefore. even though one may achieve an improvement in

geotechnicai responses of soil without considering the extent of fluid retention of soil,

the extent of water capacity may play a critica1 role in the long-term performance of a

stabilized soil.

Figure 7.9 compares the fluid retention potential of stabilized mari, when two

series of stabilized marl samples are compared with an un-stabilized marI sample. In this

series of experiments two set of marI samples were stabilized by 4% cement and 4%

lime, respectiveIy. No curing condition was applied to the samples. After dry mixing of

soil and additives, distilled-water was added to the soil samples. Following a further

mixing period, the samples were compacted in suction molds and fluid retention was

monitored at different suction potentials. Ta increase the accuracy of the results, each

soil-additive mixture was prepared separately for each individual moId. As can he seen

in Figure 7.9, the stabilized marI with 4 % lime indicates a higher water retention than

that of stabilized marI with 4% cement. It is quite significant that the sample stabilized

with 4% lime shows an even relatively higher fluid retention than that of the unstabilized

marI. In sorne" steps of the experiments, the fluid retention of a sample stabilized with 4 % •

lime, goés up ta around 20% more than that of stabilized mari with 4% cement. XRD

performed on these samples indicated no ettringite formation. This can he related to

either the non-existence of a curing condition, as explained in Chapter 6, or the absence

of sufficient water due ta the application of external air pressure for removal of water

as part of the test procedure. Both factors may prevent or delay the extent and rate of

ettringite formation.

Based on above explanation, the higher fluid retention of stabilized marI with lime

in comparison with that of a sample stabilized with cement, can he related to the soil

•

•
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strucb1re after lime treatment in which the cementation action provides ftcarbonate-type ft

bonding for flocculated and agglomerated soil particles. To commn this conclusion, the

Atterberg limits of these samples were measured. In spite of the test procedure employed

in Cbapter 6, in which Atterberg limits were performed directly following the curing

period, in this part, after the application of additives and a waiting period, samples were

dried and sieved.. Then, the Atterberg limit tests were performed on these samples. Sînce

each suction measurement takes around one month, a one week waiting period was

employed for performance of Atterberg limit testing following the preparation of

samples. During this time interval, no curing was performed on samples. Table 7.4

shows the results of these experiments. A comparison between data presented in Table

7.4 and Figures 6.1 and 6.2 where curing was applied ta samples, indicates that a curing

condition plays an essential raIe on the results of Atterberg limits testing. Achieving a

high liquid limit upon stahilization in soils with moderate Iiquid limit, as was explained

in Chapter 6, is influenced by curing conditions. For instance, the application of 10%

additives in uncured samples, will not reach the same range of liquid limit as a sample

stabilized with 2% lime and cured one week (Table 7.4 and Figure 6.1). As Figure 6.1

indicates, the liquid limit for a sample stabilized with 2% lime and cured one week is

70.2, which is higher man all data achieved in the results shawn in Table 7.4 for uncured

samples. These differences may he attributed to more progress of chemical interaction

of sail-additives in cured samples which provides "carbonate-type Il bonding (section

2.8.1) for the floccuIated structure. In other words, due to the ion excbange effects in

the longterm performance of sail-additive interactions which are govemed by the

dissociation of the Ca(OH)2 into Ca2+ and OH- ions, the electrical surface forces of the

clay mineraIs are heing modified. This creates the occurrence of the flocculated structure.

Afterwards, the "carbonate-type" bonding for the flocculated structure forms, where it

provides the ability for the new structure of sail to retain more water. Two other points

should he kept in mind. First, the possible role of ettringite minerals on the results

indicated in Figures 6.1 and 6.2, and secondly, the difference between the procedure of

•

•
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these two series of experiments, in which a part of the cementation between particles is

broken, upon drying, grinding and sieving of stabilized samples evaluated in Table 7.4.

Another difference between the role of cement and lime in marI stabilization is

the achievement of a higher liquid liroit and plasticity index for samples stabilized with

lime in comparison with those stabilized with cement. One may conclude that achieving

higher pH in lime stahilization in comparison ta that of cement stabilization, when similar

percent of additives is used (Figure 6.6), provides more calcium ions ta modify the

electrical surface forces of the clay minerais. Furthennore the extent of the previously

mentioned carbonate-type bonding for flocculated particles increases leading to more

water being trapped in the soil structure of lime treated soils. This fmding is in good

agreement with the results of fluid retention (Figure 7.9) in which samples stabilized with

lime, show higher fluid retention than samples stabilized with cement.

In addition to the above discussion, the results and explanation pointed out in

section 6.2.3 confrrm that cement has a better influence on stabilized marI performance.

This may be attributed to the high strength achieved from hydration products of soil­

cement interaction as explained in the Section 2.8.2. On the other hand, the higher fluid

retention of marI stabilized with lime, may provide a larger quantity of water and sulfate

to chemically react with the sail and stabilizer agents. This will enhance the possibility

and extent of ettringite formation for a sampIe stabilized with lime in comparison with

that stabilized with cement.
Table 7.4: Atterberg limits of stabilized marI with cement and lime.

•
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Atterberg Limits
SoU Sample

Liquid Limit Plasticity index

MarI 45.8 24.4

MarI & 2 % Lime 58.3 30

Mari & 10% Lime 62 32.6

MarI & 2 % Cement 47 21

MarI & 10% Cement 39.7 12.7
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7.5.3 The Raie of a StabiIizer upon Zeolitic Water• Chapter 7 Kinetics of Ettringite & Fluid Retention•....

•

To investigate the role of a stabilizer on the zeolitic water performance~ a series

of fluid retention measurements were performed on a sample stabilized with sepiolite. To

take~ as much as possible~ into account only the role of the stabilizer on the zeolitic water

behaviour~ it was decided to prevent ettringite or thaumasite formation during the test

Period. For this purpose~ no curing condition was applied to samples. Performing XRD

on samples following fluid retention measurement indicated the achievement of this

decision. Figure 7.10 represents the results of this series of experiments when pure

sepiolite samples are stabilized by 4% lime and 4% cement~ respectively. Comparing the

fluid retention behaviour of sepiolite stabilized by cement and lime, indicates relatively

higher fluid retention of samples containing lime in comparison with those of samples

containing cement. This performance, which is similar to the pattern shown in Figure

7.9, strengthens the conclusion made in section 7.5.2. Furthermore, comparing the fluid

retention potential of sepiolite and mixtures of sepiolite/additives indicates a decrease of

around ooly 60% in water content, following the application of stabilizer agents. In other

words~ stabilizer agents have not completely controlled the zeolitic water influences of

sepiolite over the stabilization process. This in turn makes questionable the use of cement

and lime as additives for controlling zeolitic water performance of sepiolite and

presumably palygorskite. The same pattern of high fluid retention of stabilized marly soil

- by cement and lime (Figure 7.9) in which the water capacity of soil is not weIl controlled

by the application of additives supports this conclusion.

183



40 r--------------------------,•
Chapter 7 Kinetics of Ettringite & Fluid Retention.....

-30
~-..--c

Cl.)-c
8 20
e
::3­CI)

'S
::E 10

14~4%~.1
Ol---...l..-----'-------l...-----l.----'-----...I-----....L.---~

o 123 4
Suction (PP)

Figure 7.9: Fluid retention curves for MarI samples stabilized by
4% Lime and 4% Cement, respectively.

400 r---------------------------,
Sepiolite Sepiolite + 4% Lime Sepiolite+4% Cement nlite

-.. ... e
- 300 .-.__
~ ..--
-..--C

Cl.)-c
8 200
~
::t
tî
·ô

::E 100

431
O"---........--........-----'------I..---------""----.........,;~:a...o..--"
o 2

Suction (PP)

Figure 7.10: Fluid retention curves for Sepiolite and stabilized Sepiolite
by 4% Cement and 4% Lime, respectively.

184•



7.6 LEACHING BEHAVIOUR OF MARLY SOIL• Chapter 7 Kinetics of Ettringite & Fluid Retention.....

•

The leaching behaviour of unstabilized and stabilized marI are examined ta study

the possible interaction of chloride ions, clay fraction, and lime. For this purpose, a

series of mixnues of marI and silica sand were prepared. Silica-sand passing sieve No.

16 was chosen to decrease the time required for passing severa! pore volumes of

distilIed-water during the leaching process. A mixture of 40% mari and 60% sand was

used as a blank sample. Two more samples were studied which were mixed with 4%

lime and 2% artificial ettringite, respectively. The passing of each pore volume took

several weeks. Figure 7.11 indicates the relative chloride concentration in the effluent

collected during the leaching process in relation ta the cumulative pore volume. On the

vertical axis, Cleo represents the ratio of the effluent chloride concentration C ta the

initial concentration of the soil Co' The cumulative pore volume indicates the cumulative

volume of water which passes through the sample during the leaching process.

7.6.1 Leachability of Cbloride Ions in StabiIized Soil

The chloride concentrations in the coUected effluent are seen to increase sIowly

in unstabilized marI. On the other hand, in the two samples mixed with lime and

ettringite, resPectively, the chloride concentration in the collected effluent is observed to

increase sharply in the early pore volumes. For instance, in the blanle sample (soil sample

without any additive) all chloride is discharged after passage of 15 pore volumes.

However, in the two other mixtures of marI and additives after passage of one pore

volume all chloride ions are discharged. Furthermore, it was observed that the rime

required for passage of one pore volume in unstabilized marI (few weeks) was much

smaller than that in marI and additive mixtures (few manths). The slow movement of

chloride ions in the marI sample can he attributed ta the zeolitic water effect of

palygorskite. A previous study by Warith (1987) showed that aIl chloride ions passed

through the illitic and kaolinite samples after around three pore volumes. By adding
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additive ta the marI sample as was explained in section 7.5.2 and 7.5.3, a part of the

zeolitic water role of accumulating different ions and water, is overcome. In this case the

behaviour of soil in the leaching process got close to the sail containing plate-shaped type

of minerai particles (i.e. illite and kaolinite). In addition, a high pH reaction will

solubilize a part of palygorskite fraction of soil (as it was discussed in Chapter 6), and

in this manner part of the zeolitic water effects of palygorskite will be eliminated. Even

though the possibility for formation of trichloride-alumina-hydrate was addressed in

Chapter 2, the very quick discharge of chloride ions indicates that there did not exist a

noticeable interaction for its possible formation.

•
Chapter 7 Kinetics of Ettringite & Fluid Retentioll.....

1.2 ,.--------------------------,

-u
Q, 1
c
.g
~ 0.8
ë
<1)

g
8 0.6
d.l

"0
'C
o:a 0.4
u

(1,)

>
.~ 0.2
~

MarI-Sand & 4%Lime
-e­

Mari-Sand & 2%Ettringite...
Mari-Sand•

•

o*---'-----~--""'-----.:...---""'----...L.---........-~
a 5 la 15 20

Cumulative pore volume

Figure 7.11: Relative Chloride concentration in effluents collected during leaching in
distilled-water, MarI as it is, MarI & 2% Ettringite, MarI & 4% Lime.

186



• Chapter 7

7.7 SUMMARY

Kinetics of Ettringite & Fluid Retention.....

•

A set of XRD tests were performed to investigate the kinetics of ettringite

formation when different sources of material are used to supply the major elements of

ettringite. The kinetics of ettringite formation were compared in three different cases. It

is shown that while the values of equation coefficients representing kinetics of artificial

ettringite lie within the range predicting the rate of artificial ettringite growth to he

diffusionally controlled. In sail stabilization~ the rate of ettringite fonnation is much

slower than that of artificiai ettringite. In addition, in soil stabilization the rate of

ettringite formation is govemed by the raIe of surface area over its process of formation.

In this Chapter, the role of concentration variation of ettringite's major elements on its

formation~ is investigated. The results indicated that the formation of ettringite seems to

he more sensitive to the variation of available sulfate and alumina ions rather than

calcium concentration. This conclusion once again, as indicated in Chapter 6, confirms

that choosing the appropriate percentage of additives for sail stabilization when the

formation of ettringite is in doubt, should he made by use of a physico-ehemical

evaluation rather than simply by mechanical assessment.

The extent and importance of the contribution of different clay mineraIs to

ettringite formation was investigated through a series of digestion and fluid retention

tests. Among severa! clay minerais studied in this research, it is shawn that palygorskite

bas the highest ability to contribute ta the ettringite formation. Fluid retention studies by

the use of suction experiments revealed the different roles of cement and lime on the

zeolitic water performance. Furthermore, in terms of the tluid retention potential of sail,

it was observed that the application of cement and lime did not completely control the

raIe of zeolitic water. In addition, in this Chapter sorne geo-environment characteristics

of artificial pure ettringite were addressed. Finally, the leaching performance of stabilized

marly soil in regards to leachability of chloride ions was investigated.
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CHAPTER 8

SUMMARY AND CONCLUDING REMARKS

8.1 SUMMARY

This thesis investigated the raIe of marI components and ettringite minerai on the

stability of marly sails . The use of lime and!or cement in the stabilization of mari can

often Iead to adverse results in the post-stabilization periods. The presence of

palygorskite or sepiolite in marI, contributes significantly ta its unique behaviour, and

aIso to the problems which arise in the post stabilization stage. Whereas the presence of

salts and sulfates in marI soil is important in the establishment or development of

stability, these can contribute ta the extent of minerai transformations after stabilizing the

soil.

This study bas focused on the development of ettringite, an expansive minerai,

which forms from the transformation of the palygorskite clay fraction in the marI sail as

a resuit of post stabilization circumstanees in the presence of lime and cement as

- stabilization agents. Ettringite produces high sYlelling, which can he in the order of up

to 30 centimetres in roads constructed from stabilized marI. Reactions between lime,

alumina (released from the clay fraction of soil) and sulfates present in the sail pore fluid

can cause the formation of ettringite. These reactions have been responsible for the

failure of severa! sail stabilization projects.

In this swdy, the roles of palygorskite, sepiolite, and pore fluid chemistry on

marly sails behaviour bave been evaluated in relation ta the development of stability or

instability (failure) of the stabilized marI.

A literature review was conducted in this research and a surnmary of that was
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addressed in Chapter 2 and revealed a strong need for conducting physico-chemical

research regarding evaluation of these kinds of post-stabilization fallures. Chapter 3

addressed the materials and eXPerimental methods used in this study. Chapters 4, 5, 6,

and 7 include the results and discussions of this investigation. In the following, a

summary of the investigation presented in Cbapters 4 through 7 are pointed out.

Chapter 4 covered the necessary criteria for quantitative XRD anaIysis of marly

solls and ettringite. This Chapter included two major parts.

1) In the first part of Chapter 4, through the experimental studies, current XRD

techniques for quantitative minerai analysis are evaluated. The accuracy of these methods

are investigated by the preparation of a series of artificial soil mixtures. By performing

XRD analysis on these artificial samples, the deficiencies involved in the quantitative

analysis using areas under peaks are explained. Analyses based on identical mass

adsorption are investigated and it is shown that this method is not capable of

quantitatively analysing artificial mixtures having sepiolite and palygorskite. The

problems involved in the use of only major reflected lines in the quantitative minerai

evaluation is addressed. Then mineral diagnosis using the internaI and extemal standard

methods are investigated. It was shown that by application of the externa.l standard

method, and aim of ooly the major retlection line, palygorskite shows a lower peak

intensity in its major basal spacing when compared to sepiolite, leading to

underestimation of its presence in the minerai quantification when this method is used.

Through the calculation oI the coefficient of correlation, the poor accuracy of these·

methods in the evaluation of an artificial multi-pha.se system of Marly soils is addressed.

2) Finally in Chapter 4, a quantitative XRD method for Marly soils and ettringite

is proposed. The theoretical basis of the proposed quantitative XRD analysis is based on

the relationship established between the intensity and the absorption coefficient of the soil

sample as suggested by Klug and Alexander (1954) and Brindley (1961). By introducing

a coefficient dermed as the "average weighted intensity" and by use of the reflection lines

with an intensity weighting factor of equal or more than 30, the above mentioned
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theoretical basis is developed. By performance of XRD on a series of artificiaI marly

samples having ettringite, a series of practical graphs for XRD minerai quantification of

marly soils and ettringite is presented. Validation of these established graphs for XRD

quantification were investigated by the use of 6 artificial mixtures of palygorskite,

sepiolite, calcite, kaolinite and ettringite. The coefficient of correlation found between

predicted and quantity of minerais present in the mixtures was 90%.

Coopter 5 comprised four major aspects of marly soils behaviour before

stabilization, as follows:

1) In the frrst part of Chapter 5, severa1 CEe measurement methods were used

on marI samples. By the use of illitic soil as a control sampIe, it was observed that these

common methods lead ta incorrect results in the CEe measurement of marly sail. This

is attributed to the zeolitic water performance of palygorskite and the presence of sulfate

in pore fluid of mari. A rermement in the barium.-chloride method for CEe measurement

of this type of sail, specifically when potential determining ions presents in sail pore

fluid, is suggested.

2) In the second section of Chapter 5, the results of X-ray tests indicate that the

clay fraction of marI is dominated by the presence of palygorskite. By application of the

proposed method based on severa! sail washing processes, pure palygorskite clay minerai

was extracted from marly sail where its purity was confumed by XRD analysis. This

helped to investigate the role of pure palygorskite on the marI performance. The generai

applicability of the suggested method for separating different fractions of soil was

confrrmed by separating pure illite from illitic sail which is rich in calcite and other clay

minerais.

3) In the third part of Chapter 5, the raIe of mari components on its behaviour

is evaluated. By conducting a set of physico-chemical tests, the fundamental performance

of sepiolite and palygorskite as distinguished clay minerals was investigated. In other clay

minerais there is a relation between soil cation exchange capacity (CEC), specifie surface

area (SSA), and water sorption capacity. For instance, as the CEC and SSA ïncrease, the
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water sorption capacity of soil ïncreases. However, sepiolite and palygorskite in spite of

their low CEe, show high surface area and fluid retention in comparison with the fluid

retention of other clay mineraIs which is attributed to the zeolitic water performance.

Following application of modified barium-chloride method, as an extractable solution,

sodium was observed as the main exchangeable cation of palygorskite in which the

exchangeable sodium percentage (ESP) was more than 50%. This suggests that even

before stabilization, palygorskite may he one of the significant sources of marI

dispersivity perfomlaIlCe.

4) Finally in Chapter 5, based on performing a literature review and the

experimental results of this research, which indicate the noticeable performance of

palygorskite and sepiolite, a new classification for marly soils is presented. This

classification focuses attention on the presence of palygorskite or sepiolite as the major

fractions of marI which control marI behaviour. It is speculated that the very noticeable

fluid retention of palygorskite and sepiolite, chemistry of pore fluid and presence of PDI

in conjunction with high swelling performance of these minerais, contribute to the

instability of marI before stabilization. In addition after stabilization, the very noticeable

pore fluid holding capacity of marI which can accommodate sulfate in the zeolitic water

of palygorskite/sepiolite and the high alumina content of palygorskite, cau strongly

contribute to the post stabilization failure of mari by formation of ettringite minerai.

Chapter 6 discussed the mineraI transformation of palygorskite, and ettringite

development in stabilized marI. This Chapter covers soil stabilization evaluation from the .

mechanical, chemical, and mineralogical aspects. Three criteria have been used to

evaluate the stability of the stabilized mari sail. These include, pH evaluation, Atterberg

limit variation, unconfined compressive strength, and/or CBR testing. The results ofthis

Chapter indicate that the general geoteehnical mechanical/physical criteria used to

evaluate stabilized soil performance may not he reliable for the evaluation of stabilized

mari because of the possible formation of ettringite and its resuitant behaviour. A set of

physico-chemical studies whieh inelude specifie surface area measurements (SSA), and
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x-ray diffraction (XRD) are needed for a more complete and realistic evaluation of the

Iong-term stability of stabilized marI. Finally the necessary conditions for ettringite

formation and its stability are investigated.

Chapter 7 included the evaluation of kinetics of ettringite and fluid rerention of

stabilized marI and ettringite. This Cbapter consists of four major parts.

1) In the frrst. part of Chapter 7, the major differences of kinetics of ettringite

when artificially formed are compared with that of stabilized saiL It is shawn that when

the kinetics of artificial ettringite formed from different sources is diffusionally

controlled, in sail stabilization the rate of its formation and growth is govemed by

surface area. Then the raIe of sulfate, alumina, and calcium on the ettringite formation

was investigated. It was observed that in all different mixtures of samples producing

artificial ettringite, the maximum value of ettringite's XRD peak was achieved when the

concentration of elements lies in accordance with the stoichiometric concentration of

these elements. Moreover, in this series of experiments the formation of ettringite was

found to he more sensitive to the variation of available alumina and sulfate ions rather

than calcium concentration.

2) In the second part of Chapter 7, the contribution of different clay mineraIs on

ettringite formation is investigated. This was performed by evaluation of the total

reIeasibie alumina of clay minerais and releasible alumina of clays at different pH.

Among the clay minerals studied, palygorslcite was found to be richest in alumina,

providing the highest source of alumina for ettringite formation.

3) In the thiId part of Chapter 7, the noticeable fluid retention and swelling of

ettringite is addressed. In terms of fluid retention, the performance of stabilized soil by

cement and lime is compared and the role of stabilizer agents upon zeolitic water are

investigated.

4) Finally in the last part of Cbapter 7, the leaching behaviour of marly soils with

a significant attention to the availability of chloride ions over the leaching period was

investigated. That was done by analysing the concentration of chloride in effluent, after
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passing of different pore volumes of solution through the soil leaching column. This

element usually exists in a marI environment and is known to affect the extent of

ettringite formation.
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8.2 CONCLUDING REMARKS

The main concluding remaries which were derived from this research can he

summarized as follows:

1. Soil washing technique bas the ability to separate different fraction of soils.

Specifically the separation of pure clay fraction from calcite was achieved and

conrrrmed by XRD.

2. The role of soil fahric has to he considered in the clay identification by XRD. For

instance, in marly sail it was observed that the raIe of salt on sail fabric will not only

affect the magnitude of the reflection lines of the palygorskite, it aIso alters the intensity

of mineral's peaks. In snch a case, soil wasbing will provide a more oriented soil

structure- which bas the highest possibility for achieving theoretic reflection Iines. The

use of parallel physico-ehemical experiments jointly with XRD in clay identification, will

help to decrease the possibility of identifying mineraIs by mistake. As an example, the

basal spacing of palygorskite in salty marI was observed to he 10.07 angstrom (around

that of illite) which increased to 10.4 after several soil washing. The latter basal spacing

corresponds to the theoretical value for palygorskite.

3. In clay minerai identification by XRD, the use of parallel experiments, including

soil characteristic evaluation, are strongly suggested. This will help to avoid common

mistakes in sail minerai identification which accur due to the similarity of reflection lines

of minerals. As an example, for a soil sample from which during the treatment process

the amorphous and organic materials are removed, and known to he rich in illite and

quartz (very common in soils in eastem Canada), the very low surface area or CEe, will
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confrrm that soil is mainly rich in quartz rather than illite. Even though in snch a case

the frrst major reflection line of quartz might he mistaken for illite's reflection line. It

is noticeable that in sorne illitic soils, the major reflection line is known to he around

3.35 angstrom instead of 10 angstrom. Specifie surface area measurement, CEe

evaluation, Atterberg limit testing and soil classification can strongly help to avoid these

significant sources of error.

4. Among the clay mineraIs studied in this research, it was observed that

palygorskite bas the highest ability to release alumjna ions in a high pH environment.

Even though sepiolite bas a very low quantity of releasable alumina, as one of the major

elements for ettringite formation, the high water holding capacity of sepiolite, providing

sulfate ions for chemical interaction, contributes to the post-stabilization fallure caused

by ettringite formation. This noticeable water holding capacity is attributed ta the open

structure of these mineraIs.

5. The very common method of soil stabilization, which focuses attention on the

mechanical aspects of soil performance, is not capable of evaluating the fallures and

instability of stabilized marI due to ettringite formation.

6. Ettringite formation, whose presence appears in XRD, could explain the

conflicting resu1ts between mechanical and physico-chemical evaluation of soil

stabilization. Furthennore, the observation of high swelling of pure ettringite which was

measured in the order of 50%, strengthens this school of thought !hat expansion produced

by formation and presence of ettringite is mainly due to the swelling and water­

adsorption characteristics of ettringite.

7. PalygorsIdte and sepiolite minerais significantly control marI behaviour.

Therefore, their presence in combination with carbonate makes the clay-carbonate more

distinguishable than any other clay-carbonate mixtures. From this view point, no

combination of clay-carbonate will he considered as marly soil, but the presence of

palygorskite or sepiolite would be necessary to expeet the common instability of marly

soils. In this relation, the proposed mechanistic model is able to explain the changes in
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the integrity of the compacted natura! marly soils caused by their wetted-state (i.e. the

simultaneous collapsible, dispersive, and swelling behaviour of marly soils in their

compacted natura! state following wetting).

8. For quantitative clay minerai identification by XRD, the use of aIl major reflection

lines of minerais having a weighting factor equal to or more than 30, provides good

agreement between the computed and the real quantity of each minerai present in the

artificial marly soil and ettringite samples.

9. The kinetics of artificial ettringite formation using alumina sulfate follows the

pattern of its formation when tri-ealcium aluminate is used as a source of ettringite

formation. Even though in the former case ettringite forros faster, in both cases the rate

of ettringite growth is diffusionally controlled. In sail stabilization it was observed that

the rate of ettringite formation is controlled by the surface area in chemical interaction.

10. The formation of ettringite was found to he more sensitive to the variation of

available sulfate and alumjna ions rather than the calcium concentration. This is

particularly significant in terms of the importance of the physico-chemical evaluation of

soil stabilization rather than the mechanicallphysical assessment when sulfate is present

in the pore fluid of soil.

11. In terms of controlling fluid retention of soil and the role of PD/s, cement shows

a better influence on stabilized mari performance in comparison to lime. Stabilized marI

by lime bas a higher fluid retention than that of cement. The siaking behaviour follows

the saine pattern.

12. Over the post-stabilization period, the very time dependent pattern of releasable

alumina and silica fraction of clay soils provides a very flexible and variable molar ratio

of major elements required for ettringite formation. This may directly affect the eXtent

and rate of ettringite fonnation in soil stabilization. In such a case, the common

established molar ratio for ettringite fonnation, in cement hydration, is not applicable in

sail stabilization evaluation.
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8.3 STATEl\.ŒNT OF ORIGINALITY

Summary and Concluding Remaries
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The major contributions and originality derived from this research are as follows:

1. Prior classifications of marly soil were developed and a new classification for marly

soils is presented.

2. The impact of structural changes of stabilized marI on its performance are assessed.

In this matter, sorne basic aspects and physico-chemical characterization of

palygorskite, sepiolite and ettringite are quantitatively presented. The possible

contribution of palygorskite and sepiolite to the post-stabilization fallure due to

ettringite formation was investigated.

3. An experimental XRD analysis method was developed for marly soils and ettringite.

A series of practical graphs for quantification of minerai transformation in marly

soils and ettringite formation are suggested.

4. A soil washing method to extract pure palygorskite or clay fraction frOID the soil

mixture was developed and validated by XRD analysis.

5. The deficiency of the current mecbanical-geotechnical evaluation method of soil

stabilization are experimentally indicated. It was shown that physico-chemical

investigation including XRD analysis is the best and mandatory tool for evaluating

stabilized soil performance when lime or cement are used as a stabilizer agents

and sulfate is present in the pore fluid of soil or sail environment.

8.4 SUGGESTIONS FOR FURTHER STUDIES

By and large, the study of the formation and raIe of ettringite on the stability of

sails bas received little attention within international soilliterature. In other words, still

many aspects remain to he investigated. Further research can he performed on the

following issues:
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1. The raIe of amorphous materials on the early formation of etttingite can he

studied by preparation of artificial samples and use of XRD. In Cbapter 6, sorne

major key points have already being addressed.

2. Sepiolite due ta its high quantity of silica may he critical due ta the formation of

thaumasite {C~[Si(OH)J2.(C03)2.(S04)2.24H20} following soil stabilization. The

extent and rate of thaumasite formation and its contribution to the deterioration

of stabilized soil bas not been investigated yet.

Quantitatively investigating the role ofchloride ions on the magnitude and kinetics

of ettringite formation can he another issue for future studies.

3.
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Appendix 1

ERROR ANALYSIS

1.1 INTRODUCTION

This section includes a brief application of the formulation used for error analysis

in the evaluation of experimental results of this research. Most of this Appendix is cited

from two references by Ang & Tang (1975) and Ha" (1977).

1.2 THE NORMAL DISTRIBUTION

The best-known and most widely used probability distribution is the normal

distribution. The normal distribution bas a probability density function given by :

1 1 x-J,L 2h(X) - exp[--(-) ] -OO<x<oo
aJ21t 2 a

(LI)

•

where iL and q are the parameters of the distribution of the variate, which are also the

mean and standard deviation, respectively. A normal distribution with parameters J.L =0

and q= 1.0 is known as the standard normal distribution

1.2.1 Mean or Expected VaIue, Variance and Standard Deviation

The mean or expected value is the weighted average of the different values of the

random variable which may he associated with different probabilities or probability

densities. Therefore, if X is a random variable with a probability mass function (PMF)

Px(xJ, its "weighted" average value, denoted as E(X), is:
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(1.2)

Similarly, for a continuous random variable X with a probability density function

fx(x), the mean value is as follows:

(1.3)

The next most important quantity of a random variable is its measure of dispersion

or variability. That is, the quantity which gives a measure of how closely the values of

the variate are clustered (or conversely, how widely they are spread) around the central

value. The variance which is a measure of such a dispersion is calculated as follows:

(1.4)

in which 1Lx=E(X). In other words, it is simply the weighted average of squared

deviations. If X continues with probability density function of fx(x), the variance is as

follows:

(1.5)

Dimensionally, a more convenient measure of dispersion is the square root of the

variance, or the standard deviation q which is as follows:

(1.6)

•

Since, solely on the basis of the variance or standard deviation, it is hard ta say

whether the dispersion is large or small, the measure of dispersion relative to the central

value is more useful. In other words 1 whether the dispersion is large or small is

meaningful only relative to the central value. For this reason, the coefficient of variation

(COV), is defmed as fol1ows:
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(l.7)

This is often a preferred and convenient non-dimensionaI measure of dispersion

or variability.

The other parameter used in the evaluation of experimental results is the

correlation factor which is dermed as follows:

r (l.8)

in which SSI and SSy are variances calculated simiIar to Equation 1.4, and SSry is the co­

variance of the data which can be calculated as follows:

ss :E;..t (Xi-.ù(yi-~
ry N

(l.9)

•

1.2.2 Mean and Variance of a Linear Function

Assuming the linear function as Y=aX+b, where a and b are constants. Then

according ta Equation 1.3, the mean value of Y is the mathematical expectation ofaX+b,

or

whereas the variance of Yaccording to the Equation 1.5 is as follows:

Furthermore, if Y =aIXI+a2X2t where al and a2 are constants, then similar to the

above derivation, one will get:
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(1.12)

That is, the expected value of a sum is the sum of the expected values. The

corresponding variance is:

(1.13)

If Xl and X 2 are statistically independent, COV(Xl'X~=O and the latter Equation

reduces to:

(I.14)

1.2.3 Mean and Variance of a General Fonction

For a general function of a random variable X, in which Y=g(X), according to

Equation 1.3 and 1.5, the mean and variance would he:

and

E(Y) =f:'g(z)h(z)dx (1.15)

(1.16)

•

To obtain the mean and variance of the function Y with the above relations,

information on flx) is needed. In many applications, however, the density function flx)

may not he lcnown, infonnation may he limited ta the mean and variance of the original

variate X. Furthennore, even when fx(x) is known, the integration indicated above may

he difficult to perform. For these reasons, the approximate mean and variance of the

function Y would be particularly useful and may he obtained as follows. If one expands

g(X) in a Taylor series about the mean value JLx' one will follow:
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(I.l1)

where the derivatives are evaluated at f.Lx.

If the series is truncated at the linear terms, one obtains the frrst-order

approximate mean and variance of Y as follows:

(l.18)

and according to the Equation 1.11, and having g{j.LJ and J.Lx as a constant, one will get:

var(l')-var(x-Il%)(~-Var(X)(~2 (1.19)

In the general case, if Y is a function of several random variables, that is

(1.20)

similar to the previous derivation one can get the mean and variance of Y as follows:

(1.21)

which says that the mean of the function is equal (approximately) to the function of the

means; and

Var(1') - E'.1 (:;/Var(Xi)

1

(1.22)

•

assuming the variables are independent and consequently the covariances are zero.

The coefficient of variation (COV=ul'!J that is likely to occur in the results of

certain common tests, is shown in Table LI (Stamatopoulos 1985). These coefficients of

variation may he used to calculate the quantiry of u for the above fonnulation.

218



•

•

Appendix 1 _ . . Error Analysés

Table LI: Typical values of the coefficient of variation V for Laboratory results.

Property Range of V

Natural water content 0.15-0.63

Liquid limit 0.12-0.40

Modulus of compressibility 0.18-0.65

Coefficient of consolidation 0.56-1.01

Unconfmed compressive strength 0.41-1.00

Unconsolidated undrained triaxiaI compressive strength 0.22-0.51

Percentage tmes (fraction passing sieve no 200) 0.12-0.87

Organic content 0.76-0.93

Maximum dry density from compaction test 0.02-0.04

Specific gravity of solids 0.01-0.02

1.3 CONFIDENCE LIMITS

From the study of sample statistics, p. (p.=~X/N) and u Ccr=~(Xi-p.)2/N) are

representative of the best estimates of the population parameters. In which N is the

sample size. However, the sample parameters will not exactly he equaI to those of the

population. An intervaI estimate, which provides a measure of the possibility that a

parameter lies within a certain interval of vaIues, is called confidence limits. On the other

hand, this leads to the detmition of confidence levels Ci.e. 90% confidence which is used

in this research). Confidence level is the measure of the reliability of the confidence

interval which includes the population parameter under study (i.e. intervaI between lower

confidence level, L, and upper confidence level U). Therefore, the confidence level, q,

that a parameter p will be included in the interval L to U is as follows:
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P[L:s;psU] =1-cr; =q
(1.23)

The choice of the value of q is a matter of the risk that one is willing to take in

accepting an erroneous value of a parameter. The value of a is the probability that the

ÏDterval L to U will not include the parameter.

1.3.1 Confidence Intervals for IL (0" Known)

When sampling from a normal population with unknown mean, JL, and known

variance dl, one obtains the expected value of the sample, X, which bas a standard

deviation of (JIN. Hence the variable,

X-Po
Z=--

a/IN

bas a standardized normal distribution, and

P[-z :s;Z:s;+Z ]=l-cr;=q
a.f2 af2

(I.24)

(I.25)

•

where -Zan. and +Zan. are tails representing the areas under the standardized normal

curve. For instance, by assuming a confidence level of q =0.90%, and using Equation

1.23 in which, l-a=O.90, one will get a=O.l. Then by use of Table 1.2, the area up to

point Z will be O.5-a/2=O.5-0.1/2=O.45. Finally by fmding the quantity of area equaIs

0.45 and by use of Table 1.2, one can read the quantity of Zan. to he equaI to 1.64.

By combination of the Equations 1.24 and 1.25, one can come up with the

following Equation:

(I.26)

Equation (I.26) is valid for any sample size given that u is known, and the parent
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population is normal.

1.3.2 Confidence Intervals for J.L (0- Unknown)

When sampling from a normal distribution with unknown variance, it can be

shown that the random variable (X- p.)/(s/~, where s=standard deviatian of the

sample, has a t-distribution (Student's t-distribution, Table 1.3). N-l which appears in the

calculation of s is called the degrees of freedom. The t-distribution resembles the normal

distribution, being symmetrical and bell-shaped, but is lower in the centre and higher at

the extremes (at the left and right band of two sides of the distribution curve). When

N >30, the t-distribution and the normal distribution are aImost identical.

Accordingly, using the t-distribution, Equation (1.26) becomes:

(l.27)

•

In this research, the quantity of standard deviation is either determined based on

data presented in the Table 1.1 and the calculated mean of experiments, or is computed

directly by caIculation of the standard deviation of sampling. In sorne cases, such as fluid

retention measurement and XRD 7 severa! experiments were performed on control samples

ta establish the coefficient of variation for these experiments. Larer on, these established

coefficients of variation are used to calculate the standard deviation of certain cases.
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Table 1.2: Areas unde! the Standard Nanna! Curve from 0 to z.

Area=0.5-cd2

~Area=œ/2
0 %

- .(J(J .rJl .(J~ JJ3 .ru .115 .(/(/ JJï .(J.,\ .(JfJ-

0.0 .0000 .0040 .uo~o .0120 .0160 .UII.)l) .0231.) .O~79 .(1319 .0359
0.1 .039S .U43~ .O·P~ .0517 .0557 .0596 .0636 .0675 .()71~ .0753
0.1 .0793 .0~31 .0~71 .Ol) 10 .Œ~S .ol.)~n .1026 .1064 .IIU3 .1141
0.3 .1179 .1217 .1155 .1293 .1331 .136S .1406 .1~43 .14S0 .151i
0.4 .15~ .159( .16~X .166~ .Iïoo .1 ï36 .171'2. .ISOS .18~ .18;9

0.5 .1915 .1950 .19S5 .~Oll.) .2054 .20S~ .2123 .2157 .111.)0 .~2~

0.6 .2257 .2291 .2324 .2357 .23~N .2422 .2~54 .24~6 .2517 .2549
0.7 .2580 .2611 .2642 .1673 .2;0-+ .2734 .2764 .2794 .1813 .135~

0.8 .18S1 .2910 .2939 .2967 .2995 .J023 .J051 .3078 .3106 .3D3
Confidence 0.9 .3159 .3186 .3212 323S .326-1 .Jl~9 .3315 .334U .3365 .J3S9
level (l-a) Zan. 1.0 .3413 .3438 .3461 .34:)5 .350S .3531 .3554 .3577 .3599 .3621

1.1 .3643 .3665 .3686 .3708 .3129 .3749 .3770 .3790 .3~1O .3830
90 1.64 1.2 .3849 .JS69 .JSSS .3907 .3925 .3944 .3962 .3980 .3997 . AOl5
95 1.96 1.3 04032 .4049 .4066 .40~1 .4009 .4115 04131 .4147 .4162 AI-:";
95.45 2.00 1.4 .4192 04207 .4222 .4236 .4251 A265 .4271.) .4192 .4306 .4319
98 2.33 1.5 .4331 .4345 .4357 .4370 A3:s1 .4394 .4406 .4418 A-QI.) .4..~..H
99 2.58

.4451 .4463 .4474 .4495 .4505 04515 .4515 .4535 .4545
99.5 2.81 1.6 .44S4

99.73 3.00
1.7 .4554 04564 04573 .45~2 .4591 .4599 .460S .4616 A625 .4633

99.9 3.29
1.8 .4641 .4649 .4656 .4664 .4671 .467S .46~6 .4693 .4699 .4706
1.9 .4713 .4719 .47:!6 .4ï3:! A73S .~i44 .4750 .4756 Aï61 A767

99.99 - 3.89 2.0 .4771 .4778 .47S3 A7S8 .4Î93 . .4798 AS03 .4808 .4812 .481:-
99.994 4.00

2.1 -4821 .4816 .4830 A834 A::i3~ 04841 A:i46 .4850 .4854 .485ï
2.1 .4861 .4864 .4868 A871 AS75 A878 04881 .4884 .4887 A890
23 .4893 .4896 .489S .4901 A904 A\}()6 .4909 .4911 .4913 .4916
2.4 .4918 .4920 .4922 .4915 .4927 .4929 .4931 .4931 .4934 .4936
2.5 .4938 .4940 .4941 .4943 .4945 .4946 .494S .4949 .4951 .4952

2.6 .4953 .4955 .4956 .4957 .4959 .4960 .4961 .4961 A963 A964

27 .4965 .4966 .4967 .4968 .4969 .4970 .4971 .4971 .4973 .4974
2.8 .4974 .4975 .4976 .4977 .49iï .4978 .4979 .4979 .4980 .4981
2.9 .4981 .4982 .4982 .49S3 .49~4 .4984 .4985 .4985 .4986 .4986
3.0 .4987 .4987 .4987 .4988 .49SS .49S9 .4989 .4989 A990 .4990
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Table 1.3: Confidence coefficients, t distribution.

Confidence lc\'eI (1 - :%) for lwo-lailc:d dl~[ribu[ions. ~;

Degrec:s 90 95 98 99 99.9
of
rreedom a.12: 0.05 0.015 . 0.01 0.005 0.0005 (:t for one-taiIed distributions)

1 6.314 12.706 31.821 63.657 636.619
2 2.910 4.301 6.965 9.925 31.598
3 2.353 3.181 4.541 5.841 12.941
4 2.132 2.776 3.747 4.604 8.610
S 2.015 2.571 3.365 4.032 6.859
6 1.943 2.447 3.143 3.701 5.959
7 1.895 ~J6S 2.998 3.499 5.40S
g 1.860 ~306 2.896 3.355 5.041
9 1.833 1262 2.821 3.250 4.781

10 1.812 2.218 2.764 3.169 4.587
!1 1.796 2201 2.718 3.106 4.437
12 1.782 2.179 2.681 3.055 4.318
13 1.771 2.160 2.650 3.012 4.221
14 1.761 2.145 2.624 2.977 4.140
15 1.753 2.131 2.602 2.947 4.073
16 1.746 2.120 2.583 2.921 4.015
17 1.740 2.110 2567 2.898 3.965
18 1.734 2.101 2.552 2.878 3.922
19 1.719 2.093 1.539 2.861 3.883
20 1.725 2.086 2.528 2.845 3.850
21 1.721 2.080 2.518 2.831 3.819
12 1.717 2.074 2508 2.819 3.792
2J 1.714 2.069 2500 2.807 3.767
24 1.711 2.064 2.492 2.797 3.745
25 1.708 2.060 2.485 2.787 3.725
26 1.706 2.056 2.479 2.779 3.707
27 1.703 1.052 2.473 2.771 3.690
28 1.701 2.048 2.467 2.763 3.674
29 1.699 2.045 2.462 '2.756 3.659
30 1.697 2.042 2.457 2.750 3.646

40 1.684 2011 2.423 2.704 3.551
60 1.671 2.000 2.390 2.660 3.460

120 1.658 1.980 2358 2.617 3.373

ce 1.645 1.960 2.326 2.576 - 3.291

f(l}

• _L.........<'--L-L-..:....L -+- ~~~.........---~l
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Appendix II

DETAlLED DESCRIPTION OF

SOME OF 'tHE EXPERIMENTS

II.1 SPECIFIe SURFACE AREA l\1EASUREMENT

The surface area of sail samples was detennined using ethylene glycol mono-ethyl

ether (EGME) following the procedure described by Eltantawy and Arnold (1973), and

Caner et al. (1986). This method is based upon the assumption that the EGME forros a

mono-molecular layer on the sail particles. It is known that the amount of EGME

required ta caver 1 m2 of the sail particle surface is 2.86 x 10 4 g EGME per m 2 of the

surface (Carter et al. 1986). Therefore the surface area of the soils could be determined

by monitoring the variation of weight of the sample before and after the addition of

EGME. Before the addition of EGME, one gram of sail was completely dried. This was

ensured by drying the sample to constant weight in an evacuated desiccator over

phosphorus pentoxide (P205). Periodic measurement confrrmed that constant weight was

obtained. Then EGME was added to soil and the same process was followed while

desiccator was evacuated over CaC12• Each time evacuation was performed for 45

minutes, then the sample was reweigh at suceessively longer intervals until a constant

weight was reached. Finally, by having the amount of EGME required to caver 1 ni of

the sail particles' surface, and the amount of EGME used ta caver the sail sample's

surface in this test, the specifie surface area of soil can he calculated.
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II.2 DETERMINATION OF AMORPHOUS MATERIAL

The main issue in determination of amorphous material is whether or not an

extraction of amorphous material frOID a representative soil sample would attack the

crystalline fraction of soil. Segalen (1968) suggested a method based upon a different sail

washing process with acid and base. This technique is based on the fact that the

amorphous portion, due ta its high surface area, is rapidly dissolved while during this

process, crystalline material fraction dissolved by almost a steady dissolution rate and the

dissolution happens after amorphous removal. Yong and Wang (1990) based on the

experimental results of natural-artificial sediments, and by the addition ofknown amounts

of synthesized amorphous material t indicated that the Segalen method is quite acceptable.

The sample of 1 gr oven-dried soil was mixed and shaken with 30 mL of 8 NHCI

solution for 30 minutes. This provided low pH is appropriate for dissolving the alumina

and iron. Then the sample was mixed with distilled water, shaken and centrifuged to

remove and discard the excess Hel. This was proceeded by adding 0.5 N NaOH, and

keeping the sample in a hot water bath for 5 minutes to accelerate dissolution of silica

and alumina. The whole procedure of alternate washing of acid and base was repeated

eight times on the same soil sample. The amorphous material content can he calculated

based on the non-linear fraction of dissolution curve as is presented in Figure 6.12.

Getting to the linear fraction of the dissolution curve is a sign of amorphous material

removal and the indicator of the steady state dissolution of the pure crystalline minerais.

Finally the amount of different fraction of amorphous material was colorimetrically

measured.

II.3 ORGANIC CONTENT EVALUATION

Organic content measurement was performed using the hydrogen peroxide (H20J

oxidation technique. This method requires treatment of soil with H20 2 and reporting the
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weight 1055 of the sample which will he due to the organic removal. To do so, an oven­

dried soil sample, was placed in a beaker and a small quantity of hydrogen peroxide was

added. To accelerate organic removal, the beaker was wanned on a hot plate and the

sample left to react overnight. This process was performed periodicaIly, until no more

reaction was observed. Finally the sample was washed with distilled water and

centrifuged to remove the excess hydrogen peroxide. The settling sample was oven-dried

and the difference in weight was reported as an organic content and calculated in terms

of ratio to the initial dry weight of the soil. This process was used to remove the organic

content of soil sample before performing XRD analysis.

Another method carried out to measure the organic content of soil, was based on

the addition of potassium dichromate to the sample. Potassium dichromate (K2Cr207) is

a strong oxidation material which removes the organic matter. Titration technique was

carried out to measure the required amount of potassium dichromate to eliminate organic

matter of a certain amount of dry soil sample. This method· is suggested for organic

measurement of soils containing low quantity of organic

II.4 SOIL CARBONATE CONTENT MEASUREMENT

Severa! methods are presented for carbonate measurement of solis (Hesse 1979,

Quigley et al. 1982). The XRD analysis and rapid titration method (Hesse 1979) were

used to measure the carbonate content of soil samples. This method is based on titration

of a sample with 1 M hydrochloric acid and sodium hydroxide solution, respectively.

This method is reported to he suitable for the routine analysis of a large number of

samples where an accuracy of about 1 % is sufficient.
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Appendix ID

XRD PATTERNS OF SOIL SAl\1PLES AND ETTRINGITE

ill.! INTRODUCTION

This Appendix includes sorne of the XRD patterns of soil samples and ettringite which

were performed in the current research. Due to the numerous XRD analyses conducted

in this study, only a part of them are presented in this section. These are shown in the

following pages .
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Table m.l: Mineral Identification. MarI sampie.

hkl Observed Identification

dSpacing

- 14-14.4 Chlarite, Montmorilonite

-110 10-10.4 Palygorskite

- 7.1 ChIarite, Kaolinite

- 6.33 Palygorskite, Feldspars

- 5-5.38 Palygorskite, Illite

- 4.46-4.92 ChIarite, Kaalinite, Mantmorilonite, Palygorskite

- 4.27 Quartz, Gypsum

- 4.03-4.3 Feldspars, Palygarskite

012 3.85 Calcite

3.56-3.88 Feldspars

- 3.34-3.35 Quartz, lUite

- 3.20 Palygorskite, Feldspars

- 3.04 Calcite, Palygarskite

013 2.9 Arcanite

- 2.87 Arcanite, Gypsum, Dolomite

341 2.58 Palygorskite

- 2.49-2.53 Palygorskite, Arcanite

- 2.28 Quartz, Kaalinite, ChIarite, Montmarilonite

200 2.13 Quartz

- 2.09-2.19 Calcite, Dolomite

116 1.87 Calcite

- 1.82 Quartz, Dolomite

122 1.60 Calcite

211 1.54 Quartz

203 1.37 Quartz
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Table m.2: Mineral Identification. Extracted Pure Palygorskite.

bkI Observed Identification

d Spacing

-110 10.4 Palygorskite

200 6.33 "
130 5.38 "

040 4.46 Il

-221 3.65 Il

-231 3.35 Il

-311 3.22 "

-151 2.88 Il

341 2.59 tI

440 2.54 Il

Table ID.3: Mineral Identification. Sepiolite Sample.

hkI Observed Identification

d Spacing

110 12.1 Sepiolite

130 7.47 Sepiolite

040 6.73 Sepiolite

150 5.01 Sepiolite

060 4.5 Sepiolite

131 4.31 Sepiolite

260 3.75 Sepiolite

080 3.37 Sepiolite

331 3.2 Sepiolite
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Table ffi.4: Mineral Identification, sail washing method, layer 1 (Chapter 5).

hkI Observed Identification

dSpacing

-110 10.4 Palygorskite

200 6.33 "
130 5.38 "

040 4.46 "

-221 3.65 "
-231 3.35 "

-311 3.22 "
400 3.17 "
-151 2.88 "

Table m.s: Mineral Identification, soil washing method. layers 5 & 7 (Chapter 5).

hkl Observed Identification

d Spacing

-110 10.4 Palygorskite

- 7.1 ChIonte, Kaolinite

200 6.33 Palygorskite

130 5.38 Palygorskite

- 4.5-4.9 ChIonte, Kaolinite

100 4.26 Quartz

- 4.03-4.3 Feldspars, Palygorskite

012 3.85 Calcite

- 3.56-3.88 Feldspars

101 3.34 Quartz

- 3.24 Feldspars, Palygorskite

104 3.03 Calcite
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Figure IILI: XRD peaks for the three samples of Marl, different stages of weathering.
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Figure 111.2: XRD diffractogram, extracted Palygorskite sample.
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Figure 111.3: XRD diffractogram, Sepiolite sample.

6400 1 1

[counts)1 I\S
4900

3600

2500

1600

900

400

100

S=Sepiolite
s

0.° 1 i i 1 i 1 i 1 i Iii 1 1 1 1 Iii Iii 1 1 Iii i 1 i 1 i Iii i Iii 1 1 1 1 1 1 1 Iii Iii i 1 1 1

233

• •



(J\
(\)

U1

~

o
a

Et. 9.72 A

Et. 4.69 A

Et. 3.88 A

l\)
(\)

U1

Et. 5.61 A

Et. 4.97 Â

Et. 3.6 Â
Et. 3.47 A

Et. 3.24 Â

o
o

Et. 8.9 A

Et. 3.02 Â

:~~~~~~~~==~. Et. 2.77 Â
Et. 2.61 A

Et. 2.54 A
Et. 2.41 Â

(\)

U1

o
o

00

Ul

Ul

Ul

1\)

Ul

•

)Jo L-- -= ---J•

1\)

o

U1

Et. 2.21 À

Et. 2.15 À

Et. 1.85 A

Et. 1.66 À

Et. 1.62 À



Figure III.S: XRD diffractogram, soil washing method, layer 5 (section 5.3) .
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IXRO diffractQgrams Qf artificial samples. 2-Apr-1997 10;10
2025 , i
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K= Kaolinite, P=Palygorskite. C=Calcitc, Et= Ettringite

64Mcthod= 0.025 gr K+ 0.025 gr P+ 0.075 gr C+ 0.075 gr Et
65Melhod= 0.075 gr K+ 0.075 gr P+ 0.025 gr C+ 0.025 gr El

Figure 111.6: XRD diffractogram, artificial soil mixture.
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