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Abstract

This study is addressed to the chemical reactions that occur in engineered geo-materials
during theinteraction of clay mineralsand lime (e.g. pozzolanic reaction). Thesereactions
were investigated on three different clay minerals (kaolinite, illite and montmorillonite)
in the system clay mineral-lime-water. Due to the solidifying, cementing character of the
pozzolanic reaction, the study is subdivided into the period before substantial solidifica-
tion occurs, mainly influenced by cation exchange phenomena, and into the period after,
mainly influenced by dissolution and precipitation phenomena. The impact of these
chemical reactions on physical properties (rheology, microstructure) of engineered geo-

materials are shown.

The addition of lime to aqueous sodium-montmorillonite-dispersions results in the short-
term in an equilibrium shift towards the calcium form of the montmorillonite. Thisis
mainly because of the high aqueous calcium concentration in equilibrium with lime. An
intensifying effect due to the calcium speciation at high pH appeared very probable. In
either case, re-adsorption of sodium on lime-treated montmorillonite was hindered. The
different sorption behaviour of the clay minera’s edge and outer surface sites on the one
hand, and interlayer sites on the other hand, greatly influences the crystalline swelling
behaviour of the montmorillonite and the yield point of its dispersions. The preferred
sorption of calcium into the interlayers causes sodium to sorb primarily on the outer sur-
faces of the clay mineral. Sodium entersthe interlayer space and causes interlayer expan-
sion only after occupancy of these outer surfaces. These effects resulted in a significant
increase of the dispersions' yield point at around 20% of adsorbed sodium. Further addi-
tion of sodium reduced the yield point again due to the contraction of interlayers space

and of the diffuseion layer.

In practical applications, sodium-montmorillonite dispersionsin the presence of lime are
therefore in a calcium-montmorillonite-like state without additional sodium dosages.

Even with subsequent sodium additions, this state isirreversibly fixed on the time-scale
relevant for practical applications. Sodium salts, which reduce the calcium concentration

in equilibrium with lime (e.g. sodium carbonate and sodium hydroxide), seem to be an



exception. From practice, it is known that these salts are capable of increasing the yield
point even after l[ime has been added. The inclusion of other sodium salts with no such
effect (e.g. NaCl), prior to the addition of cement or lime, would be an alternative
approach to increase the dispersion’ syield point. For this purpose, the necessary amount

can be estimated from the cation exchange behaviour determined in this study.

The continuous dissolution of clay mineralsin the presence of limeleadsin thelong-term
to the cementation of the materials by the formation of cement hydrates. The cementation
has proceeded after one to two months as far as the surfaces of the clay mineral-lime
aggregates were completely covered with reaction products. This led to the cessation of
the dissolution reaction. Whether dissolution proceeds further after the seven months
investigated (e.g. through the development of steady-state diffusion profiles), was not
resolved in thisstudy. In analogy to long-term investigations on the strength devel opment
of lime-stabilised soils, this seems however very probable. In either case, the precipitation
of reaction products additionally leads to a reduction of porosity as aresult of the filling
or closure of the macro- respectively inter-aggregate pores. Mass balance derived reaction
equations show that the estimated composition of the reaction productsisrealisticin com-
parison with literature data and that a major part of the measured porosity reduction can

be ascribed to the pozzolanic reaction.

It followswith respect to soil solidification techniques, at |east for fine grained soilswith
mainly clay minerals, that the lime fixation point as defined for soil improvement (~4%)
isnot sufficient by far for asustainable, long-lasting solidification. At least 9% of limefor
illite and 11% for kaolinite have to be added in order to solidify the material in a sustain-
able form. For montmorillonite, this necessary lime content may even be as high as 20%.
Only afraction of this 20% is used for the solidification process by the pozzolanic reac-
tion. Implications of thissignificantly increased lime demand can not be discussed further

from the results obtained.

With respect to barrier materials rich in clay minerals, it follows that no extensive disso-
lution of these active (e.g. contaminant-sorbing) componentsisto be expected in the pres-
ence of cement. The content of the three clay minerals was reduced in the first three to
seven months by 7% to 9% in absolute terms. Much more crucial for the choice of clay

minerals as active components in an environmental geotechnical senseisthe passivation



of their reactive surfaces. Contaminants entering the barrier can only contact the clay min-
erals’ surfaces by slow diffusion through the overgrown reaction products (cement
hydrates). The performance of engineered barrier materials made of clays and cement is
thus not only influenced by the cementing and pore-filling action of the cement hydrates,
the resulting strength development and also by the associated increase in brittleness and
reduction of permeability. The retention of contaminants by cement hydrates becomes
also amgjor function of such materials which hasto be considered for the design of engi-

neered barriersin respect of optimising environmental protection.

For mixtures of clay and cement in general, there are consequences for a necessary lime
addition in some instances. If the cement content in the mixture is chosen to be low

(< 30%), the lime content produced during cement hydration (< 9%) may becomelimiting
for the pozzolanic reaction. Thus, additional benefits arising from the cementing and pore
refinement potential of the pozzolanic reaction can not be fully used. In that case, lime

addition to the clay-cement mixture should be carried out.






Zusammenfassung

Die vorliegende Arbeit befasst sich mit den chemischen Reaktionen, die wahrend der
Tonmineral-Ka khydrat-Wechselwirkung (u.a. puzzolanische Reaktion) in geotech-
nischen Baumaterialien auftreten. Diese Reaktionen wurden modellhaft im System
Tonmineral-Kakhydrat-Wasser an drel verschiedenen Tonmineralien (Kaolinit, Illit und
Montmorillonit) untersucht. Aufgrund der verfestigenden, zementierenden Wirkung der
puzzolanischen Reaktion wurde die Arbeit zweigeteilt, in die Zeit vor einer wesentlichen
Verfestigung, beeinflusst durch Kationenaustausch-Phanomene, und in die Zeit danach,
beeinflusst durch Auflésungs- und Ausféllungs-Phdnomene. Auswirkungen dieser
chemischen Reaktionen auf physikalische Eigenschaften (Rheologie und Mikrostruktur)

der geotechnischen Baumaterialien werden aufgezeigt.

Kurzfristig betrachtet, bewirkt die Zugabe von Kalkhydrat zu wassrigen Natrium-
Montmorillonit-Dispersionen eine Verschiebung des Gleichgewichtes in Richtung der
Calcium-Form des Montmorillonits. Diesist v.a. begrindet in der hohen Léslichkeit von
Kakhydrat. Ein verstarkender Effekt aufgrund der Calcium-Speziierung bei hohem pH
erscheint al's sehr wahrscheinlich. In jedem Fall war die erneute Natrium-Adsorption an
Kakhydrat-behandeltem Montmorillonit gehemmt. Das unterschiedliche Sorptions-
verhalten der Kanten und dusseren Oberfl&chen elnerseits und der Zwischenschichten des
Tonminerals andererseits hat einen wesentlichen Einfluss auf das kristalline Quellver-
halten des Montmorillonits und auf die Fliessgrenze der Dispersionen. Die bevorzugte
Sorption von Calcium in der Zwischenschicht hat zur Folge, dass Natrium zuerst auf den
ausseren Oberfléchen sorbiert wird. Erst nach der Belegung dieser ausseren Oberflachen
dringt Natrium in die Zwischenschichten ein und bewirkt eine A ufweitung des Zwischen-
schichtraumes und ein Aufbrechen der Taktoide des Montmorillonits. Diese Effekte
hatten eine deutliche Erhéhung der Fliessgrenze der Montmorillonit-Dispersionen bel
ungefahr 20% adsorbiertem Natrium zur Folge. Bel weiterer Zugabe von Natrium
verringerte sich die Fliessgrenze wieder aufgrund der Kontraktion des Zwischenschicht-

raumes und der diffusen lonenschicht.



Fur praktische Anwendungen ergibt sich daraus, dass Natrium-Montmorillonit-
Dispersionen in Anwesenheit von Kalkhydrat ohne zusétzliche Natrium-Zugabein einem
Calcium-Montmorillonit-&hnlichen Zustand vorliegen. Auch bei nachtréglicher Natrium-
zugabeist dieser Zustand in fur praktische Anwendungen relevanten Zeitrdumen
irreversibel festgelegt. Eine Ausnahme scheinen Zugaben von Natrium-Salzen zu bilden,
die die Calcium-Konzentration im Gleichgewicht mit Kalkhydrat erniedrigen (z.B.
Natriumkarbonat oder Natriumhydroxid). Von diesen ist aus praktischen Erfahrungen
bekannt, dass sie die Fliessgrenze auch nach erfolgter Kalkhydrat-Zugabe erhdhen
konnen. Eine alternative Moglichkeit zur Erhdhung der Fliessgrenze von Montmorillonit-
Dispersionen wére die Zugabe von anderen Natrium-Salzen (z.B. NaCl), bevor Zement
oder Kalkhydrat zudosiert werden. Abschatzungen Uber die notwendige Menge an
Natrium konnen Uber dasin dieser Arbeit bestimmte Kationenaustauschverhalten

vorgenommen werden.

Die kontinuierliche Auflésung der Tonminerale in Anwesenheit von Kalkhydrat fuhrt
langfristig zur Zementierung der Materialien durch die Bildung von Zementhydraten.
Diese Zementierung war nach ein bis zwel Monaten soweit abgel aufen, dass die Ober-
flachen der Tonmineral-Kalkhydrat-Aggregate mit Reaktionsprodukten vollstandig
Uberwachsen waren. Dies fuhrte zum Stillstand der Auflésungsreaktion. Ob diese
Aufldsungsreaktion nach mehr al's den sieben untersuchten Monaten weiter fortschreitet
(z.B. durch Ausbildung von steady-state Diffusionsprofilen) konnte nicht geklart werden,
erscheint aber in Analogie mit Langzeitmessungen zur Festigkeitsentwicklung von
Kakhydrat-stabilisierten Boden sehr wahrscheinlich. In jedem Fall fuhrt die Ausfallung
der Reaktionsprodukte durch das Verfillen oder den Verschluss der Makro- bzw.
Interaggregatporen zusétzlich zu einer Porositétsreduktion. Mittels M assenbilanz

abgel eitete Reaktionsgleichungen zeigen, dass die berechnete Zusammensetzung der
Reaktionsprodukte im Vergleich mit Literaturdaten realistisch ist und dass ausserdem ein
Grossteil des gemessenen Porositétsverlustes auf die puzzolanische Reaktion

zurtckzufihren ist.

Im Hinblick auf Bodenvermaortelungsmassnahmen ergibt sich daraus, dassin fein-
kornigen Boden mit tberwiegend Tonmineralen der minimale Kalkhydratgehalt, der zur

Bodenverbesserung empfohlen ist (~4%), in keinem Fall fir eine nachhaltige, langan-



haltende Bodenverfestigung ausreichend ist. Fir eine nachhaltige Bodenverfestigung
mussen einem solchen Boden mindestens 9% Kalkhydrat fur Illit und 11% fur Kaolinit
zugegeben werden. Fir Montmorillonit ergibt sich sogar ein hierftr notwendiger Kalk-
hydratgehalt von 20%, wobei nur ein Tell dieser 20% fir die Verfestigung durch die
puzzolanische Reaktion verwendet wurde. Die Konsequenzen aus diesem stark erhéhten
Kalkhydratbedarf konnen jedoch mit den erhaltenen Ergebnissen nicht weiter diskutiert

werden.

Im Hinblick auf tonmineralreiche Barrierematerialien resultiert, dass keine weitgehende
Auflésung der Tonmineralein Gegenwart von Zement zu erwartenist. Der Gehalt der drei
Tonmineraleverringertesichin den ersten drei bissieben Monaten um 7% bis 9% absol ut.
Viel bedeutender fir umweltgeotechnische Massnahmen und entscheidender fur die
Wahl von Tonmineralen alsaktive (z.B. Rickhalt von Schadstoffen) Komponentenist die
Passivierung ihrer reaktiven Oberflachen. Schadstoffe, diein die Barriere eindringen,
konnen die Tonmineral oberflachen nur noch durch langsame Diffusion durch die aufge-
wachsenen Reaktionsprodukte (Zementhydrate) erreichen. Die Funktionalitét technischer
Barrierematerialien aus Ton und Zement wird also nicht nur durch das Zementierungs-
und Porenverfillungsvermégen der Zementhydrate, den resultierenden Festigkeits-
zuwachs und den damit verbundenen Anstieg der Sprodigkeit und die Reduktion der
Permeabilitét bestimmt. Der Ruckhalt von Schadstoffen an Zementhydraten muss als
weitere wichtige Eigenschaft solcher Materialien betrachtet und bei der Konzeption

technischer Barrieren zum Schutz der Umwelt beriicksichtigt werden.

Fur Mischungen aus Tonmineralen und Zement allgemein ergeben sich Konsequenzen
fur eine unter Umstanden notwendige Kalkhydratzugabe. Wenn der Zementgehalt in der
Mischung niedrig gewahlt wird (< 30%), kann der wéahrend der Zementhydratation
entstehende Kalkhydratanteil limitierend fur die puzzolanische Reaktion werden. Somit
kann das Zementierungs- und Porenverfiillungspotential der puzzolanischen Reaktion
nicht vollsténdig genutzt werden. In diesem Fall sollte ein Kalkhydratzusatz zur Ton-

Zement Mischung erfolgen.






CHAPTER 2
Figure 2-1.

Figure 2-2.

Figure 2-3.

Figure 2-4.

Figure 2-5.

Figure 2-6.

Figure 2-7.

List of Figures

Clay-lime iNter aCtionsS.........cocovirieieeiene e 5

The ancient harbour of Puteoli (more than 2000 years old). Today the structures have
been covered by the modern harbour. The drawings below may give an impression
(a) what the original structure looked like and (b) how it deteriorated later on (l€ft:
drawing by G. P. Bellori 1764, right: drawing by P. A. Paoli 1768) [CNR 2005].....6

(a) Predominance area diagram in the system Ca2+—HZO-Ca(OH)2 as afunction of pH
and [Ca2+] concentration and (b) fractions of soluble calcium-species with pH in
this system; cal culated with the chemical equilibrium program Medusa
[Puigdomenech, 2000]. ........cciueriereereeiereeieeeee e et s e s sae e e e s e e e e e e enesresrens 15

Crystalline swelling of the sodium and calcium form of montmorillonite; (a) water
content with relative water pressure (relative humidity), (b) basal distance between
clay minera’s layers with relative humidity [modified from Pl6tze & Kahr, 2003]17

Phase diagram showing the different states of a bentonite dispersion as a function of
ionic strength and solid content [modified from Abend & Lagaly, 2000]............... 18

Thickness of the diffuse ion layer for monovalent ions approximated as five times the
reciprocal Debye-Huckel length [data taken from Lagaly et a., 1997] and measured
basal spacing [datataken from Norrish, 1954b], both as a function of the normality
(o130 111 Lo o USRS 19

Schematic representation of the four states of a bentonite dispersion; solid content and
ionic strength lead to transitions between the states; the influence of solid content is
symbolised through the number of tactoids in black, the one of ionic strength
through the thickness of the diffuse ion layer in grey surrounding the particles.....20

Aggregation of elementary clay particles [modified from Touret et al., 1990]............ 20

CHAPTER 3 Analytical methods, materials and sample preparation/handling ..27

Figure 3-1.
Figure 3-2.
Figure 3-3.

Figure 3-4.

Figure 3-5.

Figure 3-6.

Figure 3-7.
Figure 3-8.

Figure 3-9.

XRD sample chamber (without the closure unit) for experiments at controlled

humidity and tEMPEIALUIE. ........c.oiviirieree e 30
Determination of the Cross-Over Point of a bentonite dispersion with 100g/I bentonite:

Storage and loss moduli of a bentonite dispersion with shear stress..........ccceue..... 31
Schematic representation of a mass loss and the associated signal from the mass

spectrometer due to an evolved volatile component...........coceccvveeeeveeveeseecieseene 35

Calibration lines for the carbon dioxide evolving from decomposing calcite (Ieft) and
for the water from decomposing kaolinite (right); the slope of thelinesisthe
EffECIVE SENSITIVITY. ..o e e 35

Two mixtures of clay and calcite analyzed by their evolved gases from decomposition;
Volclay with calcite (a) fitted with the primitive model and (c) with the temperature
dependent model; China Clay with calcite (b) fitted with the primitive model and
(d) with the temperature dependent MOodel. ..o 37

TA datafor a7 month reacted China Clay-lime-water mixture (15 g/70 g/100 g);
calcite content 1.5%. Simulation of used mineral fractions per total ignited mass
(CaOloxideg 5, = 1.4) gives aconsumed content of 12.0% for lime and 8.6% for the
clay. The solid linesin the upper figure indicate the cut-offs used as afirst estimate

for the determination of lime water and China Clay hydroxyl water. ..................... 39
Particle size distribution of the China Clay calculated from mercury intrusion

POFOSIMIELTY. ..ttt bbb bbb 42
TG-MS data of the kaolin China Clay; the first water peak of the illite corresponds to

R | = g [ = PSS 43
Particle size distribution of theillite MC calculated from mercury intrusion

01010 T 111 Y/ 43

Figure 3-10. TG-MSdataof the illitiC Clay. .......oceoeieireecre e 44



Figure 3-11.

Figure 3-12.
Figure 3-13.

Figure 3-14.
Figure 3-15.
Figure 3-16.
Figure 3-17.

Particle size distribution of the bentonite Volclay calculated from mercury intrusion

(0101001 T 11 1 Y/ SRS 45
TG-MS data of the < 20 um sieve fraction of the bentonite Volclay. .........ccccoeeneee. 45
Particle size distribution of the calcium hydroxide calculated from mercury intrusion

010101 T 111 Y/ 46

TG-MS data of portlandite; the small loss of CO, corresponds to ~1.5% of calcite. 47
Schematic picture of the experimental setup for the cation exchange experiment. ...48
Schematic adsorption isotherm showing the two different preparation steps. ........... 49
Automatic control of relative humidity and temperature during a desorption and
adsorption measurement in the humidity chamber. ... 50

CHAPTER 4 Quantitative XRD and calibration of internal standard method ....53

Figure4-1. Calibration line for the measured portlandite content versus the actual content; error
bars correspond to the 1-s estimated standard deviation, as calculated by the
Program BGIMN. ........ooiiiiiiiee sttt ettt st s e e s see s 57
Figure 4-2. The original montmorillonite structure of Tsipursky & Drits (1984) and the expanded
onesin bc projection, with basal distances of 9.85 A (left), 12.4 A (middle) and
15.2 A (FIGNE). 1ottt 59
Figure 4-3. Schematic representation of aflexible structure model for atriclinic 2:1 layer clay
mineral. In this example, the unit cell is defined (as commonly) such as the lower
and upper half part of an individual solid layer may slide over each other with the
interlayer asthe sliding Plane. .......cc.cveoeeeiciesie e 60
Figure4-4. Starting crystallographic angles o and 3 and fitted ones (dots), the stars indicate the
fits with the best Rwp values < 0.7 of the mean Ryyp ..o, 63
Figure 4-5. Shiftsin the crystallographic aand b direction calculated from the fitted unit cell
PAIBIMELENS. ....ceee ittt s sr e st s b e s e e b s e e ne e nr e e r e nre e nene 64
Figure4-6. The original kaolinite structure in bc projection and the -b/3 and +b/3 trand ationally
iSOIAErEA ONES. ...ttt ettt b aeeaesae s 65
Figure4-7. Rietveld refinement plot of the raw China Clay. .........coecvenennennereeeeee 65
Figure4-8. Three different structure models refined on the same profile. top: triclinic portlandite
with isotropic crystallite size (R, = 24.8%); middle: triclinic portlandite with
anisotropic crystallite size (R, = 22.7%); bottom: hexagonal portlandite with
anisotropic crystallite size (Ryp = 23.2%0)......c.oocoviiiiiiiniiiiies 67
Figure 4-9. Portlandites from the ICSD (some numbers identified at the data points); left: cell
dimensions aversus c; right: cell dimension ¢ as a function of z coordinate of
(074 Y/0 < 0 1= (] 0 TSRS 68
Figure 4-10. Schematic picture of the average development of an interstratified sample of one-and
two-layer hydrates of montmorillonite with increasing humidity .........ccccccceeeeenee. 70
Figure4-11. Basal spacing with relative humidity of the pristine Volclay material in desorption;
open circles: desorption measurements of an at 75 % RH pre-equilibrated sample,
crosses: basal spacing of either one of the flexible structure models supposed to
represent discrete one- or two-layer hydrate crystallites; the arrow indicates the
extracted transition point discussed inthe text. ... 71
Figure4-12. Top: Basal spacing of the two flexible structure models with relative humidity;
bottom: Fractions of quartz (crosses) and of the two flexible structure models with
FElative NUMITITY. ...co.eieie e e e e 72
Figure 4-13. Development of the basal spacing of a sodium montmorillonite with relative
humidity; measured datain dark blue, baseline in red, fitted datain green and the
residualSin HGht BIUE. ..o e 72
CHAPTER 5 Pozzolanic reaction of clay minerals|.......ccccccecovvevieeiecceenecceeceeens 75
Figure5-1. Double logarithmic plot of the sodium isotherm at constant calcium concentration but

Figure 5-2.

Variable ioniC SIrENGLN.......cc.oiiiiee e 75
Correlation between sorbed sodium and calcium amounts on the bentonite samples. 76



Figure 5-3.

Figure 5-4.

Figure 5-5.

Figure 5-6.

Figure 5-7.

CHAPTER 6
Figure 6-1.

Figure 6-2.

Figure 6-3.

Figure 6-4.

Figure 6-5.

Figure 6-6.
Figure 6-7.
Figure 6-8.
Figure 6-9.

Figure 6-10.

Figure 6-11.

CHAPTER 7
Figure 7-1.

TG-MS curve under nitrogen of the sample with sorbed sodium (7 mmol/100g) and
calcium (142 MMOI/L00Q). ... eeeveeeueereeeeeerererieeresiestesee e see e besee e e e e sesseeaesseseesaesaens 77

Indirect adsorption data from measured solution values in addition with the direct data
from Fig. 5-1 (without error bars); note: first sample series adsorbed sodium below

ELECHION TIMIL. ... bbb 79
Transition from one- to two layer hydrate depending on the relative humidity as a
function of the adsorbed amount of SOAIUM. ........cccovveiirierieere e, 81

Cross-over points as afunction of the calculated amounts of adsorbed sodium; note:
first sample series adsorbed sodium below detection limit. The three tactoid regions
refer to the schematic picture at the end of this chapter. ... 82

Schematic picture of the evolution of tactoids in dispersions with constant solid
content (number of primary layers), constant calcium (solubility of CH) but varying
sodium concentrations; the grey shaded area symbolises the diffuseion layer.......83

Pozzolanic reaction of clay minerals|l .......c.ccocoveoeiiiinincncneee, 85

Comparison of thermal gravimetry patterns of initial and after reaction extracted clays:
(a) illite MC, (b) China Clay and (c) Volclay. Y-axis: differential masslossin
T o TL U= YA P 86
Comparison of X-ray diffraction patterns of initial and after reaction extracted clays.

Major reaction products after three months for reacted Volclay-lime mixtures at a
water to solid ratio of 13, (a) lath-shaped AFm phase, (b) platy hexagonal AFm
phase, (c) bundle of ettringite needles, (d) AFm and C-S-H phases intergrown, (€)
foil-shaped C-S-H phase and (f) huge hexagonal AFm phase in an aggregate of a
China Clay-lime mixture at awater to solid ratio of 2. .........cccoevevninneninennene, 88

X-ray diffractograms of the threeinitia clays and clay-lime mixtures (39/13/100)
reacted for 3 months: (@) illite MC, (b) China Clay and (c) Volclay. Y-axis. X-ray

INENSIY 1N ArDIFArY UNITS. ...coovieceiie i 90
TG-MS data of theinitial and clay-lime mixturesin fig. 6-4: (a) illite MC, (b) China
Clay and (c) Volclay. Y-axis: differential masslossin arbitrary units..................... 91

Reacted fractions of China Clay and lime with their initial contentsin the solid
mixture: upper figure metal oxidesching ciay from extract, lower figure CaOcyy from
XRD. The number at each data point givesthereaction timein days..........c.......... 92

Aggregates of reacted clay-lime mixtures after three months cemented and surrounded
by pozzolanic reaction products (w/s = 13). (a) Illitic clay-lime mixture, (b)-(d)
VOICIaY-1IME MIXLUIE. .....eeee ettt s re e naenes 93

Released silicon with median particle diameter of the clay mineral. .........c.cccoveeenee. 95

Fragments of freeze-dried China Clay-lime specimens (15/70/100), reacted for 1
month (left), 2 months (middle) and 7 months (right); scale isin centimeters. ...... 97

Temporal development of the pore size distribution in the China Clay-lime mixture
(15/70/100); (a) 1 month, (b) 2 month, (c) 3 month, and (d) 7 month hydrated
samples. Relative pore volume shown as histogram. ........c.ccceveeereeneeneenesenenens 98

Development of total porosity in mixtures with compositions given in Table 6-5; the
error bars correspond to the standard error of the mean, missing error barsindicate a
single determination ONIY..........ccceiveceeieieee e e sne s 100

Relevance of resultsto geotechnics.........ccccovvevvieeiiniinnieee, 103

Diagram showing the bentonite content versus the total amount of sodium (i)
introduced through a pure sodium bentonite, (ii) necessary to maintain an
exchangeabl e sodium percentage ESP of 15 or 25 % in the presence of lime. .....104






List of Tables

CHAPTER 2 Clay-limeinteraCtions.........c.cooirieierienie et 5
TaDI@ 2-1.  POZZOIBNS ......oeiuiiiiieiie ettt ettt ettt e s e bt bbb e bese e bene e e e nenaeas 7

CHAPTER 3 Analytical methods, materials and sample preparation/handling ..27
Table 3-1. Comparison of LOIs determined at 1000°C either by standard method or by thermal

BNBAIYSIS (TA) . ettt ettt bbb 28
Table 3-2. Initial mass before and percentage of material recovery after extraction. ..................... 32
Table 3-3.  Comparison of contents of added calcite with the fitted values. .........ccccoecveevviiiinnnns 38
Table 3-4. Molar volumes calculated from the mineral densities and their molar masses............. 52

CHAPTER 4 Quantitative X-ray diffraction and calibration of internal standard

101 0o OSSR 53
Table4-1. Second series of mixtures prepared for the calibration of portlandite quantification with
D {0 RS 58
Table 4-2. Unit cell parametersfor the original kaolinite structure and the -b/3 and +b/3
translationally diSOrdered ONES. ........cccoeiveiieenieeee e 64
Table 4-3. Linear relationships obtained by analysing crystal structure data of the portlanditesin
LT L TSN 68

CHAPTER 5 Pozzolanic reaction of clay minerals|: cation exchange, swelling and
[ 101 o0 | SRR 75

Table5-1. Crystalline Ca-phases and equivalent amounts of CalCium...........ccocvvvrererveeerinieenenns 77

CHAPTER 6 Pozzolanicreaction of clay minerals||: dissolution, precipitation and

POF € T EFINEMENT ... bt e e ne e e 85
Table6-1. Hydroxyl water content [%] referred to the ignited Mass.........cocvevvvererevereccccenen 85
Table6-2. Averaged consumption of clay minerals and limein al of the clay-lime mixtures of

BACKN CLAY ..ttt 92
Table6-3. Chemical formulas of the minerals with the molar masses of the ignited dehydroxylated
001 1= S 94
Table 6-4. Released amounts of silicon, aluminium and iron by clay minera dissolution............. 94
Table 6-5. Phenomenological description of the specimen. ..o 96

Table 6-6. Estimated volume changes per mole of clay mineral due to the pozzolanic reaction. ..99






Abbreviations and Defintions

General Definitions

Cement

Concrete

Loam

L atin caementa meant 'stone chips used for making mortar'; etymo-
logically, the notion behind it was originally caedmenta, a deriva-
tive of caedere 'cut’ (from which English gets concise and decide).
In due coursethe signification of the L atin word passed from 'small
broken stones' to ‘powdered stone (used for mortar)', and it was in
this sense that it passed via Old French ciment into English
[www.makersgallery.com/concrete/defs.html].

Theword comes, viaOld French concret, from Latin concretus, the
past participle of concrescere 'grow together', hence 'harden’. This
was a compound verb formed from the prefix com- 'together' and
crescere 'grow’ (source also of English crescent, increase and
accrue). Itsorigina applicationin English wasfairly general refer-
ring to that which is solid or material; its use for the building mate-
rial did not emerge until the early 19th century

[www.makersgallery.com/concrete/defs.html].

Loam, also known as earth, is a mixture of clay, silt, sand and
larger aggregates such as gravel and stones. Rammed Earth is
dampend earth compressed within a removable framework
[www.diamondhead.net/waeds.htm].



Physico-chemical Abbreviations and Definitions

H H,0

C CaO

S Sio,

A ALO,

F Fe,O,

C CO,

S SO,

Mole The amount of substance that contains as many objects (atoms,

molecules, formulaunits, ions, or other specidfied entities) asthere

are atomsin exactly 12 g of carbon-12 [Atkins, 1994].

Avogadro’'sconstant N, = 6.02 10” mol™*, the number of objectsin one mole.

Molar mass Mass per mole of objects.
Molar volume Volume per mole of objects.
Density Mass per unit volume of a substance.
Air void content Volume percent of air in asample.
V
Porosity Volume percent of pore spacein asample: p = TIM
total



1Introduction and goals

This study is attributed to investigating clay minera-lime interactions with respect to
improving geo-materiasfor usein environmental geotechnics. These are primarily chem-
ical interactions at high pH values and high aqueous calcium concentrations. The clay
minerals partially dissolve and combine with the lime’s calcium to cement hydrates (poz-
zolanic reaction). The study is subdivided into two periods because of the solidifying
action of the newly-formed minerals. into the periods before and after solidification, i.e.
into short-term and long-term chemical interactions. The influence of the chemical reac-
tions on physical properties (rheology, microstructure) of engineered geo-materials are

shown.

Prior to solidification, the rheological and mechanical behaviour of clay mineral-lime
mixturesis mainly determined by the clay minerals and their plasticity; and for bentonite,
by the outstanding ability to form gel-like dispersions, even at high water contents. Ben-
tonite-lime dispersions are used in geotechnics e.g. for the sealing and solidification of
ground used for construction. Nevertheless, scientific knowledge about the rheological
behaviour of such dispersions at the high pH valuesin the presence of limeisvery scarce.
For these conditions, even less is known about the sodium-calcium exchange, which sig-

nificantly influences the rheological behaviour.

Assoon as sufficient cement hydrates are formed by the pozzolanic reaction, the material
solidifies and is characterised by the typical brittle, mechanical behaviour of cements.
This solidification and the related microstructural development is used in geotechnicsfor
soil solidification and, in environmental geotechnics, for the design of cut-off wallsfor
waste encapsul ation. Neverthel ess, scientific knowledge about the pozzolanic reaction of
clay mineralsis scarce. Any previous attempts to produce a quantitative description of
reaction progress have not been located in the literature to date. However, quantitative
knowledge about the reaction progress allows the microstructural development of such

solidifying mixturesto be estimated or predicted. From quantitative mineralogical data,
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the temporal evolution of porosity may be calculated and estimates of the development of
permeability and strength may be given.

Insummary, thereisasignificant lack of knowledge about clay mineral-limeinteractions
intermsof (i) the extent of cation exchange, (ii) the extent of dissolution of clay minerals
and lime and therole of their mineral surfaces, (iii) the extent of formation of new cement
hydrates and (iv) the influence of these chemical processes on the physical properties of

engineered geo-materials.

The general goal of this study isto provide quantitative information about the chemical
and mineralogical interaction of clay minerals and lime. The specific goals are:

(i) to show the importance of sodium-calcium cation exchange and its influence on the
rheological and swelling propertiesin order to assess:

the role of sodium, which isaways present in natural soils and technical cement sys-
tems.

(i) to quantify consumption rates for portlandite and clay mineralsin order to assess:

the loss/gain in active material properties through decomposition of clay minerals
respectively through formation of cement hydrates

(iii) to identify reaction products in order to calculate:

the approximate amount and composition of reaction products by mass balance

(iv) to provide an insight into microstructural features of the reaction between clay min-
eralsand limein order to:

estimate the extent of pore refinement through the pozzolanic reaction

The knowledge about sodium-calcium cation exchange in clay
mineral-lime systems, about reaction rates and stoichiometry of
the pozzolanic reaction, is essential in order to explain and pre-
dict some observed, yet unexplained, effectsin clay-lime applica-
tions.



This hypothesis seeks to address the following questions:

Why must sodium be added to slurries of cement and bentonite? Is
it possible to predict the amount of sodium needed to be added to
such a slurry?

How extensively do natural clay mineralsreact with lime? Isit
possible to derive criteria for mixture design in clay-lime applica-
tionsase.g. soil lime stabilisation and cut-off wall design?

This study is organised as follows:

Chapter 2 isaliterature review on the clay mineral-lime interactions, on the relevance of
these interaction to geotechnics and on the chemical processes occurring during these

interactions.

Chapter 3 briefly summarises the standard analytical techniques used. A more detailed
report isgiven onthethermal analysis, and especially on anew model developed for semi-
guantification of evolved carbon dioxide and mineral water. This model was used then to
determine the amount of calcite in the solid samples. The chapter also describes the

chosen materials and the sample handling steps applied.

Chapter 4 gives a short introduction to quantitative mineral analysis by X-ray diffraction
combined with Rietveld analysis. An extra chapter was dedicated to the Rietveld tech-
nigue which has been the most appropriate method for quantitative clay mineral analysis
carried out in this study. Although the goal of clay mineral quantification could not be
achieved yet dueto problemsarising fromthereal structuresof clay minerals, nonetheless
flexible (crystal) structure models were developed successfully. These flexible models
might pave the way for acomplete yet ssmple description of the real structuresand imper-
fectionsin crystals with layered structures. Such amodel was successfully applied to the
problem of swelling montmorillonite in this study.
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Chapter 5refersto theresultsof the short-term bentonite-limeinteractions. Chemical data
together with rheol ogical measurements show the influence of sodium-calcium cation
exchange on the rheology of bentonite-lime/cement dispersions. Together with literature
data, the rheological effects observed are interpreted in terms of volume changes of the

solid fraction inside the dispersions.

Chapter 6 refersto the results of the long-term clay-lime interactions. Chemical and min-
eralogical data show that the dissolution of clay minerals and lime and the formation of

cement hydrates does not proceed significantly between one and ahalf and seven months.
Porosity and pore size distribution data show the influence of the mineralogical transfor-

mations on the pore properties of engineered geo-materials.

In Chapter 7, theresults obtained in Chapter 5 and 6 are discussed with respect to selected
geotechnical applications, namely injection grouting, soil-lime improvement/solidifica-

tion and the design of technical barriers for environmental protection.

In Chapter 8, asummary of the most important results, implications and an outlook is

given.



2Clay-lime Interactions

2.1 Historical Introduction

Clay minerals and cement hydrates are the major constituents of clays and hardened
cements. They ensure binding and dimensional stability in clay-based (e.g. loam or earth)
or cement-based materials and have been used since thousands of years for building con-
struction. Such building materials are usually composites of coarse, well graded grains,
held together by the fine-grained binding agents. The coarser grains are e.g. thesand in
loam, or the aggregate in concrete. The fine grains with the cohesive and adhesive prop-
erties ensure dimensional stability and are not visible to the eye due to their sub-microm-

eter sizes.

The oldest recorded cases of loam brick construction date back to about 10,000 BC in
Mesopotamia [Heathcote, 1995]. The Great Wall of China was built of rammed earth
(loam) and stone during the Third Century BC. In Europe, thereis a'so along, more or
less continuous tradition of the use of loam as a building material, evidenced since the

Bronze age [Burroughs, 2001].

The use of loam today islimited due to its main disadvantages: poor erosion resistance to
water and poor dimensional stability. These disadvantages were overcome with the use of
hydraulic materials [Klemm, 1989]. A hydraulic material not only sets and hardens as a
result of chemical reactionswith water, but continues to harden when placed under water
and forms a water-resistant product [Taylor, 1997, Mehta & Monteiro, 1993]. It isthere-
fore particularly suitable for construction in moist environments. The water resistance
and exceptional performance of hydraulic mortars made of lime and apozzolanic material
(pozzolan) are demonstrated by the use of these materials for the construction of Roman
aqueducts and waterfront retaining walls. The good state of preservation of the old har-
bour wall in Pozzuoli, Southern Italy, (fig. 2-1) exemplifies the longevity and durability
of pozzolan-lime mortars [Ziegler, 2004]. Some remains are still incorporated into the
modern pier of Pozzuoli and have thus lasted over 2,000 years, even in the aggressive sea

water environment.
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Figure 2-1. The ancient harbour of Puteoli (more than 2000 years old). Today the structures have been
covered by the modern harbour. The drawings below may give an impression (a) what the original
structure looked like and (b) how it deteriorated later on (left: drawing by G P. Bellori 1764, right:
drawing by P. A. Paoli 1768) [CNR 2005].

-

= L

Modern Portland cement isalso ahydraulic material. Portland cement clinker is manufac-
tured by heating a calcareous material, typically limestone, and an argillaceous one, typ-
ically clay or shale. The products from the partial fusion process are the so-called clinker
minerals. The final product of Portland cement is gained by inter grinding sul phate min-
erals with the clinker [Taylor, 1997].

Today, pozzolanic materials are enjoying a renaissance as supplementary cementing
materials in Portland cements and may replace part of the clinker in order to enhance the
performance of the hydrated cement [Taylor, 1997]. Such composite or blended cements
are employed for their economic, ecological and technological benefits [Mahorta &
Mehta, 1996]. Energy consumption, as well as CO, emissions, are reduced. Supplemen-
tary cementing materials reduce the lime content in hydrated Portland cements and
replace it with pore-filling cement hydrates, which is known to improve the ultimate
strength, impermeability and durability to chemical attack of the cement [Mehta& Mon-
teiro, 1993]. Additionally, resistance to the deleterious alkali-silica reaction can be

reduced with supplementary cementing materials [e.g. CSA A23.2-28A].

This study focuses on the pozzolanic properties of natural clay mineralsin clay-lime com-
posites. To some extent, the results will be transferable to clay-cement composites, as
pozzolanic materials consume mainly the calcium provided by the lime of the hydrated
Portland cement and, only to an unknown small extent, the calcium from other cement
hydrates [Taylor, 1997].
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2.2 Definitions

Pozzolanic materials

A pozzolanic material or pozzolan or pozzolanaisa“siliceous or siliceousand aluminous
material, which in itself possesses little or no cementitious property but which will, in a
finely divided form and in the presence of moisture, chemically react with calcium
hydroxide at ordinary temperatures to form compounds possessing cementing properties”
[Malhorta & Mehta, 1996].

The denomination “pozzolan” is derived from the volcanic tuff of Pozzuoli, which was
used by the Romans as a mineral admixture to lime mortars. A distinction is drawn
between pozzolanic materials and latent hydraulic materials. The latter contain a consid-
erable amount of calcium, which isthe basis for the development of self-cementing prop-
erties after alkaline activation. Ground granulated blast furnace slag is atypical example
of alatent hydraulic material. Pozzolans are classified into natural materials and artificial
ones. thelatter are mostly industrial by-products[Malhorta& Mehta1996]. Examplesfor
both types are given in Table 2-1 [modified from Liebig, 1997].

Table 2-1. Pozzolans

pozzolan active components

volcanic tuff aluminosilicate glasses, zeolites, clay minerals
= rock from meteoriteimpact  auminosilicate glasses, zeolites, clay minerals
5 diatomaceous earth fine grained skeletal remains of diatoms
© : . .
c  bauxite aluminium hydroxides

calcined® clays or shales unstable dehydroxylation products of clay minerals
= low-cacium fly ash glasses, calcined silicates
s - .
= condensed silicafume silicaglasses
® ricehusk ash silicaglasses

*to calcine: to heat an inorganic material to a high temperature but without fusing in
order to drive off volatile matter or to effect changes (as oxidation or pulverization)
[Merriam-Webster Onling]

Lime

In the building material technology, lime usually refers to oxides and hydroxides of cal-
cium and magnesium [e.g. DIN 1060-1]. In this study, the magnesium component is dis-

regarded, asit is of minor importance in geotechnics.
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Quicklime (calcium oxide) is produced from limestone (calcium carbonate). Decarbona-
tion of limestone leads at a decomposition temperature of ~900°C to the thermal dissoci-

ation into quicklime and carbon dioxide.

“ Slaked limeis produced by reacting, or slaking quicklime with water, and consists
mainly of calcium hydroxide. The term includes hydrated lime (dry calcium hydroxide
powder), milk of lime and lime putty (dispersions of calcium hydroxide in water); the
generic term, limeincludes quicklime and slaked lime; limeis, however, sometimes used
incorrectly to describe limestone products;” [Oates, 1998]. All kinds of slaked lime are
sensitive to atmospheric carbon dioxide and are easily converted back to limestone

(chemical cycle).

In this study, theterm limerefers only to hydrated lime or dry calcium hydroxide powder

with the mineral name Portlandite (CH?Y).

Clays and clay minerals

Clays are sedimentary deposits/soils, which consist mainly of fine-grained mineral parti-
cles. These fine grains are mostly in the size fraction smaller than 2 um (10° m), the so-
called clay fraction. Clays show plastic behaviour at an appropriate water content and
harden when dried or fired.

Clay mineras are the major constituentsin the clay size fraction of clays and soils, and
areresponsible for the material’ s plastic behaviour. According to the chemical nomencla-
ture of silicates, they belong to the group of phyllosilicates or sheet silicates. Their indi-
vidual layer s are comprised of tetrahedral (T) silicate or aluminosilicate sheets and
octahedral (O) sheetscontaining, inthe majority of cases, aluminium or magnesium. Such
alayer containseither acondensed TO sequence (1:1 layer) or acondensed TOT sequence
(2:1 layer). These individual layers are stacked onto each other and are separated by an
interlayer. Depending on the type of clay mineral and its chemical composition, the indi-
vidual layers may be charge deficient, resulting in a permanent negative layer charge,

which is compensated by exchangeable cationsin the interlayer. The special group of

* In cement chemical nomenclature H,O is abbreviated by H, CaO by C, SIO, by S, AlLO, by A, Fe,O, by F,
CO, by Cand SO, by S.
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expandable clay mineralsis capable of changing their volume (swelling) caused by water
uptake through the hydration of interlayer cations.

2.3 Natural clay minerals as pozzolans?

Clay mineralshavetypical characteristicsthat precludetheir use as pozzolansin common
cement/concrete technologies [He et a., 2000] for the following reasons.
(i) they have stable crystal structures of low chemical solubility. Thisresultsin asmall

release rate of silicon and aluminium, which explains the poor pozzolanic reactivity.
Malhorta & Mehta (1996) even judge clay minerals as not pozzolanic,

(i) their layer structure and the resulting cleavage might have a negative impact on the
strength of the cementitious building product,

(iii) they have small particle sizes resulting in high specific outer surface areas. In aque-
ous systems, these surfaces are always covered with layers of relatively immobile
water molecules. Addition of clay minerals leads thus to a high water demand which
lowers the density and strength of the building products [He et al., 2000]. This water
demand is increased even more by expandable clay minerals, as these contain sev-
era layers of interlayer water,

(iv) their high sorption capacity influences the chemical composition of the aqueous
medium with possible negative effects on the technological properties of cements
(e.g. rate of setting).

Asaresult, the research activity on composite cements (blended cements) focused on cal-
cined clay minerals as pozzolanic blendings. Thermal treatment or calcination of clay
mineralsleads below 250°C to aloss of the sorbed water from the surfaces (dehydration),
then at temperatures between 250°C and 800°C to aloss of the hydroxyl water from the
crystal structure (dehydroxylation) accompanied by a structural reorganisation [e.g.
Emmerich, 2000, and ref. therein]. The dehydroxylation temperature is characteristic for
the type of clay mineral. Further temperature increase |eads to a destruction of the crystal
structure and recrystallisation of metastable transition phases before the stable phases
crystallise. These metastable transition phases often show improved pozzolanic reactivity
[e.g. Liebig, 1997]. The high surface area and non-crystalline nature of these metastable
phases leads to a high pozzolanic reactivity [Mahorta & Mehta, 1996]. A typical repre-
sentative of such a metastable phase is the extensively investigated metakaolinite [ Stra
tling & zur Strassen, 1940; Murat, 1983; Serry et al., 1984; de Silva & Glasser, 1992;
Dunster et al., 1993; He et a., 19944, b ; Salvador, 1995; Heide et a., 1996; Liebig &
Althaus, 1997]. Data on the pozzolanic properties of other calcined clay minerals may be
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found in Ambroise et al. (1985, 1987), Ghorab et al. (1991), He et a. (1995, 1996a,b,
2000) and Liebig & Althaus (1997).

Calcined “meta’-clay minerals have lost the typical clay properties enumerated above; it
might thus be considered misleading to name them as clay minerals. Inthisstudy, theterm

clay mineral refers only to natural, non-calcined clay minerals.

2.4 Importance of pozzolanic propertiesof clay
mineralsto geotechnics

In environmental engineering, applications of interest include engineered barrier systems
for landfill, contaminated land and nuclear repositories. Such systems are often designed
as multi-barriers consisting of a natural geological and an artificial barrier(s). In general,
claysand, in particular, swelling clays, are used for the artificial barrier design. Asaresult
of the above mentioned physico-chemical characteristics of clay minerals, clay-based
materials show e.g. self-healing, contaminant-adsorbing, water-transport-reducing and
plastic properties. These technological properties are mandatory for disposal techniques.
The development of active barrier materials based on these propertiesis an important
issue [Hermanns & Bucher, 1990; Hermanns, 1993; Hermanns Stengele & Pl6tze, 2000].
For waste encapsul ation purposes, barrier (cut-off wall) materials are often designed as
mixtures of cement and/or lime" together with active clay materials [e.g. Hermanns,
1993]. The cement is added to ensure sufficient strength and to prevent particle erosion.
However, there is much concern about the physico-chemical stability of clays under
highly alkaline conditions. The active material properties may not be guaranteed in the
aggressive chemical environment of the high pH cement pore solution. Anincreasein
porosity, hydraulic conductivity and diffusive transport could result in leakage through
the barrier and in environmental hazard. Exposure of the clay minerals' reactive surfaces
to the cement pore solution leadsto high reactivity, and, possibly, high yields of clay min-

eral dissolution/transformation.

Inthefield of geotechnical engineering, the pozzolanic propertiesof clay mineralsarerel-
evant toinjection grouting and soil lime-improvement/stabilisation techniques. Grouting

describes the procedure of pressing aslurry or paste into the cavities and pores of soilsor

* As mentioned earlier, limeis also a major reaction product of Portland cement hydration.
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into the fissures and cracks of rocksfor the purpose of sealing and solidification [Amann,
1997]. A wide variety of grouting agents are used in the construction industry, only dis-
persionsor slurries made mainly of cement and bentonite' will be considered in thisstudy.
Such slurries may be also used for the construction of slurry-trench walls. In general, they
have a higher cement than bentonite content and are therefore in the long-term identified

by those of hardened cement.

In the short-term, such composites benefit mainly from the typical clay properties aslong
as the cement is not fully hydrated. Bentonite is added to improve workability and sus-
pension-stability of the fresh slurries and pastes and is, in some grouting techniques, used
asasealing compound to lower the permeability in soilsor fractured rocks. The bentonite
content highly influencesthe flowability of the slurries: higher contents decreasethefinal
strength and increase the water demand and the dispersion-stability, but aso the yield
point and the dynamic viscosity. Neverthel ess, dispersion stability and quality may be
poor, leading to segregation and bleeding (settlement of the solid particles). Bentonites
are thus classified as “ cement-stable” or not, according to their ability to form stable dis-
persions[Pulsfort & Walz, 2000]. First, after addition of sodium and subsequent sodium-
calcium cation exchange, the dispersions show improved properties. Such additions occur
on an empirical basis, as the extent of sodium-calcium cation exchange is not yet fully

known in cementitious environments.

Another field of relevance, isthe modification of soilsby lime addition for the purpose
of construction on or in the soil. The chemical effects of the added lime cause immediate
changesin soil plasticity and workability and allow for easy ramming of the soil and a
good compaction rate. Thisfacilitates further construction work. Addition of lime for
immediate soil improvement/stabilisation is often required in the humid seasons when

soils are muddy.

In soil solidification, the addition of higher lime proportions generates a soil-binder com-
posite with improved resistance to stresses caused by traffic and climate. The bearing

capacity, the water and frost resistance of the strengthened and solidified soil isimproved

* A clay formed from volcanic ash decomposition and largely composed of the clay mineral montmorillon-
ite [Parker, 1997].
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in asustainable way. If the appropriate clay constituents are present in the soil, shear
strength devel opment due to the pozzolanic reaction will be gradual but continuous for
long periods of time[Broms, 1984]. Therate of increaseisgenerally rapid during thefirst
48-72 hours after mixing, then starts to decrease with time but may continue for several
yearsin some instances [Taylor & Arman, 1960]. The shear strength increases linearly
with time when plotted at log-log scale [Broms, 1984] or linearly with the logarithm of
time [Brandl, 1981; Okamura & Terashi, 1975].

The primary variable that can be altered is lime percentage, since the inherent properties
and characteristics of the soil are fixed and the optimal water content is adjusted during
construction. Therefore, the major objective of the mixture design processisto establish
an appropriate lime content. For the purpose of strength development in the long-term, a
wide variety of lime contents could be used successfully. By comparison with historical
mixture design of Roman pozzolan-lime mixtures (up to 43% lime), the lime additions
that are usually applied in soil solidification (up to ~12%) seem quite low. Mitchell &
Dermatas (1992) report on the possibility of less swelling in sulphate-rich soils when
increasing the lime content. More lime leads to more cementitious reaction products over
time, which resultsin increased strength. As a material disrupts if the expanding forces
become greater than the material”s (tensile) strength, more lime might be considered ben-

eficial for the reduction of swelling and heave of problematic soils.

2.5 Chemical aspects associated with the pozzolanic
reaction

There may be as many as five mechanisms associated with the addition of limeto clayey
materials [UN, 1992]:

(i) Water absorption: Quicklime undergoes hydration using added water or soil mois-
ture, releasing heat in the process.

(if) Cation exchange: Calcium ions from the lime are replaced by exchangeable cations
from the soil constituents, including potassium and magnesium. The amount of
exchange is afunction of the soil's cation exchange capacity.

(iii) Flocculation and aggregation: Soil particles flocculate and aggregate due to cation
exchange and increased electrolyte activity in the pore water. In effect, the grain size
distribution is modified.

12



2.5 Chemical aspects associated with the pozzolanic reaction

(iv) Carbonation: Added lime reacts with atmospheric carbon dioxide to form weak car-
bonated cements.

(v) Pozzolanic reaction: Thisisthe dominant reaction in lime stabilisation of soil. The
strength of the resulting material islargely a function of the dissolution of clay min-
erasin the akaline environment created by the lime and the recombination of clay-
derived silicon and aluminium with lime-derived calcium to form hydrated cement
minerals.

Water absorption by the hydration of quicklime, and carbonation of free lime, will not be
considered in this study, as experiments were only performed with hydrated lime, and

mixtures were prepared excluding carbon dioxide.

Itiswell established in soil science and clay mineralogy, that cation exchange and disper-
sion/aggregation phenomenaare closely interrelated phenomena[e.g. Ho & Handy, 1963;
Shainberg & Kemper, 1966; Shainberg & Otoh, 1968; Reddi & Inyang, 2000; Quirk,
2001]. The cation exchange state (distribution of monovalent and bivalent cations
between liquid and solid phase) influences the mechanical, hydraulic and swelling prop-
ertiesin clayey soils[Lang, 1989; Madsen & Mller-Vonmoos, 1989; Miiller-Vonmoos
& Loken, 1989; Weiss, 1989; Quirk, 2001]. The effect of lime additions on zeta potential,
viscosity, plastic limit and floccul ation/aggregation in montmorillonite dispersions was
studied by Ho & Handy (1963) and the effect on the grain size distributions of soils e.g.
by Caprez (1984) and Croce & Russo (2003). These properties are related to cation
exchange and mainly influence the engineering properties of fresh clay-lime mixturesin

the short-term, before the mixtures start to harden.

In contrast, the pozzolanic reaction isaslow process. It isthe major process responsible
for strength development in pozzolan-lime composites and for improved strength of
modern composite cements[Mehta& Monteiro, 1993]. Dueto this solidifying action, the
reaction of clay minerals and limeis subdivided into the periods before and after substan-
tial solidification occurred [Eades & Grim, 1960]:

Thefirst period is characterised by afast cation exchange contri-

bution with its influence on the rheological and swelling engineer-
ing properties.

The second period is characterised by a slow dissolution/precipi-

tation (pozzolanic) reaction with itslonger term influence on engi-
neering properties e.g. porosity, permeability and strength.
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It is worth mentioning here that the same distinction is made by civil engineers for soil-
lime stabilisation. Thereis acertain amount of lime necessary in order to reduce the plas-
ticity index to aminimum. Thisis mainly caused by an increase to the maximum plastic
limit and a change of the liquid limit. This dosage is termed the lime fixation point [Ber-
gado et a., 1996] or defined as the minimal lime content [SN 640 503a]. Lime additions
equal to thelimefixation point will generally contribute to the improvement* in soil work-
ability, but may not result in sufficient strength [Hilt & Davidson, 1960]. Addition of
more lime generates no improvement in workability, but mainly contributes to along-

term strength increase through the cementing action of the pozzolanic reaction.

2.5.1 Pozzolanic reaction of clay minerals|: cation exchange, swelling
and rheology
Sodium and calcium are two major cations in Portland cement and soil pore solutions

(alsointer void fluid). Serious problems may arise from both swelling cement through the
alkali-aggregate reaction [Prezzi et al., 1997, 1998; Rodrigueset al., 1999a, 1999b, 2001]
and swelling agricultural soils[Quirk, 2001], both caused by the action of exchangeable
sodium. Sodium-calcium exchange in the presence of lime may therefore be critical with
alarge influence on the rheological (e.g. yield point?) and engineering properties (e.g.

swelling, hydraulic conductivity).

In this study, investigations related to the three phenomena: sodium-calcium exchange,
swelling and yield point tests, were performed on a bentonite. Their interrelation is

shown and implications, particularly for the construction industry, are discussed. Asthese
phenomena are attributed to quite arange of natural and engineering sciences, short intro-

ductions will be given in the following sub-sections.

' The German literature on soil stabilisation makes a distinction between soil improvement/stabilisation
(“Bodenverbesserung” and “Bodenstabilisierung”) and soil solidification (“Bodenverfestigung” and
“Bodenvermértelung”) [e.g. Hermanns Stengel e, 2005].

> Theyield point of a supporting liquid isthe shear stress, which causes flow to appear. It depends, among
other parameters, on the temperature, and for thixotropic fluids, on the thixotropic thickening time. Thix-
otropic thickening is associated with an increase in the yield point after ending aflow. It isreversible.
Theyield point is at its minimum at the end of aflow (dynamic yield point) and increases asymptotically
to its maximum (stetic yield point). [Pulsfort & Walz, 2000].
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2.5 Chemical aspects associated with the pozzolanic reaction

Solution chemistry in the presence of lime

The solubility of Ca(OH), (lime) in water decreases from 1.85 g/l at 0°C to 1.28 ¢/l at
50°C and to 0.71 g/l at 100°C [Haslam et al., 1924]. At 25°C, the pH valueis~12.5 and
the total molar calcium concentration is~21 mM. The effect of different alkali salt solu-
tions on the solubility of lime was modelled by Duchesne & Reardon (1995), the effect of
particle diameter by Johannsen & Rademacher (1999). Due to the hydrolysis of the
hydrated calcium ion:

Ca2* + OH « CaOH" (Eq. 2-1)

the species CaOH* also hasto be taken in consideration [Baes & Mesmer, 1976]. AtapH
of 12.5 it accounts for ~30% of the total dissolved calcium (fig. 2-2b). Anincrease of the
pH e.g. by the addition of NaOH resultsin a decreased solubility of lime, decreased total
calcium concentration and increased fraction of the species CaOH" (fig. 2-2a). At apH of
12.85 equal to the value of the first hydrolysis constant of Ca* [Parkhurst & Appelo,
1999], the two soluble species are equally present in solution (fig. 2-2b). The species
CaOH* hasamuch higher selectivity constant against Na" as does Ca™* [e.g. Tournassat et
al., 2004a, 2004b] and is therefore of particular importance to sodium-calcium cation

exchange phenomena at a high pH.

Figure 2-2. (a) Predominance area diagram in the system C&*-H,O-Ca(OH), as afunction of pH and [C&*]
concentration and (b) fractions of soluble calcium-species with pH in this system; calculated with the
chemical equilibrium program Medusa [ Puigdomenech, 2000].

10 -

0,

r solid Ca(OH), ] 08 ca” CaOH"
- o 06
& o)
< =
O - 9
I?D g 04
2 _ S

02
120 125 130 135 140 1l 12 13 14
pH pH

a b

15
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Cation exchange

One of the basic properties of many clay mineralsis the ability to exchange cations
located on and between the mineral’ slayers. The maximum exchangeable amount, termed
the cation exchange capacity (CEC), originates from two contributions. Oneisthe perma-
nent negative layer charge. It arises from isomorphic substitutions of cationsin the crystal
lattice of the clay mineral. It may be calculated as atheoretical structural CEC value from
the structural formula. Asthe nameimplies, this chargeis permanent and independent of
the systems' pH. The other contribution originates from the (de-) protonation of surface
groups of the clay mineral layers edges. The edges protonation state depends on the pH
and may range from positive to negative. At apH of 7, ~20% of the CEC of smectitesis
located at the edges [Lagaly, 1981].

In a cation exchange reaction, the preference for one cation over another is qualitatively
described by a selectivity series[e.g. Jasmund & Lagaly, 1993]. For clay minerals, this
seriesisvery similar to the Hofmeister seriesfor cations, which was established from the
ions' impact on the coagulation behaviour of aprotein mixture [Hofmeister, 1888]. In the
absence of specific sorption, one reason for different selectivity isfound in theionic
potential of cations, theratio of cation chargeto radius. Since exchangeable cations at sur-
faces are usually hydrated, it isthe ratio of charge to hydrated radius that governs the
attraction to the surface. A higher ionic potential of the “naked” cation resultsin alarger
hydration shell, i.e. in ahydrated cation with alower ionic potential and less attraction to

the charged surface.

Swelling of clay minerals

Some clay minerals like montmorillonite are capable of changing their volumein one
dimension by de- or adsorption of water layers (fig. 2-3b). The clay mineral’ s water con-
tent isrelated to the chemical potential of water which isrelated to a particular relative
humidity [Tambach et al., 2004] amongst other factors. The volume change processis
either termed swelling, if water istaken up, or shrinkage, if water isreleased from the min-
eral. Thereis much consensusin the literature that the first swelling steps from the dehy-
drated state onwards, the so-called crystalline swelling, proceed mainly viathe hydration
of the interlayer cations. The driving force is the cationic hydration energy [Norrish,
1954b).
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2.5 Chemical aspects associated with the pozzolanic reaction

The enthalpy of hydration (per single charge) for calcium is about twice that of sodium
[Marcus, 1985]. This qualitatively explains why calcium montmorillonite at afixed rela-
tive humidity has a greater volume and water content than sodium montmorillonite

(fig. 2-3). These homoionic forms show completely different swelling and water uptake

curves with increasing humidity (fig. 2-3a).

Water adsorption in the crystalline swelling regime proceedsin a step-wise manner by the
inclusion of water layers; it stops somewhere around four water layers corresponding to a
surface separation of ~10 A or abasal spacing of ~20 A [Norrish, 1954b]. Each water

layer separates the mineral layers by about 2.7 A to 3 A, roughly equivalent to the diam-

eter of awater molecule.

In agueous solution, this crystalline swelling may proceed into the continuous swelling
regime, which is mainly an osmotic process driven by concentration gradients [Norrish,
19544]. Low ionic strength in the bulk solution forces water to enter between the mineral
layers and drives them apart. In such solutions, clay mineral layers may be separated by
distances of up to some hundreds of A. This process is independent of cation type [Norr-
ish, 19544a]. For bivalent and higher valent cations however, swelling often stops at the

transition from the crystalline to the continuous swelling regime [Norrish, 19544].

Figure 2-3. Crystalline swelling of the sodium and calcium form of montmorillonite: (a) water content
with relative water pressure (relative humidity), (b) basal distance between clay mineral’s layers with
relative humidity [modified from Pl6étze & Kahr, 2003].
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2 Clay-lime interactions

Rheology of montmorillonite dispersions

“Rheology, a branch of mechanics, is the study of those
properties of materials which determine their response to
mechanical force. The word rheology was coined in the
1920'sto represent the science of the deformation and flow
of matter.” [The Society of Rheology].

Rheology is an interdisciplinary science at the boundary of continuum mechanics and
fluid mechanics and investigates both the solid and fluid states of materials and also the
transition between the two. When aforce is applied to a volume of material, a displace-
ment (deformation) occurs. High deformations lead to a flow of many materials, other
materials break in brittle mode. The deformation response might be reversible (elastic
deformation) or irreversible (viscous and/or plastic deformation) or a combination of all
of them (visco-elasto-plastic deformation).

Montmorillonite dispersions are dependent on their solid content viscous or visco-elasto-
plastic, thixotropic, gel-like fluids. They may be in the state of a sol (stable colloidal dis-
persion), may be coagul ated (destabilised by salts), floccul ated (destabilised by polymers)
or thickened in the state of agel [Abend & Lagaly, 2000]. These different states are sep-
arated through phase boundaries indicated by a change in the rheological properties (e.g.
yield point). The phase diagram in fig. 2-4, showing the influence of solid content and
ionic strength on the state of dispersion, was determined from rheological measurements
[Abend & Lagaly, 2000]. Other factorsinfluencing the state of dispersion arepH [Lagaly,
1989], age of dispersion [Karstedt, 1980], temperature, cation exchange [Alther, 1986;
Lagaly et a., 1997] and type of bentonite [Huder, 1972].

Figure 2-4. Phase diagram showing the different states of a bentonite dispersion as afunction of ionic
strength and solid content [modified from Abend & Lagaly, 2000].
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2.5 Chemical aspects associated with the pozzolanic reaction

Even dilute sodium montmorillonite dispersions are not completely delaminated [Jas-
mund & Lagaly, 1993], i.e. their individual layers are not fully separated. These primary
layers are arranged in so-called tactoids of approximately four to ten layers [Jasmund &
Lagaly, 1993]. Each of these tactoids is surrounded by a zone of relatively immobile
water, the so-called diffuseion layer (DIL), which isaresult of the permanent negative
charge of the clay mineral’s layer and the surrounding region of charge-neutralizing
hydrated cations. The thickness of the DIL is often approximated via the Debye-HUckel
theory and assumed to be five times the reciprocal Debye-Huickel length [Lagaly et al.,
1997]. Thethickness of the DIL isnot equal to theinterlayer space between the layers of
tactoids. Fig. 2-5 shows both the variation of the DIL (5 times the reciprocal Debye-
Huckel length) and the interlayer spacing [Norrish, 1954b] with the normality of solution.

Figure 2-5. Thickness of the diffuse ion layer for monovalent ions approximated as five times the
reciprocal Debye-Hiickel length [data taken from Lagaly et a., 1997] and measured basal spacing [data
taken from Norrish, 1954b], both as a function of the normality of solution.

< 1000 - o~ Na Norrish
g ] —*— C&" Norrish
2 ] --m--- Debye-Hueckel
§ L
7] 40
S
[T}
) -
= ~
R
- 100 ]
% - “m
_I .
= - v
a T LN
= 3 \
o osmoatic swelling Y
4 ‘..
§ crystalline swelling - ) x
2 10 .
=
0.001 0.01 0.1 1 10

normality of solution [N]

Thetactoidswith their surrounding diffuseion layersand the different states of dispersion
are schematically shown in fig. 2-6. The states are characterised by their inter particular
forces, either repulsive or attractive ones. At low ionic strength and low solid content,
bentonite dispersions are in a stable (not sedimenting), repulsive state with a very low
yield point (fig. 2-6a). Increasing the solid content will not or will only slightly change
the DIL, but may induce a phase transition to the repulsive gel state; a significant yield
point appears (fig. 2-6b). Increasing the ionic strength at constant solid content will
decrease the thickness of the DIL. This may lead to the formation of an attractive gel, the

inter particular forces become attractive, water isimmobilised inside the gel pores (fig. 2-

19
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6¢). Further increase of the ionic strength leads to coagulation and formation of flocs, the
dispersions show sedimentation (fig. 2-6D). A significant yield point asaresult of thedis-
persion’s elastic propertiesis only observed above ~1% bentonite content and transition
to agel-like state above ~3% bentonite content [Abend & Lagaly, 2000]. Dispersions of
relevance for the construction industry usually have a bentonite content between 3% and

8% and are therefore typically in the state of agel.

Figure 2-6. Schematic representation of the four states of a bentonite dispersion; solid content and ionic
strength lead to transitions between the states; the influence of solid content is symbolised through the
number of tactoidsin black, the one of ionic strength through the thickness of the diffuseion layer in grey
surrounding the particles.
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The distribution of clay mineralsinside aggregates and flocs as shown in fig. 2-7 also
influences the distribution and mobility of water inside the different types of pores
[Schoonheydt, 1995].

Figure 2-7. Aggregation of elementary clay particles [modified from Touret et a., 1990].
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2.5.2 Pozzolanic reaction of clay minerals|l: dissolution, precipitation
and porerefinement

The pozzolanic reaction

The slow chemical reaction between a pozzolan and calcium hydroxide (lime) is called
the pozzolanic reaction [Mehta & Monteiro, 1993] and leads to the formation of calcium-

silicate-hydrates and cal cium-aluminate-hydrates:
CH + pozzolan + H — C-S-H + C-A-H (Eq. 2-2)

C-S-H isageneric namefor any amorphous or poorly crystalline calcium silicate hydrate;
the dashes indicate that no particular composition isimplied [Taylor, 1997]. C-A-H is
used here in the same way, note however, that calcium aluminate hydrates are usualy of
higher crystallinity and their composition is usually easier to determine than the compo-
sition of C-S-H.

“Because pozzolans are low in Ca0, this component must be added in stoichiometric
quantity” [Taylor, 1997]. This CaO is either added as lime or, in a composite cement,
provided by the limeformed during cement hydration. The consumption of lime, followed
by the precipitation of hydrated cement minerals with alower density isvery efficient in
filling up capillary pore space thereby decreasing porosity. This lime consuming process
and the associated por e refinement process lead to increased strength, impermeability,

durability and chemical resistance of pozzolan cements [Mehta & Monteiro, 1993].

Literature on the pozzolanic properties of clay minerals

As mentioned before, mineralogical literature on the pozzolanic properties of clay miner-
alsisrare dueto their unfavourable properties in common cement/concrete technology.
Although Malhorta & Mehta (1996) still classify clay minerals as non-pozzolanic, itis
already inferred from engineering practicethat thereis some extent of pozzolanic reaction
occurring with clay minerals. The presence of at least 10% clay fraction in asoil is
required for a successful lime-stabilisation process [e.g. SN 640 500a]. Recent findings
by Jackson (2004) even indicate that a non-dispersive smectite cemented with opaline
silicawasthe major reactive mineral component of a pozzolan in ancient Roman cements.
Thereisalso evidencethat smectitic expandabl e soilswere lime-stabilised by the Romans
[Borchardt, 1989].
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Thefirst direct X-ray evidence for the pozzolanic reaction of clay minerals, the consump-
tion of lime and formation of cementitious reaction productswas established inthe 1960’ s
[Eades & Grim, 1960; Hilt & Davidson, 1961; Herzog & Mitchell, 1962, 1963; Glenn &
Handy, 1963; Diamond et al., 1963]. Following their microscopic evidence, Diamond et
al. (1963) postul ated that the pozzolanic reaction involved progr essive dissolution of the
clay mineral’s edges, followed by separate precipitation of the reaction products.
Major reaction products at ambient temperature were identified as a crystalline calcium
auminate hydrate, possibly C,AH_, [Hilt & Davidson, 1961], an AFm phase as termed
today in cement chemistry [Taylor, 1997], and hydrated calcium silicate gel (C-S-H)
[Diamond et al., 1963]. At atemperature of 60°C, the phase assemblage had changed to
acubic hydrogarnet phase (C,AH,) and aC-S-H of different morphology [Diamond et al.,
1963].

The only information regarding the extent of reaction isfound in Diamond et al. (1963).
In general, the reaction extent increased with temperature. For aqueous montmorillonite-
and kaolinite-lime mixtures at 60°C, the initial 29% of lime reacted completely after 2
months. The extent of reaction of the kaolinite was estimated to be 28% of the total mix-
ture, no estimate for montmorilloniteisgiven. At 45°C after 2 months, the mgjority of the
initial 20% of clay mineralsreacted. Thefollowing order of reaction extent was estimated:
kaolinite> montmorillonite= mica= illite> pyrophyllite (Talc did not react and the extent
of lime reaction was not estimated). Despite considerable attack, the residual clay miner-
alsretained their crystallinity as evidenced e.g. by the sharpness of the X-ray peaks of the
micaand illite polymorphs. After 6 months at 23°C, a 1:1 kaolinite-lime suspension

remained considerably unreacted. Reaction extent was not estimated.

Combined dissolution and precipitation at high pH relevant to clay-lime mixtures

In order to understand the rates of change in chemical systems, controls by nucleation of
solids, mineral dissolution and growth, agueous and solid-state diffusion, oxidation-
reduction, adsorption, ion-exchange, aqueous complexing, radioactive decay and fluid
flow have to be considered [Murphy et al., 1989]. Rate limiting processes for the overall
reaction are either the slow steps of processes occurring in sequence or the fast steps of

parallel processes. Dissolution or crystal growth at the interface between minerals' sur-
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faces and agueous solutions and the diffusion of reactive speciesinto the agueous phase

to and from the surfaces commonly occur in sequence [Murphy et a., 1989].

As mentioned earlier, the pozzolanic reaction is discerned to be a combined process of
dissolution of the lime surfaces and of the clay minerals' edges followed by the precipi-
tation of cement hydrates. From micro structural investigations during cement hydration,
it is established that precipitation may occur (i) on the dissolving clinker grains that pro-
vide all the chemical species necessary, (ii) in solution away from the surfacesand (iii) on
(relatively) inert surfaces of e.g. aggregate grains [Taylor, 1997]. In pure pozzolan-lime
mixtures, where part of the chemical species necessary for precipitation are either pro-
vided by the lime or the pozzolan, precipitation products have been found on the surfaces
of both reactants, the lime and the pozzolan [Biernaki et al., 2001; Williams et al., 2002]
and possibly also in solution. It is therefore concluded that diffusion of reactive species
and precipitation on or near surfaces and in solution are important processesin clay-lime

mixtures (likewise in cement hydration [Gartner et a., 1989]).

Therelativeimportance of diffusion and surface reactionson the overall masstransfer rate
at themineral surface depends on the magnitude of the surface reaction ratesand diffusion
coefficients (both temperature dependent), the geometry, structure and hydrodynamics of
the system, the degree of disequilibrium at the mineral-solution interface and elsewhere
inthe system [Murphy et a., 1989] and the morphology of the mineral’ s surface [Jeschke
& Dreybrodt, 2002]. Minerals with low dissolution rate constants (typically e.g. silicates
at ambient temperature) tend to be in the surface-reaction-dominated regime as the rates
for the diffusing agueous species involved in the mineral’ s dissolution and growth are
greater; i.e. the overall coupled steady-state rate is dominated by the slow surface reac-
tion. In contrast, minerals with high dissolution rate constants tend to be in the diffusion-

dominated regime (e.g. calcite or portlandite/lime).

Surface precipitates influence the dissol ution rate in such away that reactive species may
have to diffuse through them. The (effective) porosity of the overgrown precipitate,
through which diffusion occurs, is thus of major importance for the overall reaction rate,
at least for fully covered surfaces. The solution in contact with the overgrown phaseis
likely to be saturated with respect to this overgrowth. Further dissolution of the substrate
can then only occur by diffusion of reactant- and/or product-derived chemical species

through the overgrowth, which islikely to be extremely slow [Gartner et al., 1989]. For

23



2 Clay-lime interactions

coupled surface and diffusion reaction modelling, Murphy et a. (1989) among others
therefore introduced a parameter describing the ratio of total interfacial surface areaover
which the reaction occurs to the cross-sectional surface area perpendicular to diffusional
mass transport. “ This parameter depends on surface roughness and the porosity of the
medium through which diffusion occurs if it affects the quantity of mineral surface that

contacts the agueous phase.” [Murphy et al., 1989].

It has been established by Ritchie & Xu (1990) and Gileset a. (1993) that the dissolution
or slaking of both quicklime and slaked limeiskinetically controlled at low stirring
speeds by the slow diffusion of calcium and hydroxide away from the dissolving surface.
At higher stirring speeds, the slow rate-determining step is the dissolution of calcium
hydroxide at the surface [Giles et a., 1993]. For reactions of lime with solutions contain-
ing carbonate or aluminate, Xu et al. (1997, 1998) found that the reaction products (CaCO,
or C,AH,) deposited at the dissolving surfaces slow down the dissol ution reaction of lime.
If the aluminate concentration in solution is high enough, the lime particles even become
encapsulated by the calcium aluminate hydrate (passivation) and further dissolution
ceases[Xu et al., 1997].

Bauer & Berger (1998), among others, investigated the alkaline dissolution of clay min-
er als (kaolinite and montmorillonite). The montmorillonite dissolved at a much lower
rate, controlled by the dissolution of the tetrahedral (silicate) sheet. The rate determining
step for kaolinite was the dissolution of the octahedral (aluminate) sheet. Berger et al.
(2002) however, suggested for feldspar dissolution that a competition occurred between
two parallel reactions at the mineral surface, the hydrolysis of the silicon and aluminium
units of the tecto- (framework) silicate. The rate determining step might therefore depend
on the experimental conditions or even change during the experiments through growth
and re-dissolution of new phases [Berger et al., 2002]. It is often observed that natural
minerals weather in intimate contact with reaction products. This strongly influences the
rate and character of natural weathering [Casey, 1995, and references therein]. Unlikein
well-controlled |aboratory experiments, where a small amount of mineral isdispersedin
alarge volume of solution, natural weathering usually occurs at low water to mineral
ratios in the porous networks of soils, sediments and rocks. Solute transport by diffusion
through precipitates to and from the dissolving surface might thus control the overall dis-

solution rate both in natural and laboratory systems[Murphy et a., 1989, and ref. therein;
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Ritchie & Xu, 1990; Gileset a., 1993]. The solution composition mainly in contact with
the precipitate might imply true equilibrium in the system. However, apparent equilibria
arein reality often multiple steady states of both irreversible and reversible reactions
[Sverdrup & Holmaqvist, 1999].

The hydration of Portland cement pastes can provide another examplefor the influence of
mineral precipitates on the dissolution reaction. Three periods of micro-structural devel-
opment in cement pastesare usually distinguished, an early, middle and alate period, with
divisions at 3 and 24 hours of hydration time [Taylor, 1985; Scrivener, 1989; Taylor,
1997]: In the middle period of hydration after ~4 h, the dissolving clinker grains are com-
pletely covered by cracked shells of C-S-H, which show after ~12 h athickness of 0.5 -
1 um. These shells are separated from the clinker grains through spaces up to 0.5 um
wide and are still permeable to migrating aqueous species. Precipitation occurs inside
these spaces, in the pore solution but also on the surfaces of inert grains. From ~18 h
onwards but basically in the late period of hydration, these spaces become progressively
filled with the so-called inner product C-S-H. The shells may be now thicker than 8 um,
restricting the diffusion of dissolved speciesand substantially slowing down the hydration
reaction. In contrast to the through-sol ution processes (dissol ution, aqueous diffusion and
precipitation from solution), further hydration was suggested to occur very slowly by a
topochemical mechanism dueto the lack of atrueliquid phase in contact with the dissolv-

ing surfaces [Taylor, 1985].
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3Ana|ytica| methods,
materialsand sample
prepar ation/handling

3.1 Sandard analytical methods

All mineralogical data given in this study are referred to the ignited mass. Calcium
hydroxide content is e.g. given as percent CaO in the ignited mixture. Thisis very
common in cement chemistry, as the mass of the ignited mixture is a constant reference
point in systems of low water to solid ratios. The mass of the dissolved speciesis negligi-
ble compared to the mass of the solids in such systems when no chemical species are
removed. The main process in cementitious systems is the uptake of water into the solid
mass. The amount of metal oxides (equal to theignited mass) istherefore regarded as con-

stant before and after the reaction.

3.1.1 L oss-on-ignition
Loss-on-ignition (LOI)

Lol = [voailesyy  rog (Eq. 3-1)
initial
isconventionally determined by heating several grams of the sample (m,...) in the muffle
furnace up to a specified temperature in order to remove al the volatile components (m,,,
.1e) desired (e.g. up to 1000°C). This method was not applicablein this study duethe high
samplemass necessary. L 0ss-on-ignition was determined by thermal analysis(TA), either
inagasflow of air or, in the case of carbon dioxide sensitive samples, in agas flow of

nitrogen. Results in table 3-1 justify this approach.
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Table 3-1. Comparison of L Olsdetermined at 1000°C either by standard
method or by thermal analysis (TA).

LOI conventional LOI from TA relative deviation

[%] [%] [%]
China Clay 13.8(2) 131 51
lliteMC 10.2 (4) 9.8 39
Volclay 13.7 138 0.7
Volclay 13.90 (17) 14.6 50

<20pm

3.1.2 Inductively coupled plasma atomic emission spectroscopy
The equilibrium agueous composition isindicative of minerals present in asystem. Induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES) was used to analyse
major elementsin the extracted supernatants. The aqueous sampleswere prediluted 1:5to
1:10in order to prevent precipitation of dissolved silica and then acidified by adding

2 Vol.% of concentrated nitric acid. |CP-AES measurements were carried out with the
model Spectro Ciros Vision (Spectro Analytical Instrument, Kleve, Germany) at the
Swiss Federal Institute of Aquatic Science and Technology (EAWAG).

3.1.3 Wavelength dispersive X-ray fluorescence
In order to characterise the clay minerals studied, the chemical composition of the clay

materials was determined by wavelength dispersive X-ray fluorescence (XRF) spectros-
copy. Finely ground materials (< 30 um) weredried over night inthe oven at 105°C, then,
after cooling in the exsiccator, transferred in previously anneal ed porcelain crucibles. Cal-
cination for 30 min at 1070°C was performed in the muffle furnace and materials cool ed
again in the exsiccator. 1 g of calcined material was mixed with 5 g of di-lithium tetrabo-
rate (necessary for calibration to the internal standard Li), transferred into a platinum cru-
cible, melted for 30 min at 1150°C and then poured into a casting dish to producethe glass
bead. The glass beads were measured for major elements with the instrument PW 1404

(Philips) at the Swiss Federa Laboratories of Materials Testing and Research (EMPA).

3.1.4 Cation exchange capacity and exchangeable cations
Cation exchange is one of the basic properties of clay minerals. The cation exchange

capacity (CEC) was determined according to the ammonium-acetate method [M ackenzie,

1951]. The determination is based on the replacement of the exchangeable cations by
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NH," at pH 7 with a1 M ammonium-acetate (purum p.a.) solution, transformation of
sorbed NH," to NH, with a1 M sodium hydroxide solution, distillation of the NH, (Distil-
lation Unit 323, Buichi, Switzerland) and determination of the captured NH, (in boric acid)

through titration with sulfuric acid.

The exchange of interlayer cationsagainst NH," was performed by overhead agitation for
24 h and for asecond 24 h after renewal of the solution. Severa washing procedureswere
applied in order to remove excess salts and solutions. Each sample was determined in
duplicate.

Exchangeable cations were determined in the supernatant and all the washing solutions
kept after each of thetwo replacement steps. A method described in Emmerich (2000) was
dlightly modified. The solutions containing the exchanged cations were dried at 60°C
until no water was left and some of the excess ammonium removed. The solid remains
were redissolved with concentrated HNO, (1:1 with water). Solution composition was

measured with |CP-AES against a standard series of a multi component standard.

3.1.5 X-ray diffraction

In general

The mineralogical composition of the sample material was characterised by X-ray diffrac-
tion (XRD) techniques. Thisis based on the fact that the crystalline fraction of the sample
material interferes with the X-rays resulting in a characteristic diffraction pattern. This
pattern (diffracted intensity with diffracting angle) isrecorded by the detector system. By
comparison with reference data, the qualitative composition of the sample material is
determined.

X-ray diffraction (XRD) analyseswere performed mainly on powderswith aBragg-Bren-
tano diffractometer (Bruker AXS D8, Cu-Ka. radiation, automatic divergence and
antiscattering dlit, graphite monochromator). The X-ray tube was operated at a voltage of
40 kV and acurrent of 40 mA. Variable counting stati sticswere applied, however applied
step width W was between 0.02° and 0.04° 26 and step counting time T between 2 and
9 s. For patterns intended for use in Rietveld refinement (quantitative analysis), profile

intensities of around 2500 counts per second were aimed at.
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At controlled humidity and temperature

Figure 3-1. XRD sample chamber (without the closure unit) for experiments at controlled humidity and
temperature.

Diffracted
X-ray beam

Sample

Seal ring for the i chamber
chamber cap :

In-situ XRD measurements under controlled relative humidity (RH) were performed in
order to investigate the different crystalline swelling behaviour of montmorillonites with
various adsorbed sodium to calcium ratios. They were run at constant temperature
between 25°C and 27°C in the sample chamber TTK450 (Anton Paar) shown in fig. 3-1.

The RH was controlled by mixing wet and dry pressurised air with a humidity controller
(Sycos H) and automatically controlled by a program designed in LabView (National

Instruments).

Quantitative XRD analysis

Quantitative X-ray diffraction analysis of the mineral content is described in detail in
Chapter 4.

3.1.6 Rheological measurements
Bentonite dispersions are shear-thinning fluids, i.e. the viscosity of the dispersion

decreases with increasing shear stress, the fluid becomes thinner. Thisis because ben-
tonite dispersions show an internal structure (spatial arrangement of clay mineral layers
inside the dispersion) that is progressively destroyed by an increase in shear stress. The

yield point isthe shear stress which causes flow to appear. It depends among other param-
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eters on the temperature and for thixotropic fluids on the thixotropic thickening time
[Pulsfort & Walz, 2000]. Thixotropic thickening is caused by the reconstitution of thedis-
persion’s internal structure. Thisis associated with an increase in the yield point after
ending the enforced flow. Shear thinning and thixotropic thickening of bentonite disper-
sions are reversible processes. The yield point at the end of aflow processisat its mini-
mum (dynamic yield point) and increases asymptotically to its maximum (static yield
point) [Pulsfort & Walz, 2000].

The yield point was measured with arotational rheometer (Physica MCR 300) as the
"Cross-Over Point" determined in an amplitude sweep test: Thistest is performed in oscil-
latory motion at variable controlled shear stress (CSS) but constant angular frequency in
order to determine the boundary of the linear viscoelastic region. The elastic part of the
deformation is characterised by the storage modulus G’ (measure of reversibly stored
deformation energy), the viscous part by the loss modulus G’ (measure of irreversibly
lost deformation energy). The Cross-Over Point (COP) is determined as the transition
fromthegel state (G' > G") tothefluid or sol state (G" > G'). Thistransition appearswhen
deformations caused by increasing the shear stress become greater than alimiting value:

the dispersion’ sinternal structure breaks down.

Figure 3-2. Determination of the Cross-Over Point of a bentonite dispersion with 1009/l bentonite:
Storage and loss moduli of a bentonite dispersion with shear stress.
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Oscillatory measurements were performed in amplitude sweep testswith controlled shear
stressat aconstant angular frequency o = 10 s*. Bentonite concentration in the dispersion
was 100g/l. The dispersion isfilled between the two plates of the rheometer. The plate/
plate distance was 0.1 mm (~ five times the maximum grain size of 20 um). Evaluation
of the COP was visually estimated using plots such asthe one shown in fig. 3-2. It hasto
be noticed that the value of this COP isonly valid at ® = 10 s*. The effect of different
angular frequencies was not tested. However, this angular frequency istypically used by

operators in the industry [Mezger, 2000].

3.1.7 Extraction of remaining clay minerals
A method for theremoval of CaCO, and CaSO, in clays (Bodine & Fernalld, 1973; Kdster

et a., 1973) wasadapted in order to dissolve any remaining CH and newly formed cement
hydration products and to extract the remaining clay mineral fraction. Dissolution of C-
S-H phases was tested on freeze-dried C-S-H with aC/Sratio of 0.7 and shown to be com-
plete (less than 0.5% solid remains). The dissolution of calcium aluminate hydrates was
checked by the disappearance of their basal reflectionsin diffractograms of the extracted
clay minerals. The results were recal culated with the LOI of the materials and expressed
as a percentage of volatile free clay mineral per ignited mass. The material recovery is
givenin Table 3-2 for China Clay and Volclay as an average of three and four determina-

tions.

Table 3-2. Initial mass before and per centage of material
recovery after extraction.

initial mass material recovery
[g] [%]
ChinaClay 45-5.3 95.7+0.3

Volclay 45-51 93.7+ 0.6

Approximately 5 g of reacted clay-lime mixture were dispersed in 400 ml of a0.2 M Na-
EDTA solution (EDTA tetrasodium tetrahydrate) and agitated overhead for 24 h. After
renewal of the EDTA solution, a second extraction step was applied for another 24 h, fol-
lowed by three washing steps. The highly dispersed state of the extracted sodium ben-
tonite made it necessary to convert the extracted sodium bentonite back to its calcium
form (4% CaCl, solution). After the washing steps, material recovery was otherwise
below 70%.
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3.1.8 (Environmental) Scanning electron microscopy (ESEM and SEM)
Electron microscopic investigations are based on the interactions of afocused electron

beam with a sample surface. These interactions lead to emission of secondary e ectrons
(SE) and back scattered electrons (BSE) from the surface. The electron beam scans the
sample surface and the locally emitted electrons (SE, BSE) are detected. The SE are used
to generate a picture of the sample surface. Additionally, local chemical variationsin the
sample surface are obtained by the detection of the BSE. The interaction of the electron
beam with the sample surfaces produces also X-rays with an energy spectrum character-
istic of the (sub)surface' s chemical composition. This energy dispersive X-ray analysis
(EDX) isused for the quantitative measurement of the chemical composition of small sub-

surface regions (several um?® with modern electron microscopes).

Investigations of the samples were performed on an Environmental Scanning Electron
Microscope (ESEM), Philips ESEM XL 30 FEG.

In the so-called ESEM-modus, the sample chamber is operated in contrast to conventional
electron microscopes (high vacuum) under low vacuum and water vapor atmosphere
(~1 Torr). One advantage of these operating conditionsisthat samples need not to be sput-
tered with gold or carbon in order to improvethe electrical conductivity of the sample sur-
face and to prevent excessive charging of the surface. Discharge of the sample surfaceis
partially accomplished by the water vapour atmosphere. The possibility of the investiga-
tion of e.g. humid materials without pre-drying is the most important advantage of the
ESEM-modus.

3.1.9 Mercury intrusion porosimetry
Pore size distributions and porosities of the samples were determined with a mercury

intrusion porosimeter (Pascal 140 and 440, CE Instruments). Such measurements are
based on the intrusion of mercury into the open pore system of a sample and on the non-
wetting liquid property of mercury with alot of solids. Mercury penetrates through the
open pores of asolid sample under the effect of pressure. Cylindrical poreswith diameter
d filled at an specific pressure are inversely related to this pressure p by the Washburn-
equation [Washburn, 1921]:

— —40cosO
p

d (Eq. 3-2)
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with the surface tension ¢ (480 mN/m) and the wetting angle of contact 6 (with purified
mercury, assumed to be 130° for clay minerals and cement [Winslow & Shapiro, 1959;
Diamond, 1970]).

Measurements are performed in avolume calibrated glassvessel. Dueto the high porosity
(55% to 75%) of the samples studied, only ~0.1 g of sample could be used for each meas-
urement. The freeze-dried material was weighed to aprecision of + 0.1 mg inside a
dilatometer and evacuated for ~15 min to about 0.01 bar in the macropore unit (Pascal
140, CE Instruments). Mercury was then added to a marked level on the capillary tube.
The pressure was raised continuously from vacuum to about 370 kPa. The dilatometer
was then transferred to the micropore unit of the porosimeter (Pascal 440, CE Instru-
ments). The pressure was increased stepwise to 400 MPa using a special pressure trans-
mission oil. Penetration of mercury in the pores was followed by measuring the electric
capacity along the capillary tube. The resulting volume values were corrected for the com-
pressibility of mercury determined in asimilar experiment with mercury only. Poreswith

aradius down to 2 nm were measured over the applied pressure range.

3.2 Thermal gravimetry with evolved gas analysis

Thermal analysis summarises a group of methods which determine physico-chemical
properties of pure substances but also of mixtures by heat treatment. In this study, only
thermogravimetric (TG) measurements at a constant heating rate with simultaneous
evolved gasanalysis (EGA) were performed. Thefirst derivative of the TG curves (DTG)
leads to better resolution of the peak data. Thermal gravimetry with evolved gas analysis
was performed on athermal balance (Mettler TGA/SDTA 851€) coupled through a cap-
illary to aquadrupole mass spectrometer (Balzers ThermoStar). Between 20 to 100 mg of
finely ground material was heated in a platinum crucible at arate of 10°C min* and agas
flow (air or nitrogen) of 50 ml min™. The evolved gas was analysed for water and carbon
dioxide by their most abundant fragments of the two components, CO," (m/e = 44) and
H,O" (m/e = 18).

3.2.1 Evaluation model for quantification of TG-EGA data
For substances or mixtures of substances that show awell-resolved mass|oss peak dueto

the decomposition and emission of volatile components, the analogy of masslossdataand
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3.2 Thermal gravimetry with evolved gas analysis

simultaneous EGA dataisobviousfromfig. 3-3. The schematic figure showspart of aTG
mass |oss curve and an associated EGA signal from the mass spectrometer and the rela-

tionship between the first derivative of the TG curve and the EGA signal.

Figure 3-3. Schematic representation of a mass |oss and the associated signal from the mass spectrometer
due to an evolved volatile component.
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If (i) masstransport time of the evolved gasesis negligible (no dead time), (ii) no adsorp-
tion phenomena occur in the capillary, (iii) the baseline is perfectly defined and (iv) no
other interferences occur, the EGA signal is directly related to the first derivative of the
TG data, the DTG curve. Theratio of EGA signal to DTG signal is then just a constant,
termed here the effective sensitivity of the mass spectrometer. Effective only, becausein
such types of measurements, it is not known, which fraction of the evolved gasisactually
transferred from the oven to the capillary*. Thus, the mass of gas transferred to the mass

spectrometer is not equal to the mass lost during decomposition.

Figure 3-4. Calibration lines for the carbon dioxide evolving from decomposing calcite (Ieft) and for the
water from decomposing kaolinite (right); the slope of the linesis the effective sensitivity.
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Thelinearity of theratio of EGA peak areato differential masslossisgiveninfig. 3-4 as

determined by the decomposition of pure calcite and pure kaolinite. Calcite masslosswas

! The oven is an open system. Expansion of the gasinside the oven isfree. Only part of the evolved gasis
transferred through the capillary right above the heated sample to the mass spectrometer.
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determined between 600°C and 750°C and kaolinite mass loss due to evolved hydroxyl
water between 400°C and 700°C. It is concluded that masslossin a specified temperature
rangeis proportional to the EGA signal and that mass transfer rate of the evolved gasto
the capillary is thus independent of the amount evolved. Assuming that the effective sen-
sitivities (the slope of the linesin fig. 3-4) are independent of operation temperature
between 25 and 1000°C, then theratio of the effective sensitivities of two gas components
isagain aconstant. This constant is the so-called ionization factor, which must be known

If quantification isdesired.

For mixtures of substances emitting only water and carbon dioxide upon heating, the asso-
ciated mass|osses can be quantified using the approach described above. At each temper-
ature/time' step, the sum of the two EGA signals, each multiplied with an appropriate
constant, must match the differential mass loss:

Am(T

with k thereciprocal effective sensitivity [mg nA™] of thei-th component and |, the mass
spectrometer signal [nA] for this gas components. This equation is an overdetermined
equation system (there are two variables and the number of equationsis equal to the
number of recorded time steps, usually more than 1000) and might be solved using matrix

|eft division.

The solution of several TG-EGA data setsrevealed that the primitive model (eg. 3-3) was
insufficient in order to match the TG and EGA data. Typical results are shownin fig. 3-

5A and B for mixtures of clay minerals with calcite. A magjor problem isthetailing of the
EGA data, which is probably attributed to sorption effectsin the capillary. Theinclusion
of aphysical attenuation model as an analogue for linear sorption did not improve results
substantially. The best resultswere obtained by assuming that the reciprocal effective sen-
sitivity k; of each gas component is alinear function of time according to the following

equation:

k= aT+k (Eq. 3-4)

! Time and temperature are equivalent in thermal analysis with a constant heating rate.
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3.2 Thermal gravimetry with evolved gas analysis

Figure 3-5. Two mixtures of clay and calcite analyzed by their evolved gases from decomposition;
Volclay with calcite (a) fitted with the primitive model and (c) with the temperature dependent model;
China Clay with calcite (b) fitted with the primitive model and (d) with the temperature dependent model.
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A physical meaning can be attributed to thistemperature dependency. Increase of thetem-

peratureinside the oven will lead to adilution of the atmosphere asthe gasinsidethe oven

isallowed to expand freely. A specific mass|oss and emission of agas component causes

an increase in the partia pressure of this component with increasing temperature. The
same massloss at 100°C and 1000°C leadsto astronger EGA signal at 1000°C. Inserting

eg. 3-4 into eq. 3-3 leads to:

_Am(T)

0 0

which was solved using matrix left division:

dco,

8,0 Am(T)
Co,
0

H.0
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In some cases, physical meaningful solutions were only obtained when constraining the
parameters to reasonable values (e.g. positive values). Prior to any solution procedure,
basal lines have been subtracted using polynomialsof different degree. Fig. 3-5 compares
the results of the primitive model (eq. 3-3) and the temperature dependent model (eg. 3-
5). The data match judged by the mean sgquare value of the residuals was for the latter
model always better, however visual observation of fig. 3-5 till reveals problems from
thetailing of the EGA data. Some results of the quantification procedure with this model
are given in Table 3-3 for mixtures of clay and calcite. Fitting the predicted calcite con-
tentsisvery effective for significant deviations from zero. However, for low contentsthe
relative error increases drastically. Therefore, the results given by this method for the usu-
ally low calcite contents in this study (< 2%) are only regarded to be semi-quantitative.
Table 3-3. Comparison of contents of added calcite with thefitted values.

added calcite fitted calcite® relative deviation

sample [%] [%] (%]
ChinaClay and calcite 22.6 224 0.1
Volclay and calcite 9.2 94 22
Volclay and calcite 45 5.2 15.6

*CO, mass | oss times the molar mass ratio M(CaCQO,)/M(CO,) = 2.27

Nevertheless, the potential of this method isjudged to be high. Thereis no restriction in
the number of gas components. Much better results are expected if both amodel for auto-
matic determination of the EGA base line and a model of non-linear sorption (e.g. by
inverse modelling of the EGA data) be included. If one a perfect match of the DTG and
EGA datais achieved, quantification with a high accuracy and precision is expected.
Problems arise if chemical reactions occur as e.g. the combustion of organic matter:
Chemical species responsible for the mass loss and detected species are not of the same
stoichiometry. For combustion of organic matter, the mass loss is attributed mainly to

carbon loss, but with full combustion, carbon dioxide is detected.

3.2.2 Determination of portlandite and clay minerals by their evolved
crystal or hydroxyl water
The goal of determining clay mineral consumption in the reacted clay-lime mixtures with

quantitative X-ray diffraction analysis was not achieved (cf. chapter 4.). Therefore, ther-
mal analysis had to give supplementary information on clay mineral consumptionin order

to check the plausibility of results obtained by the extraction and XRD techniques. The
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results of the chemical extraction procedure for the remaining clay minerals were used as
afirst estimate. Together with the XRD data on the consumption of calcium hydroxide,

the extraction results gave an average mass ratio for the two reacted minerals.

Peak fitting of thermal analysis patternsis very complicated due to superposition of vari-
ous different effects and processes [Emmerich, 2000]. Estimation of the water evolved
from decomposing portlandite and kaolinite in reacted mixtures was therefore performed

asfollows and is exemplified by the China Clay-lime mixture shown in fig. 3-6.

Figure 3-6. TA datafor a 7 month reacted China Clay-lime-water mixture (15 g/70 g/100 g); calcite
content 1.5%. Simulation of used mineral fractions per total ignited mass (CaO/oxide,, = 1.4) givesa
consumed content of 12.0% for lime and 8.6% for the clay. The solid lines in the upper figure indicate the
cut-offs used as afirst estimate for the determination of lime water and China Clay hydroxyl water.
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This figure shows the strong degree of overlap of water evolving from portlandite and
kaolinite decomposition. The total amount of evolved water per ignited mass was deter-
mined from the onset portlandite decomposition (~370°C) to the end of kaolinite decom-
position (~650°C). A cut was set arbitrarily at the kink of the TG data (here at ~490°C).
The amount of water evolved below this kink temperature was multiplied with the factor

of 3.12 (molar mass ratio of CaO and water) to yield per cent CaO per ignited mass, the
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water evolved above was multiplied with the factor of 7.41 (inverse hydroxyl water con-
tent per ignited mass) to yield per cent metal oxidesfrom kaolinite. Asthe degree of over-
lap of the two peaks was not known, fractions of the clays hydroxyl water were
transferred between the two compartments until the desired mass ratio was reached. For
all the China Clay-lime mixtures analysed, 15 + 2% of the kaolinite’ s hydroxyl water had
to be transferred to the [ime water in order to match the aimed massratio (inferred from
the extraction and XRD techniques). This seemsjustified as the investigated clay-lime
mixtures contained high lime contents. Lime decomposition of pure lime shows alarge
tailing to temperatures greater than 500°C (cf. fig. 3-14). The same procedure was applied

to the other reacted clay-lime mixtures.

3.3 Calculation of results

3.3.1 Calculation of consumed contents of claysand lime
All resultsare expressed as vol atile free oxides per ignited mass. The consumption of clay

minerals and CH isthen just calculated by subtraction of their contents before and after
reaction. Reacted fractions are calculated as the ratio of consumption and initial mineral

content in the mixture (in percent).

Estimation of errors

For the extraction method, it was demonstrated that up to 7% of theinitial clay material
(Table 3-2) may be lost during the different washing/centrifugation steps. Clay material
consumption was calculated by subtraction of the initial contents as well as those deter-
mined after reaction. Dueto the small amounts of clay consumption the relative error may

result in a up to 30% overestimation of clay consumption by this method.

The remaining CH content in reacted clay-lime mixtures was determined by XRD with
theinternal standard method. Therelative error in quantitative XRD analysisis estimated
to 5% [Klug & Alexander, 1974]. The consumption of CH was determined by the subtrac-
tion of initial contents as well as those determined after reaction. In mixtures with high
initial CH content of e.g. 60%, the absolute error for the determined consumption may be
as high as 3%. Taking into account that the difference between initial CH contents and
those measured after reaction wasonly about 10%, therelative error of thismethod isalso
high.
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3.3.2 Sandard deviation and standard error of the mean
Errors of repeated measurements x are given as the standard error of the mean calcul ated

from the standard deviation:

(Eq. 3-7)

GM = — (Eq.3-8)

with M the mean of the sample, N the sample size, ¢ the standard deviation (unbiased esti-

mate), ,, the standard error of the mean.

3.4 Materials and their characterisation

Selection criteriafor the three clays were as follows:

(i) High clay mineral content.

(if) Finenessto prevent grinding of reacted freeze-dried materials (clay minerals and
cement hydrates are susceptible to grinding).

(ii1) Frequently occurring clay minerals in natural soils and technical barrier systems.

Cation exchange experiments were performed with bentonite fractions freed of soluble
salts by dialysis. In thisway, remaining salts did not interfere with the analysis of

exchangeabl e cations.

Pozzolanic tests were performed with the more or lessraw clay materials. No major puri-
fication steps and al so no extraction techniques were applied for carbonate or amorphous
phases. Thethree clayswereregarded ashomogenous asindicated from X-ray diffraction.
No difference in different subsamples could be detected. The chemical compositions, as
measured in previous studies as well asin this study, showed no significant differences.
Major purification and enrichment steps were set aside because of the amount of material
needed for the pozzolanic tests (more than 300 g of each clay used in this study) and the
great deal of work and time associated with clay mineralogical purification of even small

amounts of just several grams.
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3.4.1 Kaolin 'China Clay’
Thekaolin’ChinaClay’ originatesfrom Cornwall, England. The particle size distribution

givenin fig. 3-7 was estimated by mercury intrusion porosimetry (MIP). The China
Clay’ s median particle size is ~500 nm when determined by MIP [Kahr & Pl6tze, 2000].
Cation exchange capacity is 5 meg/100g.

Figure 3-7. Particle size distribution of the China Clay calculated from mercury intrusion porosimetry.
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Mineral composition was determined from the combination of chemical analysis, thermal
analysis and X-ray diffraction. The average chemical analysis of 4 determinations of the
raw material is shown in Appendix | and compared to an analysis of Késter [in Jasmund
& Lagaly 1993] and atheoretical analysis of pure kaolinite with the structural formula
AL[Si,O,(OH),].

The chemical composition of the raw sampleisvery closeto anideal kaolinite, especially
thelossonignition, which isonly dueto evolved water (fig. 3-8). Thermal analysis of the
raw material (fig. 3-8) indicates some water evolving between 30 to 200°C, whichis
attributed to interlayer or surface water of accessory phases (e.g. illite). The main mass
loss between 400°C and 800°C is dueto crystal structure breakdown and loss of the
hydroxyl water (dehydroxylation) of the kaolinite. The mineral contents given by Kdster
indicate muscovite as the only hydrous mineral besides kaolinite. Koster determined the
kaolinite content in the raw sample to 86.4 %. Assuming a K, O content of 8% in an aver-
ageillite (cf. illite analyses given in Jasmund & Lagaly (1993) and references therein),
87.5% kaolinite are calculated from the chemical analysisin Appendix |. Thisisin agree-
ment with Rietveld analysis of the diffraction pattern which indicated 88% kaolinite, 4%

microcline, 7% muscovite/illite and minor (~1%) quartz.

42



3.4 Materiads and their characterisation

Figure 3-8. TG-MS data of the kaolin China Clay; the first water peak of theillite corresponds to ~1 %

water loss.

23 4

mass [mg]

21

20

- + Sample mass

— —EGA(H,0)
— . — EGA(CO,)
n
o
[
1o
L
o
|
P ‘\
i \ <é
{ \ n
o
i \ g
I \ s
I \ 3
! A 15
/ W
/\ / Nt
~ ] Seon
=~ 2 oo o ooy wwt S o mm o N‘...
200 400 600 800 1000
temperature [°C]

3.4.2 lllitic clay from Massif Central (Le Puy)
Theillitic clay isfrom Massif Central (MC), France. It wasknown from previous analyses

[Muller Vonmooset al., 1991], that the primary particlesare extremely fine, however they

aremainly found in ahighly agglomerated state. 500 g of the raw material weretherefore

disperged in deionised water using ultrasonic treatment, followed by wet-sieving through

20 um and freeze-drying. All of the disperged material passed the 20 um sieve after this

treatment. The particle size distribution of the disperged, dry material isgivenin fig. 3-9

as estimated by mercury intrusion porosimetry (MIP). Theillite MC median particle size

by MIP is~60 nm. Cation exchange capacity is 27 meg/100g.

Figure 3-9. Particle size distribution of the illite MC cal culated from mercury intrusion porosimetry.
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3 Analytical methods, materials and sample preparation/handling

Mineral composition was determined from the combination of chemical analysis, thermal
analysis (fig. 3-10) and X-ray diffraction. The average chemical analysis of three deter-
minations of this material is shown in Appendix | and compared to an analysis of the

< 0.2 um fraction reported by Miller Vonmoos et al. (1991).

Based on the Al,O, content of the analysisof Muller Vonmooset al. (1991) and of theraw
material used in thisstudy, only ~70 % of illitein the clay is calcul ated, whereas based on
the K,O content it seems to be almost pure illite (cf. illite analyses given in Jasmund &
Lagaly (1993) and references therein). Rietveld analysis of the diffraction pattern has
given 87% illite and 13% potassium feldspar. A broad asymmetric basal peak at around

10 A indicates a significant content of expandable clay minerals.

Figure 3-10. TG-M S data of theillitic clay.
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3.4.3 Bentonite Volclay
The bentonite VVolclay isfrom Wyoming, USA. 40 g of a sodium exchanged < 2 um frac-

tion of the Volclay were produced by sedimentation and ion exchange with 2 M NaCl
solution (three times), followed by dialysis (until electrical conductivity stayed below

10uS) and freeze-drying. This fraction was used for the cation exchange experiments. X-

ray diffraction revealed residual quartz (~5%) in thisfraction.

500 g of the raw material was dry-sieved through 20 um. This fraction was used for the
pozzolanic tests. 40 g of thisfraction were converted to the calcium form and salt remains

removed by dialysis. The particle size distribution of the <20 um fraction givenin fig. 3-
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3.4 Materiads and their characterisation

11 was estimated by mercury intrusion porosimetry (MIP). The bentonite’ s median parti-
clesizeby MIPis~150 nm. However, the distribution isextremely broad compared to the

other clays, possibly dueto the aggregated state of the material. Cation exchange capacity
of the <20 um fraction is 85 meg/100g.

Figure 3-11. Particle size distribution of the bentonite Volclay calculated from mercury intrusion
porosimetry.
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Figure 3-12. TG-M S data of the < 20 um sieve fraction of the bentonite Volclay.
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Mineral composition was determined from the combination of chemical analysis, thermal
analysis(fig. 3-12) and X-ray diffraction. The average chemical analyses of the raw mate-
rial and the <20 um sieve fraction are given in Appendix | and compared to a chemical
analysis performed by Mermut & Cano (2001) on the SWy-2 Source Clay, whichisa

comparable Wyoming bentonite. Loss on ignition of the material was determined at
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3 Analytical methods, materials and sample preparation/handling

750°C, asthermal analysisindicated no significant mass loss above this temperature and

alkali ion losses due to evaporation were detected to be significant at 1070°C.

Quartz content in the <20 um fraction determined by the standard addition method based
on peak area determinations and also by Rietveld analysisis 5.6 % [M{ller et a., 2002].
Additional phases are gypsum (~1%), calcite (~0.5%), magnetite (~0.5%), plagioclase
(~5%) and 87% montmorillonite.

3.4.4 Decar bonated water
Milli-Q water (Millipore, USA) was boiled until two third of theinitial volume wasvapor-

ised in order to remove carbon dioxide. Thehot water wastransferred into bottlesand then

into the glove box. This water was used for al the mixtures prepared.

3.4.5 Calcium hydroxide

Figure 3-13. Particle size distribution of the calcium hydroxide calculated from mercury intrusion
porosimetry.
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Calcium hydroxide (CH) was prepared from the hydration of calcium oxide over humid
nitrogen in an exsiccator in the glove box. The nitrogen was humidified with decarbon-
ated water. Completion of the hydration process was confirmed by X-ray diffraction and
thermal analysis (fig. 3-14). Minor amounts of calcite (1.5%) could be detected by both
methods. The particle size distribution of the calcium hydroxide given in fig. 3-13 was
estimated by mercury intrusion porosimetry (MIP). The median particle size by MIPis
~4 pm.
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3.5 Sampl e preparation and handling

Figure 3-14. TG-MS data of portlandite; the small loss of CO, correspondsto ~1.5% of calcite.

e, l - - - - Sample mass
T ’\ — —EGAH,0)
" \ — . — EGA(CO,)
| |
=) l |
E 10 I‘ I
v) N
% |-
£ | I
x
[ 3
n
[ =
L
P T 5
8 “’\‘._-\‘I 4./_._.I "‘?‘-").."}“‘"‘5"""":'""—"'.
0 200 400 600 800 1000

temperature [°C]

3.4.6 Other chemicals
All other chemicals used (e.g. sodium chloride and sodium perchlorate) were prepared

from Fluka " supra-pur” grade.

3.5 Sample preparation and handling

All materials and mixtures sensitive to carbon dioxide were prepared and handled in the
glove box and mixed with decarbonated water in order to keep carbon dioxide away from
the suspensions. The glove box was purged with nitrogen evaporated from a dewar with
300 I liquid nitrogen which lasted for about three months.

3.5.1 Pozzolanic reaction of clay minerals|

Preparation of samplesfor the cation exchange experiment

Bentonite samples with different Na/Ca ratios were produced in Ca(OH), buffered solu-
tions by addition of NaClO,. The bentonite and the Ca(OH), were separated by adiaysis
bag (Spectrum Spectra/Por 1, regenerated cellulose membrane tubing, molecular mass
cut-off 6000-8000) to prevent mixing of the solids (fig. 3-15). 1.5 g of bentonite and the
desired amount of NaClO, were transferred together with 10 ml of decarbonated water
into thedialysisbag. The closed bag was put into the centrifuge tube which wasfilled with
1 g of Ca(OH), and 22 ml decarbonated water.
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3 Analytical methods, materials and sample preparation/handling

Figure 3-15. Schematic picture of the experimental setup for the cation exchange experiment.
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After approximately 90 h of equilibration, suspensionsinside and outside the dialysis bag
were centrifuged separately and the contact solutions analysed by ICP-AES. Bentonite
sampleswere washed 5 times with ethanol (98%) to prevent carbonation of the solids and
disturbance of the adsorbed sodium amount. One washing step with asmall water to solid
ratio (2 parts of decarbonated water to 1 part of solids by volume) was necessary in order
to remove ethanol, which disturbed the freeze drying process. Both, metal concentrations
in solution and adsorbed were measured. The results of the cation exchange experiment
aretherefore termed “direct determination” in chapter 5. The results from the rheol ogical
measurements on the cation exchange state are termed “indirect determinations’, asonly
the metal concentrations in aqueous solution were determined. Adsorbed concentrations

are calculated by mass balance from the measured aqueous solutions.

Preparation of the dispersionsfor rheological measurements

The calcium exchanged, wet sieved <20um size fraction was dialyzed and freeze-dried.
The dispersions were prepared for each experiment series by mixing 2 g of calcium-ben-
tonite, 0.1 g of calcium hydroxide and 20 g of decarbonated water. The dispersions were
twice disperged with a5 min ultrasonic treatment. First, when the pure bentonite disper-
sion was prepared and second after both additives were added. The first additive was
mixed into each dispersion by shaking thoroughly. Two different stepswere distinguished
for the addition of calcium hydroxide and NaCl. Thereby, the equilibrium position was
approached from two different sides.
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3.5 Sampl e preparation and handling

Figure 3-16. Schematic adsorption isotherm showing the two different preparation steps.

sodium sarbed

sodium in solution

(i) 1f NaCl was added first to the calcium bentonite dispersion, a 60 h equilibration step
followed, before the calcium hydroxide was added. The agitated dispersions were
given an additional 12 h equilibration step. The cation exchange state changes from
point 3 to point 2 (fig. 3-16).

(ii) 1f calcium hydroxide was added first to the calcium bentonite dispersion, NaCl was
added 5 h later, and then allowed to equilibrate for 40 h. The cation exchange state
changes from point 1 to point 2 (fig. 3-16).

Fig. 3-16 shows the assumed effect of the two steps. Point 1 in Fig. 3-16 istheinitial Ca
Volclay. After addition of NaCl and equilibration for 24 hin the first step, point 3will be
achieved on the isotherm. Addition of calcium hydroxide will result, because of the
increase of calcium in solution, in an desorption of sodium which endsat point 2, the equi-
librium amount of adsorbed sodium. In the second step, the system is assumed to go

directly from point 1 to 2 without going over point 3 (cf. Fig. 3-16).

Preparation and handling of the samplesfor the swelling curves

The ethanol washed, freeze-dried powders of the cation exchange experiment were used
for the XRD measurements of the swelling curves. Preliminary swelling measurements
have, on one hand, shown that it is more favourable to perform the desorption measure-
ments prior to adsorption measurements. Expansion from the one- to the two-layer
hydrate was found to be hindered sometimes if adsorption was performed first. On the
other hand, the interlayer spacing did not always behave in an reproducible way for
repeated measurements in humid air because samples were not equally carbonated. This
effect was ascribed to progressive carbonation in the humid air flow. Calcium hydroxide
species at the edges of the clay minerals (cf. results of cation exchange experiment) prob-

ably led to the Couture effect, to the blocking and cementing of individual clay mineral
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3 Analytical methods, materials and sample preparation/handling

layers to non-expandable ones [Couture, 1985]. These hydroxide-species will become
progressively carbonated in humid air leading to an increased fraction of expandable clay
minera layers (evidenced by an increase in the basal spacing). Therefore, prior to the
swelling measurements, the individual sampleswere carbonated for several weeks under
a continuous flow of moist carbon dioxide (~50 mi/h). The swelling measurements were
then conducted with the carbonated samples after an additional one week equilibration at
72% RH and room temperature. The samples were mounted in the sample holder, fol-
lowed by desorption and adsorption measurements at constant relative humidity and con-
stant temperature between 25°C and 27°C. Intervals of 3% RH were applied between each
individual measurement (fig. 3-17). Prior to each measurement, the sample was equili-
brated for one and a half hours in the chamber. A typical course of the RH during an des-
orption/adsorption experiment isshown in fig. 3-17. The diffraction pattern was recorded
between 1.5° and 30° 2theta with a step width of 0.04° and a step counting time of 9s.

Figure 3-17. Automatic control of relative humidity and temperature during a desorption and adsorption
measurement in the humidity chamber.
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3.5.2 Pozzolanic reaction of clay minerals||
In general, theinitial composition of each prepared clay-lime-water mixture is given as

amounts in grams of the raw materials. 15/70/100 refersto aclay-lime mixturewith 15 g
of clay mineral, 70 g of lime and 100 g of water. All other mineralogical data (e.g. initial
composition or consumption, both in percent) are given asthe mineral’ s metal oxides per

ignited mass (cf. beginning of section 3.1).
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3.5 Sampl e preparation and handling

Preparation of mixturesfor the pozzolanic tests

Insidethe glove box, CH and clayswerefilled in the desired proportion into the centrifuge
tubes and dry-mixed in the closed tubes by shaking. Then, decarbonated water was added,
the tube closed again and the final mixtures shaken. Tubes were removed from the glove
box, put in an overhead agitation unit and run at ~6 rounds per minute for the desired time
of several months. The influence of clay mineral to lime ratio, water to solid ratio and
reaction time was investigated in various preparations. After the desired reaction time of
up to seven months, solids were separated from the contact solutions by centrifugation.
Supernatant solutionswere decanted in the Glove Box, and further hydration in the solids

was stopped by freeze-drying.

Clay mineral and calcium hydroxide consumption were determined by a combination of

X-ray diffraction, thermoanalytical methods and chemical extraction.

Preparation of specimen for porosity measurements

The pozzolanic reaction is not only a cementing, strength giving process, but also a pore
refinement process astermed by Mehta& Monteiro (1993). In order to show the decrease
of total porosity, clay-lime specimens have been prepared and put in stainless steel con-
tainers, stored at 100% relative humidity. After freeze-drying of the specimen, the total
porosity and the pore size distributions were measured with mercury intrusion porosime-
try. Four clay-lime mixtures have been prepared with the following criteria: Firstly, the
initial mixtures were desired to be in a pasty state in order to pour them in the specimen
holders. Secondly, the four mixtures were desired to have approximately the same initial
porosity. Theinitial porosity was calculated (assumption: added water equals pores) on
the basis of literature data on minerals’ densities and volumes (Table 3-4) to be closeto
75%. Porosity changes are calculated as the total water porosity with the assumption of
zero air void content. According to the Powers-Brownyard model, thetotal water porosity
for awater saturated Portland cement paste isthe sum of the capillary water and gel water
porosities [Powers & Brownyard, 1948; Taylor, 1997]. In cement chemistry, it is esti-
mated through the so-called evaporable water, measured by the weight loss during freeze-
drying.
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3 Analytical methods, materials and sample preparation/handling

Table 3-4. Molar volumes calculated from the miner al densities and their molar

masses
density [g cm?] molar mass[gmol’]  molar volume [cm® mol™]
dry Volclay 2.70 370 137
~20 A Volclay* 1.84 518 282°
Chinaclay 2.70 258 96
IliteMC 2.70 402 149
CH 2.24 74 33
CSH,! 1.90 227 119
CAH,, (AFm)* 180 669 371
water 1.00 18 18

*the basal distance in cementitious systems is assumed to be 20 A; compare Lagaly (1993)

bat 20 A basal distance the water content is ~40% (K raghenbuehl et al. 1987), 40% of the
molar mass of Volclay gives the mass of the water, corresponding to ~8.2 moles of water in
the structure

°the volume per formula unit is calculated for atypical base plane (5.2 A times 4.5 A) of a
monoclinic structure of montmorillonite times the basal distance of 20 A assuming orthogo-
nal axes; multiplied with Avogadro’s constant N, = 6.02* 10 mol* leads to the molar vol-
ume

“TAYLOR (1997)
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Quantitative X-ray
diffraction and calibration
of internal standard
method

Shortly after the discovery of X-rays by Wilhelm Conrad Rontgen in 1895, Hull (1919)
pointed out that X-ray diffraction of powder sampleswould also offer the opportunity for
guantitative analyses of crystalline phases in mixtures. He stated “ that every crystalline
substance gives a pattern; that the same substance always gives the same pattern; and
that in a mixture of substances each produces its pattern independently of the others, so
that the photograph obtained with a mixtureis the superimposed sum of the photographs
that woul d be obtai ned by exposing each of the components separ ately for the same length
of time. This law applies quantitatively to the intensities of the lines, as well asto their

positions, so that the method is capable of development as a quantitative analysis.”

4.1 Introduction to theinternal standard method

Since Hull’ s statements, various XRD methods for quantitative mineral analysis have
been developed. Problems may arise from mass absorption*, microabsorption?, particle
size and preferred orientation effects. Various XRD methods for quantitative mineral
analysis were developed and designed to overcome these problems [summariesin Klug
& Alexander, 1974, Snyder & Bish, 1989]. External standard methods determine or cal-
cul ate the mass absorption coefficient of the matrix from e.g. chemical analysis. Theinter-
nal standard method is aimed at the elimination of mass absorption effects of the matrix

[Snyder & Bish, 1989]. The reference intensity ratio method is a more genera approach

* A strong X-ray absorbing phase in amatrix, which isless absorbing, resultsin adeeper penetration of the
X-rays into the sample and arelatively higher intensity of this phase and thus an overestimation of this
stronger absorbing phase [Allmann, 2003].

? “Microabsorption is an effect that causes two or more phases in a mixture to contribute diffraction inten-
sitiesthat are related to both their relative proportions and their mass absorption coefficients; it occursin
coarse powders; and causes the underestimation of the highly absorbing constituents;” [Bish & Reynolds,
1989].
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4 Quantitative X-ray diffraction and calibration of internal standard method

of this method. The absorption diffraction method may be applied if analyte and matrix
have identical mass absorption coefficient and the method of standard additions (also

spiking method) is known from analytical chemistry.

Theinternal standard method is based on the addition of a known weight fraction of inter-
nal standard. The ratio of the measured diffraction line intensities | of the two crystalline
phases, the standard st and the analyte a in amixture is proportional to their weight frac-
tions X in the mixture, the influence of matrix absorption is cancelled out:
X

a a
= = K==, (Eq. 4-1)
Xst

with the proportionality constant K. Thisrelation holdstrue irrespective of the number of
other phasesin amixture. The weight fraction of an unknown can be calculated from the
known addition (arbitrarily selected) of an internal standard and the measured intensity

ratio of the two phases [Snyder & Bish, 1989].

Intensity information for aphase might be taken from the height or areaof individual lines
or agroup of linesor from the whole diffracted intensity. The extraction of line height or
areainvolves intensive manipulation of the XRD pattern as e.g. background subtraction
and fitting of individual profilelines. Conventional internal standard methodsall havethe
need of determining acalibration linein order to determinethe constant K in eq. 4-1. With
full-profilefitting methods, the full information of the pattern isused. A synthetic pattern
is calculated and fitted by aleast-square formalism to the measured pattern. The need of
extracting reproducibleintensity information (difficult for complex patterns) isautomated
and problems due to e.g. line overlap and preferred orientation are minimised [Snyder &
Bish, 1989]. The synthetic pattern might be cal culated from two approaches: either from
crystal structure data or from a superposition of observed standard diffraction patterns
[Snyder & Bish, 1989]. In thefirst case, the calculation of the synthetic pattern is based
on the Rietveld method for crystal structure refinement [Rietveld, 1969]. The major work
with the conventional Rietveld method is still the determination of both background
curves and well-adjustable mathematical model profile functions for the diffraction lines
[Allmann, 2003].

It was already suggested by Klug & Alexander (1974) however, that the shape of a dif-

fraction profile may be ascribed to and cal culated from some few physical values without
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4.2 Determination of portlandite content

the use of physically meaningless profile model functions. These physical values or so-
called fundamental parameters are the intensity distribution of the X-ray tube, the device-
dependent values (geometry and size of the diffractometer’ s units) and the phase-specific
values as absorption, crystal structure, mean crystallite size and crystallite microstrain
[Allmann, 2003]. Analytical modelsfor the description of these phase-specific values are
well-established. Besides the numerical stability of this approach, advantages are e.g. the
possibility of refining device-dependent values and the intrinsic description of asymmet-
ric line profiles. Thisapproach combined with theinternal -standard method eliminatesthe
influence of the X-ray tube and device-dependent contributions. Theremainingintensities
are then only attributable to refineable crystal properties (crystal structure, size and
strain). For perfect crystals described by well-characterised structure models, determina-
tion of acalibration line according to eq. 4-1 may be principally neglected. Exceptionsare
due to inadequate description of real crystals' and the lack of real structure models. The
use of fast detector systems and of stable refinement codes based on this fundamental
parameter approach offerstoday the possibility of fast automatic routine quantitative min-

eral analysis.

4.2 Determination of portlandite content

4.2.1 Internal standard
In general, an internal standard should be of high purity, of a suitable crystallinity to give

sharp diffraction lines and of a grain morphology not very susceptible to preferred orien-
tation. Analyte and standard should have similar mass absorption coefficientsin order to
minimise microabsorption effects. The internal standard’ s diffraction lines have to be
strong and near the strong lines of the analyte and have to show no superposition with
lines of the analyte [Klug & Alexander, 1974].

Inthisstudy, three mineralsweretested asinternal standard for portlandite quantification,
acalcite (Fluka), arhodochrosite (CERAC) and a microcrystalline diamond (Rudol f
Spring AG). The reddish-brown rhodochrosite and the black diamond powders addition-

! “Theintensity of X-ray radiation diffracted by typical powder samplesistraditionally interpreted using
thetheory of X-ray diffraction for ideally imperfect crystalsthat have numerous lattice imperfections and
small mosaic blocks (as opposed to ideally perfect crystals). However in some cases the intensities meas-
ured from real crystals are measurably less than would be predicted for ideally imperfect crystals. This
effect is described by the term extinction;” [Bish & Reynolds, 1989].
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aly showed the advantage that the mixing progress of the internal standard could be con-
trolled through visual inspection. However, it was observed that the rhodochrosite powder
showed microabsorption effects. This was evidenced from the dependency of the quanti-
fication results on the applied parameter for microabsorption (Brindley correction in the
Rietveld program BGMN®). The artificial diamond powder was also not appropriate, as

theline profiles could not befitted sufficiently well with available structure models, prob-
ably due to the presence of stacking faults and inadequate description of the atomic dis-

placement factors in some of the structuresin the ICSD [Gao & Peng, 1999].

It was then decided to use the calcite powder although it showed preferred orientation
effects. A second disadvantage is that quantification with calcite as the internal standard
could possibly interfere with calcite already present in the (cementitious) mixtures. It was

necessary to verify by TG-EGA for each sample that its calcite content was negligible.

4.2.2 Calibration linefor portlandite quantification
All the calculations were performed with the windows version of BGMN® (BGMNwin

level 1.6.1 [Bergman et a., 1998]). A number of refinements were run on measurements
of samples of known composition in order to test for the sensitivity of the quantification
result on parameter and variabl e selection. Portlandite (CH) and calcite and diluents were
mixed in different proportions and then measured, fractions are given alwaysin per cent
by weight. Asonly portlandite and calcite werefitted to the measured pattern, the sum of
the two fractions always equalled 100%. Calibration was performed asif the weight frac-
tion of CH was not known. The weight fraction of CH in the sample with added standard

(Wyrinouncr) 1S CAl culated from the known fraction of internal standard in the sample (w,,., )
and the fitted weight fractions of CH (w,,,,) and internal standard (W, .):
w, We, w,
unknown,CH _ fitted,CH S Wypnonnc = Writted o target,st (Eq. 4-2)
Wiarget,st Weitted,st ’ " Writted, st

and was then tested against the known added portlandite contents.

Although preferred orientation istypical for calcite and was evidenced in this study also,
quantification results did not change significantly when using different spherical harmon-
ics up to the 6th order to correct for preferred orientation. The effect on quantification of
portlandite by using different profile functions (lorentzian and/or squared lorentzian), or

different orders of the background model, or different grain sizes for the Brindley micro-
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4.2 Determination of portlandite content

absorption correction was negligible. The variable for the description of strain was not
used asit also showed no significant improvement in describing the profiles. The desired
1:1 relationship between the added and measured portlandite contents was not reached.

Portlandite content was systematically underestimated by about 5 - 15%.

A number of more complex structure models was run in order to improve the quantifica-
tion result. Two portlandites were fitted and refined independently but the quantification
result showed no substantial improvement. Other structure models used were two-sub-
phase models with different crystallinity or with slightly different cell dimensions for
each subphase and a'so atriclinic portlandite structure (cf. section 4.5). The best results
with respect to adesired 1:1 relationship were obtained for a structure model with two
independent crystallite sizes (the slope of the calibration line increased to 0.95). However
one crystallite size always showed very high values (> 1 pm) which seemed not redlistic.
Sometimes, unexplained effects occurred, which resulted in an overestimation of portlan-

dite content. The model was therefore disregarded.

Figure4-1. Calibration line for the measured portlandite content versus the actual content; error bars
correspond to the 1-c estimated standard deviation, as calculated by the program BGMN.
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Matching the desired 1:1 relationship was not achieved. Therefore the calibration line
parameters had to be determined. Thelinear relationship between known target and meas-
ured CH contentsisshowninfig. 4-1 (slope of 0.91 and y-axisintercept of -1.5%). It was

determined on various samples, which were diluted with athird phase (clays or C-S-H).
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Refinement of a portlandite structure model (ICSD 15471) against a calcite structure
model (ICSD 100676) yielded the valuesthat were recal culated according to eq. 4-2. The
calibration line containstwo series of samples. Thefirst onewas determined in anitrogen
filled chamber. Counting statisticswere unfavourabl e because of thelow intensity emitted
by the X-ray tube, which was at the end of its lifetime. However, the second series (cf.
Table 4-1) was recorded with much improved counting statistics (average of at |east 1000
to 2000 counts per second) and did not show significant variation of the previously deter-
mined points. So reproduci ble quantification results are al so obtainable for fast scanswith
low intensity [cf. Hill & Madsen, 1987].

Table 4-1. Second series of mixtures prepared for the calibration of portlandite
quantification with XRD

CH calcite diluent Volclay
CH to calciteratio [mag] [mg] [mg]
~0.4 185.5 484.9 1880.0
290.0 783.4 1364.2
~0.8 397.3 526.6 1491.0
500.7 615.3 998.2
~15 1012.7 675.9 400.5
302.5 239.2 1931.5
~2.0 1025.8 525.5 616.0
422.6 198.9 1792.5

4.2.3 Calculation of resultsin thereacted samples
In reacted samples, results for the portlandite content in the mixture with standard (w,,,)

were corrected with the calibration line parameters (w, from eg. 4-2):

nknown,CH

Wey = (W, +1.5)/0.91 (Eq. 4-3)

unknown,CH

Because the original mixtureis diluted by the internal standard addition, the final result,

the measured portlandite content w,,, ., is calculated as follows:

H,final

= 100
CH fina CH (100 — Wtarget,St)

(Eq. 4-4)

thew

CH final

and Ca(OH), M;:

In order to expressthe portlandite content as percent CaO per ignited massw,,
were recalculated with the LOI and the molar mass ratio of CaO M

Cao

_ 100 Mco _ 100
Weao = Wenfind (100 - L0 Mgy 0'757WCH’””5"(100—LOI)

(Eq. 4-5)
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4.3 Flexible structure models

4.2.4 Summary

* Inthisstudy, the effect of using different degrees of preferred orientation, background
polynomial order, various types of line profile functions was not very pronounced. It
isindicated that the deviation from adesired 1:1 calibration lineis aresult of an inad-
equate description of the real structures of the minerals.

» Theinternal standard should be very well characterised in terms of imperfections. In
this study, constraints have been put on the crystallite size of the internal standard
(160 - 200 nm). This preventsthe determination of unrealistic crystallite sizesand line
broadening in complicated samples (e.g. superposition of the strongest line of calcite
onto high amorphous background or broad lines of montmorillonite or C-S-H).

In order to use the internal standard method together with the fundamental parameter
approach without calibration, much more work on the real structures of mineralsis nec-
essary. Real structure models should only contain as few additional parameters as possi-
ble.

4.3 Flexible structure models

Development of a suitable model for the real structures of layered crystal structures (clay
mineralsand portlandite e.g.) wasessential. In particular, it should beflexiblein the sense
that adjacent layers may betrandated in any direction parallel to the layerswithout chang-
ing the geometrical arrangement of atomsinside the individual layers (atomic distances
and angles between atoms must stay the same). Additionally, the ability of expanding
interlayer space without changing the geometrical arrangement inside the solid layer

(fig. 4-2) was of significant interest given prospective advantages.

Figure 4-2. The original montmorillonite structure of Tsipursky & Drits (1984) and the expanded onesin
bc projection, with basal distances of 9.85 A (left), 12.4 A (middie) and 15.2 A (right).
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hydroxyl oxygen
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4 Quantitative X-ray diffraction and calibration of internal standard method

A first approach was performed in two dimensions by allowing for avariation of unit cell
parameters ¢ and 3 and thus trandation of mineral layersin direction of crystallographic
axis a and/or expansion of interlayer space. Thiswas deduced trigonometrically and
applied to the expansion of amontmorillonite structure by Tsipursky & Drits(1984). Such
expanded structures (fig. 4-2) were successfully used for Rietveld refinement [MUiller et
al., 2002] and for the simulation of cationsand water moleculesinsidetheinterlayer space
[Mller et al., 2004a,b]. It was then decided to alow also for atranslation of minera
layersin direction of axis b through variation of the angle o (fig. 4-3). This extended
approach is based on coordinate system transformation from the triclinic coordinate
system to the cartesian system and back again to another triclinic system, without chang-
ing the location of the origin. As cartesian atomic coordinates are held fixed, the intera-
tomic distances and angles stay constant. However, by changing the triclinic system,

atomic environments across the interlayer space will change.

Figure 4-3. Schematic representation of a flexible structure model for atriclinic 2:1 layer clay mineral. In
this example, the unit cell is defined (as commonly) such as the lower and upper half part of an individual
solid layer may slide over each other with the interlayer as the sliding plane.

A schematic unit cell with oblique axesin atriclinic crystallographic system isshownin
fig. 4-3. The coordinates in such a system can be transformed to orthogonal cartesian
coordinates in several ways depending on the chosen orientation of the oblique system

with respect to the cartesian one [e.g. Cowtan, 2005]. Triclinic fractional coordinates x:

(Eq. 4-6)

x
]
N < X

and cartesian coordinates X:
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4.3 Flexible structure models

X
X=ly (Eq. 4-7)
Z

X=M "X (Eq. 4-8)
and
X=MX (Eq. 4-9)

where M is the deorthogonalisation matrix and itsinverse M* the orthogonalisation

matrix. With the two coordinate systems having the same origin, the orthogonalisation

matrix is:
a bcosy ccosf |
v-1= |0 bsiny c(cosa. —Si ﬁc;s[i COSY) 4410
_9 0 abgny

and the deorthogonalisation matrix is:

11 cosy (bccosy( COSOL — cosfcosy) bccosPs ny) 1
a asny siny \%
M= | 1 _ac(coso — cosf cosy) (Eq. 4-11)
bsiny Vsiny
0 0 absiny
L V -
with V the volume of the unit cell:
ooty
V = abcy1l-cos o —cos B —cos™y+ 2coso cosP cosy (Eq. 4-12)

These formulas hold for the following conventions:

» cartesian axis A is collinear with crystallographic axis a,
» cartesian axis B iscollinear with (ax b) x A,

» cartesian axis C is collinear with (a x b).
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4 Quantitative X-ray diffraction and calibration of internal standard method

With these equations, via back and forth transformation, formulas were obtained for the
recalculation of crystal coordinates dependent upon the changing cell parameters during
the refinement process. For the new triclinic coordinates x, a shift is calculated as afunc-
tion of theinitial triclinic coordinates x, the initial cell parametersa, b, ¢, o, B,, v and
the new cell parameters' ¢, o, B. The resulting formulas are shown below (eg. 4-13 to
eq. 4-19):

X = X + ZiXgnit (Eq. 4-13)
Y = Yit 4Yenitt (Eq. 4-14)
Z = ZZgyint (Eq. 4-15)
with
G
Xenitt = —— 5 (fjcosoicosy; —f;cosP + fcosp; —fcosa cosy;) (Eg. 4-16)
afsin™y,
C:
Yenift = +2(fi cosf3 cosy;—f; cosa + fcosoy; — fcosp; cosy;) (Eq. 4-17)
b;fsin™y,
Cifi
Zohift = of (Eq. 4-18)
with
_ Vv
f= 2he (Eq. 4-19)

Thex,,, andy,,, areindependent of the new cell dimensions, however they depend on the

new cell angles.

The principle and some results of including these equations in the Rietveld refinement

process will be demonstrated in the following sections.

' New triclinic coordinates were not calculated for changing a, b, 'y as these are the parameters defining the
geometry inside the solid layer and this was not intended to be changed.
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4.4 Hexible structure model of triclinic kaolinite

4.4 Flexible structure model of triclinic kaolinite

The kaolinite structure model refined by Bish & Von Dreelein 1989 (ICSD 063192) was
used in this study. The flexible structure approach was implemented into this model. For
theresulting flexible structure, all combinations of starting valuesfor the crystallographic
angles oe and 3 from 66° to 114° and 75° to 115° (in 2° steps) were introduced into the
structure file and refined on the kaolin China Clay. Starting value for the cell dimension
c were adjusted in order to match the basal spacing d(001) of the original structure. This
was done with the following equation derived from eq. 4-18 with z,,, = 1:

c= — (Eq. 4-20)

Fig. 4-4 shows the starting values for o, and 3 at the grid points, the refined angles are
shown as dots, whereas the stars indicate the refined angles of the best fits judged by the
R,, vaues (< 0.7 of themean R ). For an explanation of numerical criteriaused to judge
aRietveld refinement see e.g. Hill & Madsen (1987) or Y oung (1993).

Figure 4-4. Starting crystallographic angles o and 3 and fitted ones (dots), the stars indicate the fits with
thebest R, vaues< 0.7 of themean R, |
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If only these best fitsare plotted astheir associated shiftsin crystallographic aand b direc-
tion, one observes only the following shifts (fig. 4-5): (0,0),(0,1/3),(1/2,1/2),(1/2,-1/6).
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4 Quantitative X-ray diffraction and calibration of internal standard method

These shifts can be further reduced by applying the centering vector (1/2,1/2) of the orig-
inal structure in spacegroup C1. Only the shift with + b/3 remains. Because - b/3isaso a
very common stacking fault in kaolinites, the unit cells and associated diffraction patterns

corresponding to crystals with only perfect + b/3 shifts have been calculated.

Figure 4-5. Shiftsin the crystallographic a and b direction calculated from the fitted unit cell parameters.
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The associated cell parameters were calculated with eg. 4-16 to eg. 4-19 and x,,, = O,
Y. = * Y3 and z,,, = 1land are shown in Table 4-2. Projections onto the ac plane of the
original structure and the two trandationally disordered structures are shown in fig. 4-6
(note the geometrically undisturbed environment of the atoms). Simulated diffraction pat-
terns of the three kaolinite structures for Bragg-Brentano geometry and a variable dlit
[Kraus & Nolze, 2000] are shown in Appendix I1.

Table 4-2. Unit cell parametersfor the original kaolinite structure and the -b/3 and +b/3
trandationally disordered ones.

Interlayer shift (0,0) (0,-1/3) (0,+1/3)
a[A] 5.155 5.155 5.155
b[A] 8.945 8.945 8.945
c[A] 7.405 8.064 7.900

o [°] 91.7 113.4 69.5

B [°] 104.9 103.7 103.9
Y[ 89.8 89.8 89.8
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4.4 Hexible structure model of triclinic kaolinite

Figure 4-6. The original kaolinite structure in bc projection and the -b/3 and +b/3 translationally
disordered ones.
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One observes clear differencesin the 3 diffraction patterns, the clearest onesfor the - b/3
kaolinite. The basal spacing is constant as evidenced by the 001 line. The absolute inten-
sity of thislineis also constant, whereas the intensity distribution but also the position of
the other linesis modified. It has to be emphasised here, that these flexible structure
models correspond to ideal structureswith + b/3 shifts. In order to simulate stacking faults
with such shifts, apassabl e approach could bethe formulation of acombined model which
contains the three crystal structures as sub-phases. The Rietveld refinement plot where
these three crystal structure were fitted independently (just a superposition of patterns) is
shown in fig. 4-7. The fit looks almost perfect except for the 001 line, which is more
intense than the 002 line (the reason for thisisnot known). The R, value of thisfit is sub-
stantially improved (R, = 13.6%) compared to the one with only the original model

(R,, = 18.0%). Total refined kaolinite content was 94% with about an equal contribution
of the original kaolinite structure (47%) and the + b/3 structure (44%) and only 3% of the
- b/3 structure.

Figure 4-7. Rietveld refinement plot of the raw China Clay.
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4 Quantitative X-ray diffraction and calibration of internal standard method

4.5 Flexible structure model of triclinic portlandite

The same approach as for the original triclinic kaolinite was used for portlandite. The
structure of portlandite was refined in the hexagonal spacegroup P3m1 [e.g. Petch, 1961].
This structure was transformed from initial spacegroup over spacegroup C2/minto P1 to
the final spacegroup P1 and the formulas implemented as derived in the previous section.
Again various combinations of starting values for the crystallographic angles o. and 3
were refined. The best fits corresponded alwaysto afull (x,,, = 1 and/or y,,. = 1) tranda-

tional shift, as was expected.

Fig. 4-8 comparesthe Rietveld refinement plots of flexible structure modelsfor aportlan-
dite with isotropic crystallite size, with anisotropic crystallite size and of the hexagonal
structure (judge by the difference patterns of each refinement plot). It isindicated from
these refinements that the formulation of aflexible structure model may improve the fit-
ting of individual lines (e.g. the fitting of the 001 line in the upper plot). But it hasto be
emphasised again that further improvements may be possible by formulating sub-phase

models from these flexible models.

Additionally, there are some findings that the refined small deviations of the crystallo-
graphic angles o, B and y from their ideal value of 90° have some physical meaning.
Chaix-Pluchery et al. (1987) stated from the analysis of the powder diffraction line broad-
ening of single crystals at room temperature, that “strong lattice distortions take place in
the stacking of the hexagonal layers or, more precisely, that there is adistribution of dOOI
spacings’ and also a dlight rotation of individual mosaic blocks around the c-axis. The
flexible structure model might be an adequate average structure model of reduced sym-
metry to mimic crystal imperfections (e.g. contributions from stacking faults, subphases
with dlightly differing cell dimensions). Stanjek & Schneider (2000) used a similar

approach in order to analyse anisotropic line broadening in an ideally cubic mineral.
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4.5 Flexible structure model of triclinic portlandite

Figure 4-8. Three different structure models refined on the same profile. top: triclinic portlandite with
isotropic crystallite size (R, = 24.8%); middle: triclinic portlandite with anisotropic crystallite size
(R,, = 22.7%); bottom: hexagonal portlandite with anisotropic crystallite size (R, = 23.2%).
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4 Quantitative X-ray diffraction and calibration of internal standard method

Figure 4-9. Portlandites from the ICSD (some numbersidentified at the data points); left: cell dimensions
aversus c; right: cell dimension ¢ as afunction of z coordinate of oxygen atom.
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The number of refineable parametersincreases significantly when transferring astructure
model from the hexagonal system to the triclinic system. Calculation time may then
increase to impracticable valuesfor routine quantification analysis. However, it isknown
from the literature [e.g. Chaix-Pluchery et al., 1987; ICSD, 2001] that cell parameters of
the portlandite structure are strongly correlated asis shown in fig. 4-9. Table 4-3 summa-
rises the linear regression rel ationships obtained for these data sets and additionally the
ones obtained by plotting the displacement factors TDS of the calcium and oxygen atoms
versus the cell dimension c. Implementing such relationships as constraints in aflexible
model of low symmetry strongly reduces the number of refineable parameters, thereby

decreasing calculation effort again.

Table 4-3. Linear relationships obtained by analysing crystal structure
data of the portlanditesin the |CSD

parameter (asfunction of) linear equation R?

c(@) [nm] ¢ =3.9288a- 0.9197 0.9373
z(c) [nm] z =-0.1465c + 0.306 0.5971
TDS(c) [nm?] TDS(Ca) = 1.3494c - 0.654 0.7035

TDS(O) = 1.3023c- 0.631  0.7291

*isotropic thermal displacement factor of the atoms
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4.6 Flexible structure models applied to swelling montmorillonite

4.6 Flexible structure models applied to swelling
montmorillonite

The swelling measurements in this study were conducted in arelative humidity range,
where the mineral is known to consist of interstratified layers of one- and two-layer
hydrates. There is no experimental evidence for intermediate basal spacings between the
one- and two-layer hydrate, i.e. there is supposed to be no such thing as a one and half
layer hydrate. Measured intermediate basal spacings are aresult of interstratified* layers
of different hydration states [Brindley & Brown, 1980; Moore & Reynolds, 1997] which
givesriseto anon-rational seriesof basal reflections (the 00l lines occur asanon-integral
series). X-ray diffractogramms of such interstratified samples may be modelled using sta-
tistical approachesused e.g. in Newmod [Reynolds & Reynolds, 2005]. Such modelsthen
give the percentage of interstratified layers for each type and the degree of order.

Uncertainties and errors of measuring d-spacings by the line position maximum may
become very large when measuring in the low 26 region, i.e. line maximum and line posi-
tion do not coincide any more [Allmann, 2003]. Line decomposition provides a better
measure of peak position, width and intensity than manual stripping or “eye-ball” meth-
ods. The accuracy/precision of d-valuesin thisregion isalso influenced by the flatness of
the specimen, by a zero shift of the X-ray tube, by sample height position and penetration
depth of the X-raysinto the sample. All four factors may be changing through the course
of such swelling measurements as the mineral volume and thus the packing density and/
or sample height increase. Such changing conditions are taken into account using a fun-
damental parameter approach where the three factors can be refined. For the use of this
approach, one needs crystal structure models describing the intensity distribution and line

positions of the profiles.

A new approach was undertaken in this study, using fundamental parameters together
with two incompl ete structure models for montmorillonite [Miller & Pl6tze, 2005]. The
crystal structure data were taken from the intermediate montmorillonite model of Tsipur-
sky & Drits (1984), which was transformed to spacegroup C1. Interlayer contents were
left empty. Thisisjustifiable as Allmann (2003) states that a starting model for Rietveld

! The termsinterlayering, mixed-layer and interstratification all describe phyllosilicate structuresin which
two or more layer types are stacked vertically to the layer planes.
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4 Quantitative X-ray diffraction and calibration of internal standard method

refinement must be correct, but may be incomplete in terms of missing atoms. These
incompl ete structure model swere set up asflexible models. Only the cell parametersc, o
and B wererefined, cell dimensions of the solid layer were kept constant (a, band ), i.e.
the models were freely expandable in terms of the basal spacing without changing the
geometry inside the solid layer. Also refined in the 26 range of 4° to 30° were zero shift,
sample height, penetration depth, anisotropic crystallite size and a background polyno-

mial of the 5th degree, ending up with a small set of refineable parameters.

Figure 4-10. Schematic picture of the average development of an interstratified sample of one-and two-
layer hydrates of montmorillonite with increasing humidity
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Thereisanother basic assumption of thisapproach, besidesthat of using incomplete struc-
ture models. Thisisthe perception that a montmorillonite powder at a given relative
humidity consists of different types of crystallites (Fig. 4-10). There may be purely one-
layer hydrated crystallites (type |) coexisting with interstratified ones (type Il and I11)
coexisting with purely two-layer hydrated ones (type IV). Thisisjustified asit is known
that montmorillonites are heterogeneous in terms of e.g. their charge density and crystal-
lite size, both of which influence the swelling state. So either one of the two modelsis
assumed to represent either a discrete crystallite of aone- or atwo-layer hydrate. The
remaining model is used as an, admittedly primitive, place holder of an interstratified

layer structure (type Il and I11).
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4.6 Flexible structure models applied to swelling montmorillonite

Figure 4-11. Basal spacing with relative humidity of the pristine Volclay material in desorption; open
circles: desorption measurements of an at 75 % RH pre-equilibrated sample, crosses. basal spacing of
either one of the flexible structure models supposed to represent discrete one- or two-layer hydrate
crystallites; the arrow indicates the extracted transition point discussed in the text.
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The goal of this new procedure was to define the transition point on the relative humidity
scale, where the main fraction of crystallitesis either composed of one-layer hydrate or
two-layer hydrate. Fig. 4-11 shows an example of a swelling curve measured in desorp-
tion (more a shrinkage curve) on the pristine Volclay material. The two horizontal lines
at ~12 A and ~15 A are the fitted basal spacings of one of the two structure models. The
jump from the one- to thetwo-layer hydrateisclearly indicated at ~53% relative humidity
(RH). Figures 4-12 and 4-13 provide examples of some results of this refinement proce-
dure on a sample of almost pure sodium montmorillonite (< 2 pm) from the cation
exchange experiment. Fig. 4-12 shows the development of the basal spacings of the two
structure models but also the development of their fractions with relative humidity.
Remarkabl e effects include the constant fraction of quartz (~5%) and the smooth change
in the fractions of the two montmorillonite models. It is also indicated that the transition
point in terms of the basal spacing (~50% RH) does not coincide with the one from the
associated fractions (~60% RH). The development of fitted basal spacings was more
smooth in all the measured samples compared to the development of the fractions. There-
fore, fitted basal spacing was used as the indicator of the transition, asit allowed easier

visual determination.
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Figure 4-12. Top: Basal spacing of the two flexible structure models with relative humidity; bottom:
Fractions of quartz (crosses) and of the two flexible structure models with relative humidity.
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Fig. 4-13 shows the development of fitted 001 line profiles of the sasmpleinfig. 4-12. It
is clearly indicated how the profile shape becomes asymmetric and symmetric again
during the additional inclusion of awater layer between the mineral’ s layers. With
increasing RH, the line profile at ~12.4 A develops an additional component at its | eft-
hand side (> 12.4 A). This component starts to grow, until it is the main component at

~58% RH. The profile becomes more and more symmetric with a maximum at ~15.4 A.

Figure 4-13. Development of the basal spacing of a sodium montmorillonite with relative humidity;
measured datain dark blue, basdline in red, fitted datain green and the residualsin light blue.
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4.6.1 Summary
Flexible structure models combined with the fundamental parameter approach may be

successfully applied for the description of one-dimensional swelling effects in minerals.
Thefirst results look promising, but further systematic work has to be done in order to
justify thisapproach (e.g. reproducibility, comparison with other methods, significance of
the results obtained).

For the purpose of quantification, the use of such models should be the object of further
research. Flexible structure models might be an appropriate and simple approximation of
imperfections in crystals. The inclusion of flexible structure models into sub-phase
models is expected to improve obtai nable quantitative results substantially. The use of
crystallographic constraints might improve the unambiguousness of refinement results

[Baerlocher, 1993] and also minimise computational effort.
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Pozzolanic reaction of clay
minerals|: cation
exchange, swelling and

r heology

5.1 Results and discussion

5.1.1 Cation exchange

Direct determination of cation exchange state

Appendix |11 showsthe sodium and cal cium concentrations after 4 daysinside and outside
the dialysis membrane. The mean of the concentrations inside and outside has in most
cases astandard error of below 10%, therefore the diffusion process was regarded as com-
pleted. A pH of 12.7 + 0.2 during the experiment was cal culated from ion charge bal ance.
Calcium concentrations tend to rise with increasing ionic strength (Appendix 111) due to
the diverseion effect. Addition of sodium (NaClO,) leads to an increased CH solubility
[Duchesne & Reardon, 1995].

Figure 5-1. Double logarithmic plot of the sodium isotherm at constant cal cium concentration but variable
ionic strength.
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Fig. 5-1 shows, for two independent series, the measured concentrations of sodiumin
solution versus those on the ion exchanger in a double-logarithmic isotherm plot, both
withtheir standard errors. Theisothermisplotted according to thework of Vulava(1998),
who showed the equivalence of plotting cation exchange isotherms with the bound and
solution concentrations expressed as (i) ratios or (ii) absolute concentrations. A slope of
lessthan onefor such asodium exchangeisotherm was al so observed by Vulava. Thekink
and plateau at an amount of adsorbed sodium of ~8 mmol/100g (fig. 5-1) might bearesult
of different sites for adsorption (edge and interlayer sites), asthisis exactly the same
number of edge sites determined by Tournassat et a. (2004b) after modelling their titra-
tion dataon montmorillonite (MX80). It isalso indicated from theisotherm that very high
sodium concentrations of > 1000 mM are needed in order to stabilise a sodium bentonite.
Thisis partly dueto the high solubility of CH, but also due to the agueous speciation of
calcium at apH of 12.7. More than 40% of the total dissolved calcium exists as the com-
plex CaOH"at thispH (fig. 2-2). Thiscomplex was proposed to have amuch higher selec-
tivity against Na' than does Ca* [Tournassat et al., 2004b], comparable to CaCl*, which
was investigated by Sposito et al. (19833, b).

Figure 5-2. Correlation between sorbed sodium and cal cium amounts on the bentonite samples.
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Fig. 5-2 shows the correlation between sorbed sodium and cal cium amounts of the ben-
tonite samples. The sums of the sorbed molar amounts of sodium and calcium in each
individual sampleare constant at 154 + 3 mmol/100 g (n = 17). Thisvalueisquitesimilar
to that found by Tournassat et al. (2004a) on a M X80 montmorillonite fully exchanged
with calcium at a pH between 11 and 12. They concluded that the measured sorbed
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5.1 Results and discussion

amount of calcium at apH > 9ismainly dueto sorption of CaOH" ionic pairs and to some

extent due to the precipitation of atobermorite-like phase.

Table 5-1. Crystalline Ca-phases and equivalent amounts of calcium

M ethod Crystalline phase Ca[mmol/100g]
exchangeable cations 2+ 0.2 mmol Si¥100 g 4
TG-EGA 1.9+0.2% Ca(OH), (n=11) 26
TG-EGA 1.4+ 0.2% CaCO, (n=11) 14

2Attributed to C-S-H.

® Assuming a maximum C/Sratio of 2 in aC-S-H phase [Taylor, 1997].

Indications of such a phase and additional crystalline phases are gained from the results

on the exchangeabl e cations but also from TG-EGA measurements. Table 5-1 liststhe

method from which the concentrations of the crystalline phases were estimated and also

the equivalent amount of calcium per 100g of ignited bentonite. Small amounts of brucite
(Mg(OH),) and strontianite (SrCO,) were aso indicated (Mg and Sr from dissolved

montmorillonite and lime), the carbonate phases being the results of residual carbonate

contents of the starting material but also of carbonation during sample handling (for an

example seefig. 5-3).

Figure 5-3. TG-MS curve under nitrogen of the sample with sorbed sodium (7 mmol/100g) and calcium

portlandite + organic matter + C-S-H
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5 Pozzolanic reaction of clay minerals|: cation exchange, swelling and rheology

Subtracting all the calcium equivalent to these crystalline phases (44 mmol/100 g in
Table 5-1) from the sum of adsorbed sodium and calcium (154 mmol/100 g), resultsin a
value of ~110 mmol sodium plus calcium per 100 g of ignited mineral. After correcting
this value with the hydroxyl content of the bentonite (5.1 % determined from TG-MS of
the starting material) and providing that all of the calcium is adsorbed as CaOH", an esti-
mate for the CEC at apH of 12.7 is~105 meg/100 g. After subtraction of the structural
CEC value of 74 meg/100g’, an estimate for the pH dependent part of the CEC of 31 meg/
100g is obtained at a pH of 12.7.

Comparing the total mass losses between 220°C and 500°C of the starting material with
0.9% to those of the exchanged bentonites with 3.9 + 0.2%, it is clear that the difference
of 3% isonly partially attributabl e to portlandite decomposition (cf. fig. 5-3). Theremain-
ing mass|loss of 2-2.5% must be due to evolved water, asthere is no carbonate decompos-
ing in thisregion and other volatiles can be excluded. Minerals expected to appear in the
system studied (clay minerals, calcium silicate/aluminate hydrates) lose their adsorbed

water below 220°C [Jasmund & Lagaly, 1993, Taylor, 1997]. Therefore, this water loss
most probably originates from hydroxide species of calcium (and magnesium due to bru-
cite) adsorbed at the clay mineral’ s surface, releasing their hydroxyl water over awide

temperature range.

In spite of uncertainties regarding the determination of the structural CEC (Tournassat et
al. (2004b) estimated a 10% error), it is concluded from the results presented, that
adsorbed calcium is mainly in the form of CaOH* and edge sites amount to 8-30 meg/
100g, corresponding to 11 or 40% of the structural CEC. Estimatesin theliteraturefor the
proportion of edge charge to the structural CEC range from low values of 20% at apH of
~12 [Tournassat et al., 2004b] to high values of 25% at apH of 7 [Jasmund & Lagaly,
1993]. Differencesin edge charge contribution at agiven pH are also aresult of different

crystallite sizes resulting in different specific edge surface aress.

Indirect determination of cation exchange state

Additional support for the importance of the species CaOH" in the cation exchange exper-

iments at high pH is given by the dispersions used for the rheological experiments. Only

! Determined from the structural formula for the SWy-2 bentonite [Mamy & Gaulltier, 1976]
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5.1 Results and discussion

the agueous compositions of cal cium and sodium were determined, the adsorbed amounts
of sodium are calculated by mass balance. Two different preparation techniques for the

bentonite dispersions were applied (see section 3.5.1 and fig. 3-16).

Figure 5-4. Indirect adsorption data from measured solution values in addition with the direct data from
Fig. 5-1 (without error bars); note: first sample series adsorbed sodium below detection limit.
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The indirect adsorption datain fig. 5-4 show that the two techniques resulted in com-
pletely different cation exchange states. This difference in exchange behaviour could be
explained by the following reaction for Na'-CaOH" cation exchange, which was previ-

ously proposed as the main exchange reaction at high pH [Tournassat et al., 20044, b]:

Na= X+ CaOH" <> Na' + CaOH = X K>200  (Eq51)

with =x symbolizing a surface site to which the cation is bound. The estimate for the

selectivity constant K is taken from Tournassat et al. (2004b).

For thefirst sample series, CH was added prior to the addition of NaCl, resulting in apure
CaOH" montmorillonite, which had to desorb CaOH* in order to adsorb Na'. This process
did not take place in the 40 hours of equilibration time, asis evidenced by the adsorbed
sodium, which was below the detection limit. For the second and third sample series,
NaCl was added prior to the addition of CH, presumably resulting in apure Na” montmo-
rillonite, which had to desorb Na' in order to adsorb CaOH". After only 12 hours, these
sample data matched the equilibrium data obtained after 90 hours.
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5 Pozzolanic reaction of clay minerals|: cation exchange, swelling and rheology

Chemical equilibriaare dynamic in nature, i.e. both the forward and reverse reaction pro-
ceed even at equilibrium at distinct rates [Atkins, 1994]. Therefore the equilibrium con-
stant gives information about the relative reaction rates of the forward and reverse
reaction. It can be deduced that the forward reaction (Na" exchange by CaOH") of the
exchange equilibrium (eg. 5-1) is at least 200 times faster than the reverse reaction
(CaOH" exchange by Na"). Assuming purereversible cation exchange with an appropriate
time for equilibration, the end point of the two different types of experiments should be
the same. Thiswas not observed and may be explained by the kinetic effect described due

to the equilibrium approach from two different sides.

An aternative explanation is that sorbed calcium might be irreversibly bound at specific
(edge) surface sites. There have been interpretationsin the literature that calcium hydrox-
ide is deposited on clay minerals surfaces in afast reaction [Diamond & Kinter, 1965].
Such a surface coating might be hard to remove by cation exchange with sodium. How-
ever, the good correlation and the fact that the sum of the amounts of sorbed sodium plus
calcium was about constant (fig. 5-2) still points to some interrelation between the two

alternatives, adsorption and surface coating/precipitation.

5.1.2 Swelling measurements at controlled relative humidity
The ethanol washed freeze-dried bentonites from the cation exchange experiment were

carbonated in humid air (cf. section on page 49) and then subjected to swelling experi-
ments in order to investigate their swelling behaviour as afunction of their adsorbed
amount of sodium. Swelling measurements were performed at 26° + 1°C and in control-
led relative humidity. The method for extracting the transition point from the one- to the

two-layer hydrate is described in section 4.6.

Fig. 5-5 shows the transition point as a function of the sorbed sodium amount of the ben-
tonite. The transition in adsorption appears at higher relative humidities than in desorp-
tion, asistypically observed for sorption hysteresis of clay minerals. Linear regression
down to the value at ~20mmol/100g yieldsahigh correlation (R* = 0.91 and 0.90) for both
the ad- and desorption data. However, pure calcium montmorillonite has the same transi-
tion point as a montmorillonite with ~20 mmol/100g of adsorbed sodium. This might be
explainedintermsof “demixing” of adsorbed cation species[Shainberg & Kemper, 1966;
Shainberg & Otoh, 1968]. These authors proposed for Na-Ca exchange that calcium

shows amarked preference for inner tactoid surfaces. According to this proposal, sodium
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5.1 Results and discussion

isfirst sorbed on the outer surface of calcium montmorillonite tactoids. At an exchange-
able sodium percentage (ESP') of 10% to 20%, calcium startsto be exchanged by sodium
from the interlayers and the tactoids break open. The break-up of tactoids was fully

accomplished at an ESP value of ~50 %. Thisisin agreement with the swelling measure-
ments in this study: at an amount of adsorbed sodium of ~20 mmol/100g, corresponding
to an ESP value of ~20% of the estimated total CEC, the swelling behaviour differsfrom
apure calcium montmorillonite and starts to resemble sodium montmorillonite-like

behaviour.

Figure 5-5. Transition from one- to two layer hydrate depending on the relative humidity as a function of
the adsorbed amount of sodium.
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5.1.3 Rheology

The dispersions for the rheological measurements have been prepared in two different
ways as explained before (section on page 48). These preparation techniques resulted in
an unequal cation exchange state, adsorption of sodium was shown to be hindered. The
unequal cation exchange state is also observed by the rheological datain fig. 5-6. The
figure showsthe Cross-Over Point (COP) or yield point (cf. section 3.1.6) against the cal-
culated amounts of adsorbed sodium. All the COPs of the first sample series, where

adsorption of sodium was hindered, are very low and show no significant variation, irre-

! Conventionally in sail sciences, the amount of adsorbed sodium is given by the ESP value with
ESP = 100 Na=X/CEC. It isthe proportion to which the adsorption complex of a soil is occupied by
sodium. Thetotal CEC at apH of 12.7 was estimated in the previous section to 105 meg/100g. Therefore,
an ESP value of 20% is roughly egqual to 20 meg/100g.
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5 Pozzolanic reaction of clay minerals|: cation exchange, swelling and rheology

spective of sodium addition, on average 2.2 + 0.2 Pa. The COPs of the second and third
sample series, with more than 1 mmol of adsorbed sodium per 100g of bentonite, are sig-
nificantly greater with 40.8 + 13.7 Paand show a pronounced discontinuity at ~20 mmol
and COPs up to 271 Pa.

Figure 5-6. Cross-over points as a function of the calculated amounts of adsorbed sodium; note: first
sampl e series adsorbed sodium below detection limit. The three tactoid regions refer to the schematic
picture at the end of this chapter.
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Such adiscontinuity isoften observed in conjunction with the critical coagul ation concen-
tration of added salts [Penner, 1998]. However, this does not seem the appropriate expla-
nation here. Critical salt concentrations of Wyoming montmorillonite dispersions for
NaCl liein the range of 300 to 400 mM, whereas sodium montmorillonite dispersions
already start to coagulate after addition of lessthan 1 mM calcium [Jasmund & Lagaly,
1993]. Calcium concentrationsin the presence of portlandite are high at apH of 12.5

(> 20 mM). It can therefore be concluded that dispersionsin a cementitious environment

are already in a coagulated state, independent of the applied sodium concentration.

However, an explanation might be given in terms of the different dispersion behaviour of
calcium and sodium montmorillonite. It has been established that tactoids in calcium
montmorillonite dispersions keep a constant basal spacing of ~20 A up to calcium con-
centrations of morethan 1 N [Norrish, 19544, b]. Thisisin contrast to pure sodium
montmorillonite dispersions, in which the basal spacing inside tactoids is known to

depend on both the sodium concentration and the solid content. A basal spacing of more
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than 20 A is found in dispersions with less than ~500 mM sodium [Norrish, 1954a, b;
Norrish & Quirk, 1954] and water to solid ratios > 1 [Hight et al., 1962]. The swelling
measurements in the previous section implied that up to an ESP value of ~20% (corre-
sponding with an agueous sodium concentration of ~200 mM), the montmorillonite
behaved like a pure calcium montmorillonite. Putting together this evidence resultsin a
range between 200 and 500 mM sodium where al or some crystallites should be able to
swell beyond the 20 A limit. This drastically changes the state of the dispersion by
increasing the solid (tactoid) volume through the consumption of “free” water for the
swelling process, thus decreasing the volume of “free” water. This volume effect is prob-
ably intensified by a sudden increase of the external surface area at an ESP of 20%.
Schramm & Kwak (1982) showed that the number of primary layersintactoidsof calcium
montmorillonite suspensions suddenly decreases by afactor of 3 to 4 upon sodium
exchange of ~20% and then remains constant. The break-up of tactoids exposes new basal
surfaces to the solution, thus increasing the external surface area and immobilizing addi-

tiona “free’” water volume in the diffuse ion layer.

The evolution of tactoids with increasing sodium additionsis schematically shown in
fig. 5-7. The associated solid volume effects are responsible for the discontinuity of the

yield point (fig. 5-6).

Figure 5-7. Schematic picture of the evolution of tactoids in dispersions with constant solid content
(number of primary layers), constant calcium (solubility of CH) but varying sodium concentrations; the
grey shaded area symbolises the diffuse ion layer.
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Tactoid |: Small additions of sodium to a montmorillonite disper-
sion containing CaOH* and C&* lead to cation exchange only on
external surfaces, the basal spacing is constant at ~20 A (symbol-
ised by four water layers).

Tactoid I1: Further addition of sodium leads to cation exchange
also from interlayer surfaces, resulting on the one hand in the
break-up of tactoids, thereby increasing the external surface area
and consequently the amount of water bound in the diffuse ion
layer, on the other hand in an expansion of interlayer volume
(basal spacing >20 A), thereby decreasing the volume of “free”
water. As aresult, the Cross-Over Point is about one order of
magnitude higher compared to dispersions with tactoids | and I11.

Tactoid I11: At high sodium additions (> 500 mM) the basal spac-
ing collapses again to ~20 A. The diffuseion layer shrinksto min-
imal values. The volume occupied by the solid and the diffuseion
layer is even lower than in dispersions with tactoids I.

5.2 Conclusions

Theresults of the multidisciplinary approach to the problem of sodium-calcium exchange
in cementitious systems and related swelling and rheological behaviour are summarised

asfollows:
(i) Themajor adsorbed calcium speciesis most likely CaOH* and precipitated Ca(OH),.

(if) Thekinetics of the CaOH*-Na’ exchange or the coating of the surfaces by a calcium
hydroxide layer prevented adsorption of sodium even after 40 hours, whereas des-
orption to an assumed equilibrium value was already accomplished after 12 hours. It
isthusimpossible to increase the amount of adsorbed sodium in areasonable amount
of time relevant to practical applications by solely adding sodium.

(iii) Exchange capacity of the montmorillonite edges amountsto 8 - 30 meg/100g at a pH
of 12.7, the first value was deduced from the sodium exchange isotherm, the second
one from the total amount of sorbed calcium plus sodium after correcting for crystal-
line phases.

(iv) The different exchange behaviour of edge and outer surface sites on the one hand,
and interlamellar surface sites on the other hand, greatly influences the swelling and
rheological behaviour, as evidenced by the discontinuity of the yield point at an
exchangeabl e sodium percentage of ~20%.

(v) Crystaline swelling behaviour is continuously changing from calcium to sodium
montmorillonite as soon as sodium is contained in the interlayers (demixing model).
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Pozzolanic reaction of clay
minerals|l: dissolution,
precipitation and pore
refinement

6.1 Results and discussion

The three clays were dry-mixed with calcium hydroxide/lime (CH) in a glove-box prior
to adding CO,-freewater. Thefinal shaken mixtureswere agitated overarm at ~6 RPM for
the desired reaction time of ~1.5, 3, 4, 5 and 6 months. The influence of water to solid
ratio (w/s) between 1.3 and 12.5 (100 g of water with 78 g or 8 g of solids respectively)

was investigated, as was the influence of mixing ratio of the two solids,

6.1.1 Comparison of initial and after reaction extracted clays
First of all, theinitial and extracted clays were compared by their thermal analysis data

(fig. 6-1) and by their X-ray diffractograms (fig. 6-2). If there were no changes, the pat-
terns (both XRD and DTG) for each material before and after reaction should look the
same with respect to the peak ratios. In order to judge these peak ratios, the patterns are
aligned vertically and scaled in arbitrary units. On a quantitative basis, each material
before and after reaction was also compared by its hydroxyl water content which isindic-
ative of the amount of main clay mineral inside the clay material. These hydroxy! water
contents show no significant variation before and after reaction (Table 6-1).

Table 6-1. Hydroxyl water content [%] referred to theignited mass

ChinaClay IlliteMC Volclay
before reaction 135+0.1 46+01 40x01
after reaction (extract) 13.3+0.1 47+01 39101

However, the DTG datain fig. 6-1 and the XRD datain fig. 6-2 show small changes. Dif-
ferencesin peak temperature of the DTG data may arise from different initial sample

weight and packing density [Emmerich, 2000]. These conditions could not be fixed in the
measurements presented. This resulted from the different appearance of the raw powders

before and the freeze-dried powders after reaction. Freeze dried powders were mostly in
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6 Pozzolanic reaction of clay minerals |1: dissolution, precipitation and pore refinement

afluffier state which favoured a looser packing density and less sample weight. For the
illite (fig. 6-1a), and especially for the montmorillonite (fig. 6-1c), the difference in peak
area of the adsorbed water lost below 200°C is caused by variable drying states, which
were also not fixed as all analyses were referred to the ignited mass. The TA data of the
extracted Volclay (fig. 6-1c) implies small remains of hydroxide species (due to incom-
plete extraction), which decompose between 300 and 500°C. Nevertheless, the changes
observed are small and not significant with respect to the clay content of the materials
before and after.

Figure 6-1. Comparison of thermal gravimetry patterns of initial and after reaction extracted clays: (a)
illite MC, (b) China Clay and (c) Volclay. Y-axis: differential masslossin arbitrary units.

after

P,
before

after

PR i s ol

‘/ N

P urihaded

-~ before

after

. before

cC
0 100 200 300 400 500 600 700 800 900 1000
temperature [°C]

86



6.1 Results and discussion

Figure 6-2. Comparison of X-ray diffraction patterns of initial and after reaction extracted clays: () illite
MC, (b) China Clay and (c) Volclay. Y-axis. X-ray intensity in arbitrary units.
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Variationsin peak ratio of the XRD patterns are a'so small and may be attributed to e.g.
preferred orientation effects. For the montmorillonite, peak shiftsand variable peak height
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of the basal reflections below 10° and at around 30° arise again from different drying
states (fig. 6-2c). It is concluded that no selective dissolution of impuritiesin the reacted
clay-lime mixture occurred (hydroxyl water content would be significantly elevated if
only theimpuritiesin the clays dissolved) and that the clay mineralsin the clays were at
least equally dissolved. In the following section, it will be therefore assumed that the
whole clay material lossis due to clay mineral dissolution. Thisis justified because the

main clay mineral constituted the major phase by at |east 87% in the three clays examined.

Figure 6-3. Mgjor reaction products after three months for reacted Volclay-lime mixtures at awater to
solid ratio of 13, (a) lath-shaped AFm phase, (b) platy hexagonal AFm phase, (c) bundle of ettringite
needles, (d) AFm and C-S-H phasesintergrown, (e) foil-shaped C-S-H phase and (f) huge hexagonal AFm
phase in an aggregate of a China Clay-lime mixture at a water to solid ratio of 2.
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6.1.2 Reaction products
Major reaction productsin all of the samples were so-called AFm and C-S-H phases, as

abbreviated in cement chemistry. The AFm phases are hydrated cal cium aluminate phases
with alayer structure derived from portlandite. Ideal crystals show platy hexagonal or
lath-shaped morphology (fig. 6-3a, b, d and f). Their permanent positive layer charge
results in anion exchange properties and associated swelling properties [Aruja, 1960,
1961; Dosch, 1967; Pollmann, 1991; Francois et al., 1998; Rapin et al., 1999a, 1999b,
2000, 2001; Renaudin & Francois, 1999]. The general formulais C,(A,F)X_H, or
[Ca,(Al,Fe),(OH),,]-2X xH,O where X denotesoneformulaunit of asingly charged anion
[Taylor, 1997]. The Ca/Al ratio in the solid layersisfixed at 2, which has been verified
for the AFm phasesin this study by energy dispersive X-ray spectroscopy in the (E)SEM.
C-S-H isthe abbreviation for hydrated calcium silicates of varying structure and compo-
sition. Itschemical and structural natureis still subject to scientific debates; its nanostruc-
ture is most probably related to the layer structures of tobermorite and/or jennite
depending on the C/Sratio in the C-S-H [Taylor ,1997; Merlino at a., 1999; Bonaccorsi
et al., 2004]. Fig. 6-3E shows an example of a C-S-H phase in crumpled foil morphology.

Ettringite appeared only in the Volclay-lime mixtures asathird major phase. Ettringiteis
termed the AFt phase or trisulphate phase in cement chemistry [Taylor, 1997]. The
appearance of ettringiteisaresult of the minor sulfate (due to gypsum) content in the \Vol-

clay. Fig. 6-3c shows an example of this phase in typical needle-like morphology.

AFm and C-S-H phases are detected also from XRD and TA, whereas ettringite can only
be determined from visual observation by SEM/ESEM. X-ray evidenceisgiveninfig. 6-
4 for AFm and C-S-H in clay-lime mixtures, which have reacted for 3 months at a water
to solid ratio by weight of 2. According to Taylor (1997), AFm phases usually show the
first and second order of the basal lines (001 and 002) and sometimes linesat 2.89 A and
1.67 A. C-S-H may show reflectionsat 12.5 A, 3.04 A, 2.80 A and 1.85 A. Fig. 6-4 shows
the XRD patterns of the clays before and after areaction of 3 months with added portlan-
dite (CH). Remaining CH isindicated and also the lines of the reaction products, C-S-H

and AFm.
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6 Pozzolanic reaction of clay minerals |1: dissolution, precipitation and pore refinement

Figure6-4. X-ray diffractograms of the threeinitial claysand clay-lime mixtures (39/13/100) reacted for 3
months: (a) illite MC, (b) China Clay and (c) Volclay. Y-axis: X-ray intensity in arbitrary units.
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Fig. 6-5 showsthe corresponding differential massloss curves of these materials. Typical
mass losses of AFm and C-S-H are indicated. The aqueous solution compositions of the
clay-lime mixtures (Appendix 1V to V) are also supportive. The Si and Al concentrations
were mainly below 300 uM, which, together with the other evidence, isindicative of AFm
and C-S-H phases by comparison with thermodynamical calculations in the pure CaO-
AlO,-SIO,-H,0 system [Damidot & Glasser, 1995].
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6.1 Results and discussion

Figure 6-5. TG-MSdata of theinitial and clay-lime mixturesin fig. 6-4: (a) illite MC, (b) ChinaClay and
(c) Volclay. Y-axis: differential masslossin arbitrary units.
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6.1.3 Extent of pozzolanic reaction and passivation effects
The results on clay mineral and lime consumption are summarised in Appendix VI, VII
and VI11. Consumption of clay minerals and lime were calculated by the differenceinini-
tial contents and those determined after reaction. No significant differences in mineral
contents consumed were detected in the reacted mixtures. Table 6-2 summarisesthe aver-

aged values for clay mineral and lime consumption in all of the clay-lime mixtures for

91



6 Pozzolanic reaction of clay minerals |1: dissolution, precipitation and pore refinement

each clay. Consumption was independent of time between 1.5 and 6 months, of water to
solid ratio between 1 and 13 and of mixing ratio between 0.5 and 3.5 (clay/CH) of thetwo
components.

Table 6-2. Averaged consumption of clay mineralsand limein all of the clay-lime mixtures
of each clay®

consumption CaO,,, consumption metal oxides,

lay

[9/100q] [9/100q] massratio
mixture of clay with lime from XRD from extraction CaO,/oxide,,
Illite Massif Central 89+05 92+13 1.0
China Clay 11.0+ 0.6 8.0+0.8 14
Volclay 20.0+0.4 72+£07 2.8

*The consumption of clay minerals and lime was also determined by TA in order to check the more
direct measurements (XRD, extraction). Results are considered to be the same when falling within the
error limits of each method (Appendix VI, VII and VIII).

Figure 6-6. Reacted fractions of China Clay and lime with their initial contentsin the solid mixture: upper
figure metal oxides, .., from extract, lower figure CaO,,, from XRD. The number at each data point gives
the reaction time in days.
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As consumption was constant for the conditions investigated, it is clear that the reacted

fractions of each initial mineral component decreases independent of reaction time with
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theinitial content of the respective component (exemplified by the China Clay-lime data
infig. 6-6). Inachemical reaction that is controlled by the dissol ution rate and the surface
areaof oneof the reactants, the reacted fractionswould be constant for equal reactiontime
(independent of the mixing ratio) and would increase with reaction time. It is therefore
concluded that the behaviour observed in the clay-lime mixtures is due to a cessation of
the pozzolanic reaction. Between 1.5 to 6 months, the reaction does not proceed or just so

slow that it was undetectable with the analytical approach undertaken.

Figure 6-7. Aggregates of reacted clay-lime mixtures after three months cemented and surrounded by
pozzolanic reaction products (w/s = 13). (a) Illitic clay-lime mixture, (b)-(d) Volclay-lime mixture.
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This cessation isexplained by the passivation of the reactive surfaces of clay mineralsand
lime through the overgrowth of the pozzolanic reaction products. Fig. 6-7 shows exam-
ples of huge aggregates (up to ~80 um in diameter) cemented and overgrown with reac-
tion products. A similar cessation of the lime slaking reaction was observed by Xu et a.
(1997) and attributed to the passivation of the reactive lime surfaces by calcium aluminate
hydrates. Diffusion of reactive speciesfrom dissolving surfacesishowever still expected
to occur, but at a much reduced rate. Chemical species have to diffuse through the

hydrated solids or the nano-pores of these solids.
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6 Pozzolanic reaction of clay minerals |1: dissolution, precipitation and pore refinement

Table 6-3. Chemical formulas of the mineralswith the molar masses of the ignited
dehydroxylated minerals

Chemical formula Molar mass of ignited mineral
CH? Ca(OH), 56
Na-Volclay®  Nebzs (AlisF€M0yz) SiagAlo:O,(OH), - xHO - 352
CaVolday?  Cois (AliaFeMoz) SiseAlikOi(OH), - xH,0 - 351
lite Ca,,N&, Ko oAl FE, MY, ) S, Al O,(OH),] 384
ChinacClay’ Al5:0(0H), 222

®ideal formula

*Mamy & Gaultier (1976)
*Mller-Vonmoss et d. (1991)
ideal formula

The released amounts of structural silicon, aluminium and iron were calculated from the
chemical formulas of the three clay mineralsin Table 6-3 and their consumption datain
Table 6-2. It is shown from these cal culations that the amount of silicon released is very
similar for the three clay minerals (Table 6-4) in contrast to the other two metals. This
suggests that the major cementing and passivating phaseisthe C-S-H (whichisplausible
because of its gel character). Additionally, the released values of silicon show a correla
tion with the median particle diameter of the three clay minerals (fig. 6-8). This diameter
istaken here as arelative indicator of edge surface area (the smaller a platelet gets, the
higher the specific edge surface area). At least for the cessation of clay mineral dissolu-
tion, it ishypothesised that the C-S-H, which isformed from the silicon from the edges of
the clay minerals, isthe major passivating phase. However, this should be subject to fur-

ther investigation and proof.

Table 6-4. Released amounts of silicon, aluminium and iron by clay mineral dissolution

clay Si [mmol/100g] Al [mmol/100q] Fe[mmol/100q]
China Clay 72 72 -

Volclay 81 33 4

llite Massif Central 84 40 12
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6.1 Results and discussion

Figure 6-8. Released silicon with median particle diameter of the clay mineral.
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6.1.4 Estimation of reaction equations
In order to estimate porosity changes that occur during the pozzolanic reaction the chem-

ical composition of the reaction products was calculated from the mineralogical data pre-
sented (proportion clay mineral and lime consumption). Thisis done using the chemical
formulas and the molar masses of the clay minerals given in Table 6-3. Assuming afixed
Cal(Al+Fe) ratio of two in the major aluminate reaction product (AFm), the Ca/Si ratioin
the other major reaction product (C-S-H) may be estimated. According to these calcula-
tions, each mole of China Clay releases 2 moles of aluminium and silicon each, which
react with 5.4 moles of calcium. 4 moles of this calcium are bound by the aluminium, the
remaining calcium combines with 2 moles of Si to form aC-S-H phase with aCa/Si ratio
of 0.7. The same Ca/Si ratio is calculated for theillitic clay. The following equations are
based on these cal culations and are balanced with respect to water and water contents of
an assumed AFm phase (C,AH,,) and C,,SH, taken from Taylor (1997) (recall: H equals
H,0):

5.4CH + China Clay + 21.6H — C,AH 4 + 2C,,SH, (Eq. 6-1)
6.6CH + Illite + 28.3H — 1.1C,(A,F)H,q + 3.5C,,SH, (Eq. 6-2)

For the montmorillonite (Volclay) however, an unrealistic Ca/Si ratio of 3.6 iscalculated.
CalSi ratios of known C-S-H in cements range from 0.6 to 2.0 [Taylor 1997]. In order to
decrease this value to arealistic one, another sink for CaO must be present. One sink is
the ettringite identified in the Volclay products. Ettringite has a higher Ca/Al ratio than
the AFm phases. However, even if al of the aluminate hydrateswere ettringite, arealistic
CalSi ratio would not be reached. An additional sink might be lime adsorbed as a monol-
ayer on the clay minerals' external surfaces as proposed by Diamond & Kinter (1965).
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6 Pozzolanic reaction of clay minerals |1: dissolution, precipitation and pore refinement

The cation exchange experiment in this study has revealed also that alarge amount of cal-
cium hydroxide species may be bound to montmorillonite. After 4 days, 8.4% CaO (in
samples with no adsorbed sodium) were extracted by the cation exchange technique. The
sorption of lime might be responsible for the unrealistic result calculated on C-S-H com-
position. However, the sorption on the external surfaces only does not seem to be the
proper explanation. Otherwise, the same effect asfor Volclay should have been observed
for the other claysaswell. An alternative explanation might be inclusion of limeinto the
interlayers of expandable montmorillonite. This could only be verified by further investi-

gations.

6.1.5 Porerefinement
It is known from the literature that addition of lime to clayey soils leads to immediate

microstructural changesin the soil [Caprez, 1984]. Thisis evidenced by the sudden shift

of asoil’ sgrain sizedistribution to higher diameters, which appeared mainly for thegrain
size fractions < 100um [e.g. Croce & Russo, 2003]. Accordingly, the pore size distribu-

tions are al so expected to change to larger pore sizes. It was concluded in a previous sec-
tion that mainly the overgrowth of the aggregates’ surfaces by reaction products leadsto

the cessation of the pozzolanic reaction. The size of the immediately formed aggregates

must thereforeincrease with pozzolanic reaction progress due to the overgrowth, thereby,

at sufficient low water contents, cementing the aggregates together and filling the macro-
pore spaces.

Table 6-5. Phenomenological description of the specimen.

. kaolinite/lime/water [g] montmorillonite/lime/water [g]
Hydration time
[months] 50/40/100 (A) 15/70/100 (B) 39/13/100 (C) 7/70/106 (D)
fresh highly viscous paste, slowly flowing thixotropic, capa-  capable of flow-
ble of flowing ing
when agitated

shrunk, not hardened, breaks apart easily, but dimensionally stable, porous
dightly hardened, withstands higher forces, dimensionally stable, porous
hardened

hardened, dense

N W N P

Various clay-lime specimenswere prepared for the purpose of porosity measurements by
mercury intrusion porosimetry (MIP). Table 6-5 gives aphenomenological description of

the prepared specimen. All fresh pastes were capable of flowing. After reaction and
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drying of the samples, the one- and two-month hydrated specimen showed an open porous
structurethat easily broke apart; the older specimen however, showed adense appearance,

aplane fractured surface and withstood higher forces (fig. 6-9).

Figure 6-9. Fragments of freeze-dried China Clay-lime specimens (15/70/100), reacted for 1 month (left),
2 months (middle) and 7 months (right); scaleisin centimeters.

Fig. 6-10 shows the temporal development of selected pore properties exemplified on a
China Clay-lime mixture. Total porosity, asindicated by the total specific pore volume,
decreases with time, in accordance with the known pore refinement process [Mehta &
Monteiro, 1993]. The lower pore volume of the samplein fig. 6-10ais probably due to
sample preparation problems of the relatively fresh, weakly cemented material (reacted
for one month). However, the pore size distribution of this sample shows marked differ-
ences to the one reacted for two months (fig. 6-10b). Thefirst oneis abimodal distribu-
tion, the latter tends more to a broad unimodal distribution. The contribution of macro-
pores (> 1000 nm) decreases generally with time. These pores are related to inter-aggre-
gate poresin clays[Nuesch, 1992]. From 3 to 7 months (fig. 6-10c, d), the pores between
200 and 1000 nm start al so to change, the poreswith greater diameters disappear, the pore
size distribution becomes more narrow and the main pore diameter shiftsto lower values.
The overgrowth of clay mineral-lime aggregates by reaction products |eads to a decrease
in porosity caused by either afilling of the inter-aggregate pores or a closure of the macro-

pore entries. Later on, the smaller intra-aggregate pores become also filled or closed.
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6 Pozzolanic reaction of clay minerals |1: dissolution, precipitation and pore refinement

Figure 6-10. Temporal development of the pore size distribution in the China Clay-lime mixture
(15/70/100); (a) 1 month, (b) 2 month, (c) 3 month, and (d) 7 month hydrated samples. Relative pore
volume shown as histogram.
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6.1 Results and discussion

There is some debate in the cement literature regarding the mode of action of pozzolans
in cements and the associated pore refinement [ Taylor, 1997; Cook & Hover, 1999,
whether the refinement is pore-filling or pore-closing. The results presented, rather point
to apore-closing action. It was shown that the dissol ution reaction ceases due to the over-
growth. For sufficient low water to solid ratios, the overgrown aggregates will touch each
other and this should be the reason for the cementation of the material. For concentrically
growing aggregates it seems probable that inter-aggregate pores entries become first
closed, before the pores become filled completely.

6.1.6 Porosity development
Fig. 6-11 showstheresults of the total porosity measurementswith time for the clay-lime

specimens prepared. Their composition is given in Table 6-5. The calculated porosity of
the fresh pastes at the beginning of the time scale is also indicated (calculation' from the
initial mixing ratio and the densities givenin Table 3-4). All the mixtures show a substan-
tial decrease of the total porosity beginning in specimens hydrated over 2 or 3 months.
Total porosity decreases by about 10% to 20% absolute, to values of 65% to 55%, irre-
spective of the mixing ratio or the clay used (ChinaClay or Volclay). The degree of poros-
ity loss can be estimated from the molar volumes of the minerals (Table 3-4) and the
chemical equations derived earlier (eg. 6-1 and eq. 6-2). The volume changes associated
with the chemical equations are tabulated in Table 6-6. VVolume changes are cal culated
from subtraction of product minus educt side. For complete reaction, thereis no water |eft
on the product side, however, the total volume of the solids after reaction is smaller than
the water plus the solid volume before reaction. The specimens shrink (chemical shrink-

age). In contrast, the solid volume increases, as water isincorporated into the solids.

Table 6-6. Estimated volume changes per mole of clay mineral due to the pozzolanic
reaction.

educt side [cm7] product side[cm® product minus educt side [cm?]
solidsvolume water volume  solidsvolume total only solids
ChinaClay 274 389 609 -54 335
Volclay 367 509 825 -51 458

! Porosity is calculated as the total water porosity with the assumption of zero air void content.
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6 Pozzolanic reaction of clay minerals |1: dissolution, precipitation and pore refinement

Figure 6-11. Development of total porosity in mixtures with compositions given in Table 6-5; the error
bars correspond to the standard error of the mean, missing error bars indicate a single determination only.
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As an example, the porosity loss (until cessation occurs) of a China Clay-lime mixture
(50/40/100) will be estimated with the volume changes given in Table 6-6. The initial
porosity is calculated from the amount of solids divided by their density (50 g/2.7 g cm®
+40 g/2.24 g cm?®), giving the volume of the solids, and with the volume of water added:
36.4 cm’® solids are in 100 cm® water, which is equal to atotal initial porosity of 73%
(water volume divided by total volume assuming that pores are fully saturated with
water). According to Table 6-6, the China Clay reaction consumes 389 cm® of pore water
and produces 335 cm?® of additional solid volume, both per mole of China Clay. China

Clay equivalent to 8% of anignited mixture will dissolve until cessation occurs (Table 6-
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2). The dissolved China Clay species in this mixture (ignited mass 73.3g) are equal to
0.026 moles and consume 10.1 cm?® of pore water (0.026 moles times 389 cm® per mole)
and produce 8.7 cm?® of new solid volume (0.026 molestimes 335 cm® per mole). That is,
the solid volumeisincreased from 36.4 cm® to 45.1 cm® and the water volume decreased
from 100 cm? to 89.9 cm?, which equals atotal porosity of 66% with the assumption of
water saturated pores. The calculated porosity loss from 73% to 66% can explain about
onethird of the maximum measured one (lowest valueis53%). The other two thirds might
be due to shrinkage effects and the closure of the pore entries by cement hydrates (cf. pre-
vious section). If pores are closed and not accessible to the mercury during the intrusion

experiment, the measured porosity will be lower than the actual one.

6.2 Conclusions

(i) Addition of lime to clay minerals leads to immediate microstructural changes and
shiftsin the aggregate size distribution of clay mineralsto larger sizes (thisis con-
cluded from literature data[Ho & Handy, 1963; Caprez, 1984; Croce & Russo,
2003]).

(if) Between 30 to 60 days following mixing, the prepared clay-lime specimen showed
coherence due to cementation by the pozzolanic reaction. This was concluded from
phenomenol ogical observations of the specimen but also during porosity measure-
ments.

(iii) In the observed time range of 48 to 182 days, a cessation of the pozzolanic reaction
of clay minerals and limeis observed. Thiswas concluded from (i) the observation
that clay mineral and lime consumption was independent of the solid’s mixing ratio
and of reaction time in that time range and (ii) from visual observations by ESEM/
REM. The aggregates surfaces become overgrown with pozzolanic reaction prod-
ucts. This markedly slows down further dissolution of reactants, the solid products
form adiffusion barrier.

(iv) Mass balance cal culations showed that calculated product compositions werein a
realistic range and that cessation of the pozzolanic reaction occurred when about the
same amount of silicon was released from the clay mineral. This silicon was
assumed to be exclusively precipitated asthe C-S-H gel that was detected by TA,
XRD and ESEM. This gel isregarded to be most effective in the formation of an
overgrowth phase. The measured declinein porosity was partially explained by these
calculations. An exception is found for montmorillonite-lime mixtures. Calculated
product compositions are only realistic, if an additional large sink for limeis
assumed. This sink may be lime contained in the interlayer spaces of the mineral.

(v) The reaction mechanisms could not be elucidated completely. An effect of different
total surface areas through variation of the clay-lime mixing ratio was not observed.
Reaction yield (mineral consumption) was proportional to the whole mixtures' sur-
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faces. The similarity of (reactive) surface areas of clay minerals and lime might
explain this. A specific edge surface area of 8.5 m?/g for amontmorillonite in sus-
pension is given by Tournassat et al. (2003), which is very close to the specific sur-
face area of 12.2 m?g of the dry lime powder in this study. Nevertheless, the
correlation of released silicon with the median particle diameter of the clay minerals
implies some contribution of the clay minerals’ edges. The primary fast reaction
might be an adsorption/surface precipitation type of reaction. Limeis deposited on
the clay mineral’s surfaces, leading to the formation of aggregates. Thislimeis
transformed with at the edges's released silicon and aluminium into C-S-H and
AFm. Simultaneously, the formation of the reaction product shells around the aggre-
gates starts and causes cessation of further dissolution. For the three clay minerals,
cessation occurs when about the same volume of reaction products is accumul ated
on the aggregates surfaces (inferred from the porosity measurements). By analogy to
the last stage of cement hydration, the pozzolanic reaction is expected to proceed
further much more slowly under diffusion control. Thisis also implied by the usual
observed strength increase of lime stabilised soils. Thisincrease may continue for
severa years|[e.g. Taylor & Arman, 1960].



7 Relevance of resultsto
geotechnics

7.1 Pozzolanic reaction of clay minerals|: cation
exchange, swelling and r heology

7.1.1 Cement-stable bentonites
When using a sodium bentonite in conjunction with cementsor lime, it isdesirable to uti-

lise its beneficial properties and to prevent transformation to the calcium form with its
unfavourable rheological properties, such aslow dispersion stability and low yield point.
Otherwise, a cheaper calcium bentonite would be preferred in the first place. This study
has shown the importance of sodium-calcium cation exchange on describing the rheol og-
ical behaviour of bentonite dispersions containing lime (note that Portland cement con-
tains also a high proportion of lime). The solubility of lime defines the calcium
concentration in solution. At apH of 12.5, this calcium concentration is high (~20mM)
and approximately constant. The sodium calcium cation exchange state of any bentonite
dispersion containing lime will therefore mainly depend on the agueous sodium concen-
tration in the system. It follows that, for afixed amount of sodium in the system, Na-Ca
cation exchange state will depend on the water content or solid content of the bentonite
dispersion. Loss of water will increase sodium in solution (but not calcium) and thereby
also the amount of adsorbed sodium. The diagram in fig. 7-1 shows these interrel ation-
ships. It was calculated' from the isotherm datain Figure 5-1 on page 75 assuming that
the relation obtained is independent of the bentonite’s solid content (which may not be
strictly true). The straight line“ sodium bentonite” infig. 7-1 showsthe amount of sodium
introduced to the system through the addition of a pure sodium montmorillonite with a
CEC =100 meg/100g. The two isolines show the total sodium concentration in the
system necessary to maintain constant exchangeabl e sodium percentages (ESP) val ues of

15 and 25 % on the montmorillonite.

! These isolines for the exchangeable sodium percentage (ESP) were calculated from the sum of the
sodium concentration in solution Na,, [mM] and on the bentonite Na,,, [meg/100g] multiplied with the
solid content S[g/L], Na,,, = Na,, + Nag,, x S, with Na,, for a specified ESP calculated from this ESP
value and atotal CEC [meg/100g], Nag,,, = CEC x ESP.
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Figure 7-1. Diagram showing the bentonite content versus the total amount of sodium (i) introduced
through a pure sodium bentonite, (ii) necessary to maintain an exchangeable sodium percentage ESP of 15
or 25 % in the presence of lime.
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The figure clearly shows that:

(i) the cation exchange state in the presence of portlandite depends on the solid content
of the bentonite aslong as sodium is not added.

(i) without sodium additions, the montmorillonite reachesitsideal ESP at solid contents
between point 1 and 2, i.e. between ~20 % and ~40 % bentonite content.

(iii) below ~20% solid content, the additions of sodium necessary to obtain favourable
ESP values may be read from the diagram.

(iv) above ~40 % solid content, so much sodium isintroduced to the system through the
bentonite, that the boundary at 500 mM is crossed [Norrish, 1954]. From this point
on, the effect observed on the yield point at an ESP of ~20% is expected to vanish
due to volume decreases of the solids and the diffuse ion layer.

Such high solid contents of 20 to 40 % are not common for bentonite dispersionsused in
the construction industry. One can thus conclude that many dispersions used in conjunc-
tion with cements or lime would be, without sodium additions, in a cation exchange state
that iscalcium montmorillonite-like. In practical applications, additionsare either applied
in the form of soda (Na,CO,) or NaOH in order to raise the amount of adsorbed sodium.
It is expected, that both additions might have similar effects on the rheology, but with
quite different chemical mechanisms.

NaOH will increase pH, thereby decreasing the calcium concentrationsin dispersion due
to the decreased solubility of CH at higher pH [ Duchesne & Reardon, 1995; K 6nigsberger
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et al., 1999]. This should favour desorption of calcium species from and adsorption of
sodium onto the bentonite. To some extent, this might be impaired by the speciation of

calcium as the fraction of CaOH" increases with pH.

Addition of Na,CO, will force CaCQ, to precipitate. The coexistence of portlandite and
calcite markedly influences the cal cium concentration, which will be governed by the par-
tial pressure of CO, [Konigsberger et al., 1999]. Total calcium concentration will be

reduced from ~20 mM to values aslow as 0.2 mM.

Interestingly, both additions act through the reduction of the agueous calcium concentra-
tion. It was shown in this study that NaCl as an alternative sodium source can not improve
rheological behaviour in atime relevant to practical applications (section 5.1.1). The
cation exchange reaction is inhibited either due to akinetic effect or to the irreversible
sorption of calcium species at high pH. In order to avoid thisinhibition, NaCl might be
added to the bentonite dispersion prior to the cement addition. Taking into account all the
sources of sodium immediately available in the system (bentonite, cement, water), the
amount of NaCl needed can be estimated from fig. 7-1. It is worth mentioning here that
the eff ects described might be modelled using common programs based on chemical equi-

libria and solubility data (except for the kinetic or irreversible effect).

In principle, the same conclusions apply to swelling soils, but also to such soils or ben-

tonite dispersions containing gypsum or calcite instead of lime. CaSO, containing phases
(gypsum) or calcite are very often present in natural systems. The main governing param-
eters are the CEC, the solubility of the Ca-containing phases, the partia pressure of CO,

and the total amount of sodium and water present in the system.

Thesefindingsapply e.g. to the comparison of so-called activated cal cium bentoniteswith
natural sodium bentonite. Such activated bentonites were transformed by the addition of
sodainto a (partial) sodium bentonite, the released calcium is converted to calcite [Jas-
mund & Lagaly 1993]. For a bentonite dispersion without calcite, the ESP value will
remain more or less constant. For a dispersion with calcite however, the ESP value will
increase with increasing solid content if sodium isonly introduced through the bentonite.
An activated bentonite is therefore expected to change its cation exchange state continu-
oudly to higher ESP valueswith increasing solid content. The activated bentonite contains
calcite and will show a stronger dependency on solid content due to the continuous

improvement of the ESP value.
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7.2 Pozzolanic reaction of clay minerals||: dissolution,
precipitation and porerefinement

7.2.1 Soil lime solidification
The results obtained allow conclusions to be drawn about the minimum lime content nec-

essary for a sustainable and long-lasting lime-soil solidification. They may be also appli-
cable to waste solidification problems with cement, aslime is always present in Portland
cement and thought to be the major reaction partner of pozzolansin cements[Taylor,
1997]. The amount of lime necessary to obtain complete cementation and coating of the
clay mineral-lime aggregateswill be defined asthe lime content sufficient for long-lasting
solidification. The complete coating was reached when cessation of the pozzolanic reac-
tion occurred. Consequently the lime contents (> 9%) determined in this study for three
different clay minerals can be described as’the sufficient lime content’. Thus the lime
contents (~4%) defined as’ the lime fixation point’ [Bergado, 1996] or minimal lime con-
tent [SN 640 5034 are not sufficient by far for achieving a sustainable solidification. Cer-
tainly, the influence of other grainsthat are always present in asoil (e.g. quartz grainsin
the silt fraction) and that may not participate in the pozzolanic reaction was not investi-
gated. The presence of such relatively inert grains might lower the necessary lime content
due to adilution of the clay-lime mixture. By analogy to cement hydration however, itis
inferred that the whole systems’ surfaces are covered with reaction products. Theinterfa-
cial zone between (inert) aggregate in concrete and the cement matrix is even of primary
importanceto the strength of the concreteasawhole[Taylor, 1997]. In order to provethis
proposition, the effect of adding inert grains as e.g. quartz to clay-lime mixtures should

be investigated.

7.2.2 Cut-off wall materials
The use of clay mineralsin conjunction with cements rai ses some concern about the phys-

ico-chemical stability of clay mineralsin the highly alkaline environment of cements. The
results of this study show that clay minerals react significantly but not extensively until

further dissolution is shut down. However, as clay contents in such barrier materials are
usually high [Hermanns, 1993], the partial 1oss of these active componentsis not judged
critical. It could not be established whether the dissolution proceedsslowly aslong aslime
ispresent, but it may be inferred from observed strength increases in soil-lime mixtures,

which occurred for several yearsin some instances. It has to be emphasised when clay
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mineral-lime aggregates become coated by cementitiousreaction products, it will bethese
products that provide the direct sorption sites for contaminants diffusing into the barrier
material. Only the slow diffusion of contaminants through these cementitious products
will bring the contaminants into contact with the clay minerals. Efficiency of the sorption
process in the whole barrier system is expected to be influenced mainly by the sorption
behaviour of the cement hydrates. As those are also strong sorbents for many contami-
nants [Tits et al., 2006], the passivation of the active clay minerals' surfacesis not

expected to critically affect the functionality of the technical barrier.

More important for permeation through the barrier is the pore refinement process associ-
ated with the pozzolanic reaction. Porosity, more precisely the main pore diameter [Her-
manns, 1993], is closely related to permeability in such barrier materials and the lower
these values are, the lower the transport of contaminantsis. Marsh et a. (1985) demon-
strated the effectiveness of fly ash substituted Portland cement on reducing the permea-
bility. A 30% substitution of cement by fly ash resulted in a permeability reduction from
2 x 10” m s* in the control cement (no fly ash, only cement) to 4 x 10 m s* in the
blended cement after 1 year. Historical sourceseven claim, that pozzolanic products grew
out of the splices of underwater masonry [Ziegler, 2004], which indicates the dense nature

of pozzolan-lime mortars.

For any substitution of cement by a pozzolan, it hasto be emphasised that the higher the
substituted fraction of cement is, the lower the lime content formed during cement hydra-
tion will be'. Pore refinement potential due to the use of lime for the pozzolanic reaction
will therefore be lower. So the optionsinclude (i) reducing the Portland cement content
in barrier materials to as low values as necessary to fulfil given requirementsfor e.g.
strength and (ii) adding lime in order to use the high pore refinement potential in the pres-
ence of high lime contents. Certainly, legal requirements should account for the slow
progress of the pozzolanic reaction and the slow and difficult to quantify improvements

of the parameter that is currently regul ated as aminimum value by law (e.g. permeability).

' The hydration of tricalcium silicate may be used as an conservative estimate for the maximum lime con-
tent produced during cement hydration: C;S+5.3H — C, ;SH, + 1.3CH . From this equation and the data
givenin Table 3-4, it is calculated that up to 30% of CH may be produced from cement hydration. A mix-
ture containing e.g. only 30% of cement, may then produce 9% of lime; i.e. lime becomes limiting for the
pozzolanic reaction.
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7 Relevance of resultsto geotechnics

For exampl e, prepared clay-lime specimens showed no strong cementation and coherence

until after about one to two months.

However, by reducing the cement content in typical cut-off wall barrier materials, a
common problem of such materialsis also addressed. Barrier materials made of cement
and clays are often too brittle to deform in the case of movement in the soil [Brinkmann,
2000]. Reducing the cement content should increase the contribution of the plastic defor-
mation behaviour of the clays. The composite may be more adaptive to deformation.
Ensuring a high pore refinement potential by the additional dosage of lime might ensure
crack healing properties of these composites and continuous pore refinement due to the
pozzolanic reaction. There must have been areason why up to 43% of lime was mixed
into mortars for the construction of underwater wallsin e.g. the Netherlands in the 18th

century, and this could provide an explanation.
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88ummary and outlook

8.1 Summary

The addition of lime to agueous sodium-montmorillonite-dispersions resultsin a high
aqueous calcium concentration and in the short-term in an equilibrium shift towards the
calcium form of the montmorillonite. Anintensifying effect due to the calcium speciation
at high pH and preferred sorption of CaOH" appeared very probable. In either case, re-
adsorption of sodium on lime-treated montmorillonite was hindered. The different sorp-
tion behaviour of the clay mineral’ sedge and outer surface sites on the one hand and inter-
layer sites on the other hand greatly influenced the crystalline swelling behaviour of the
montmorillonite and the yield point of its dispersions. Calcium is preferentially sorbed
into the interlayers and forces sodium to stay primarily on the outer surfaces of the clay
mineral. Only after occupancy of these outer surfaces will sodium enter the interlayer
space and cause interlayer expansion. These effects resulted in a significant increase of
the dispersions’ yield point at around 20% of adsorbed sodium. Further addition of
sodium reduced the yield point again due to the contraction of interlayer space and of the

diffuse ion layer in response to increasing ionic strength.

In practical applications, sodium-montmorillonite dispersionsin the presence of lime are
therefore in a calcium-montmorillonite-like state without additional sodium dosages.
Even with subsequent sodium additions, this state isirreversibly fixed on the time-scale
relevant for practical applications. Sodium salts, which reduce the calcium concentration
in equilibrium with lime (e.g. Na,CO, and NaOH), seem to be an exception. It is known
from practice, that these salts are capable of increasing theyield point even after lime has
been added. Theinclusion of other sodium salts with no such effect (e.g. NaCl) prior to
the addition of cement or lime would be an alternative approach to increase the disper-
sion’syield point. For this purpose, the necessary amount can be estimated from the

cation exchange behaviour determined in this study.
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8 Summary and outlook

The continuous dissolution of clay mineralsin the presence of lime leads, in the long-
term, to the cementation of the materials. The cementation has proceeded after oneto two
months until the surfaces of the clay mineral-lime aggregates were completely covered
with reaction products. Thisled to the cessation of the dissolution reaction. Whether dis-
solution proceeds further after the seven months investigated (e.g. through the devel op-
ment of steady-state diffusion profiles), was not resolved in this study. In analogy to long-
term investigations on the strength development of lime-stabilised soils, this seems how-
ever very probable. In either case, the precipitation of reaction products|ed to areduction
of porosity asaresult of the filling or closure of the macro- respectively interaggregate
pores. Mass balance cal culations allowed reaction equations to be estimated for the three
clay minerals. These equations show, that the composition of the reaction productsisreal-
istic in comparison with data from the literature and that a major part of the measured

porosity reduction can be ascribed to the pozzolanic reaction.

It follows with respect to soil solidification techniques, at least for fine grained soilswith
mainly clay minerals, that the lime fixation point as defined for soil improvement (~4%)
isnot sufficient by far for asustainable, long-lasting solidification. At least 9% of limefor
illite and 11% for kaolinite have to be added in order to solidify the material sustainably.
For montmorillonite, the necessary lime content is even 20%. Only afraction of this20%
isactually used for the solidification by the pozzolanic reaction. However, the size of this
fraction and the nature of the sink for the rest of the lime was not determined. Therefore,
implications of this significantly increased lime demand can not be discussed with the

results obtained.

With respect to barrier materials rich in clay minerals, it follows that no extensive disso-
lution of these active componentsisto be expected. The content of the three clay minerals
was reduced in the first three to seven months by 7% to 9% in absolute termswhich is not
judged critical dueto the usually higher clay mineral contents. Much more crucial for the
choice of clay mineralsasactive componentsin barrier materialsisthe passivation of their
reactive surfaces. Contaminants entering the barrier can only contact the clay minerals
surfaces by slow diffusion through the overgrown reaction products (cement hydrates).
This has to be considered for the design of engineered barriers. The retention of contam-
inants by cement hydrates is therefore an important issue for such barrier materials next

to their pore-filling and permeability-reducing properties.
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8.2 Outlook

For mixtures of clay and cement in general, there are consequences for further necessary

lime addition in some instances. If the cement content in the mixture is chosen to be low

(< 30%), the lime content produced during cement hydration (< 9%) may become limiting

for the pozzolanic reaction. Thus, additional benefits arising from the cementing and pore

refinement potential of the pozzolanic reaction can not be fully used. In that case, lime

addition to the clay-cement mixture should be carried out.

8.2 Outlook

Methodol ogy

(i)

(i1)

One methodological goal of this study was the quantitative determination of clay
minerals content against an internal standard, without the need for calibration. This
goal would simplify quantitative mineral analysis substantially, and might improve
accuracy of results even in complicated studies. Such studies could be the observa-
tion of mineral reactions where structural parameters of minerals change while the
reaction proceeds. In this case, traditional methods (which make use of calibration)
might fail due to changesin the mineral’s diffraction pattern. This study has shown
that much more work on the real structures of clay minerals hasto be done. Even for
portlandite with a relative ssmple structure, quantification without calibration was
not possible against the internal standard calcite. The use of flexible structure models
developed in this study can account for asimplified, idealised description of transla-
tional disorder and anisotropic broadening of diffraction lines. The implementation
of several (constrained) flexible structure models into existing subphase modelsisa
promising way in order to improve quality of the fitting procedure. This should be
subject to further work.

This study has also shown that accuracy and precision of results obtained on weakly
pozzolanic materials (such as clay minerals) should be improved. This could be done
by inclusion of additional data on the chemistry of the extracted solutions and on the
water bound inside the reaction products. Together with obtained results on portlan-
dite and clay mineral consumption, an overdetermined equation system could be set
up with all the information from the various analytical techniques. Solution of these
equations substantially improves results [Allmann, 2003]. In order to determine the
chemistry of the extracted solutions, the extractant should be changed (e.g. acid) to
ease the analysis of the agueous solution composition. The total amount of the
cementitious reaction products may be determined by the non-evaporable water as
termed in cement chemistry [Taylor, 1997].

Pozzolanic reaction of clay minerals|

(i)

The question whether a portlandite surface coating or the kinetically slow desorption
of CaOH" species were responsible for the hindered sodium adsorption on lime-
treated montmorillonite will be difficult to address. This question is probably also
related to the open question on the nature of the calcium sink in the montmorillonite-

111



8 Summary and outlook

(if)

lime pozzolanic reaction. Long-term adsorption experiments could help to investi-
gate whether the observed effect is due to reversible (adsorption) or irreversible (pre-
cipitation) processes. However, thiswill be complicated by the progression of clay
mineral dissolution and the parallel cement hydrate precipitation, which was already
indicated after four days. Spectroscopic techniques which are able to determine the
chemical environment of calcium might offer a possibility for distinction of
adsorbed or precipitated calcium. In either case, the separation of the two mineral
compartments by dialysis bagsis an appropriate way to investigate processes on
montmorillonite in alime-equilibrated system. Inclusion of athird empty dialysis
bag helpsto clarify whether calcium is solely sorbed on the montmorillonite surfaces
or isalso precipitated from the aqueous solution. Additionally, analysis of the lime's
surfaces would give information on the precise passivation mechanism.

With respect to practical applications, the cation exchange and rheological behaviour
of different types of bentonites should be investigated in the presence of lime and
also the temperature dependency of these phenomena. Thiswould clarify if different
bentonites behave in asimilar way. Then, the amount of sodium needed in order to
increase the yield point of bentonite dispersionsis predictable in practical applica-
tions.

Pozzolanic reaction of clay mineralsi|

(i)

(i1)
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The proposition that C-S-H is the major phase responsible for the passivation
observed could be addressed by using clay minerals of different chemistry and sili-
con content. Using magnesio- (e.g. serpentine minerals or talcum) instead of alumi-
nosilicates could give additional information. Otherwise, this might be circumvented
by reaction products of magnesium (magnesium hydroxide type minerals), which are
also probable passivating phases.

There are till open questions regarding the pozzolanic reaction progress of clay
minerals: how does the reaction proceed in mixtures of different clay minerals? How
doesit proceed in the presence of Portland cement? And how would the presence of
diluting mineral phases (e.g. silt grains of quartz), which hardly dissolve but also
offer nucleation sitesfor pozzolanic reaction products, affect the reaction? How long
does the reaction proceed, is it finished after six to seven months or does it continue
and if, for how long isthis significant? All these questions should be addressed in
further research in order to reach thefinal goal of modelling clay-limeinteractionsin
complex environmental geotechnical systemsincluding soils or barrier materials.
Then, questions concerning the minimum lime content in soil solidification or mix-
ture design of barrier materials can be answered. Investigations can be performed
using the methodology proposed in this study.
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Chemical composition of the three clay materials as determined by X-ray fluorescence spectroscopy

China Clay illiteMassif Central  Volclay
<20 um total

XRF from* ideal® XRF from* from* XRF XRF <2um®
SO, 47.43(8) 4766 4654 50.26(4) 5170 573 57.10(61) 57.86 56.17
TiO, 0020 003 - 069(7) 0.72 013 014(5) 017 008
AlLO, 37.08 (6) 37.3 3949 2010(2) 2855 185 18.94 (5) 19.00 20.15
FeO, 0.58(4) 051 - 7.08(7) 273/052 35 3.41(9) 3.37 3.99
/FeO
MgO 026(0) 026 - 3.84(13) 4.70 2.6 221(6) 216 269
MnO - - - 0.05(0) 0.03 001 - - -
PO,  0.09(0) - - 009(0) 024 0.06  0.04(0) 0.03 0.00
CaO 003(0) 003 - 064(0) 0.88 0.5 1.03 (0) 104 108
STO  0.01(0) - - 0.02 (0) - 0.03 (0) 003 -
NaO 0.04(0) 006 - 0.08(1) 0.10 20 212 (5) 2.07 1.34
K,O 1.06 (4) 153 - 777(1) 845 0.6 0.43 (0) 0.52 0.18
Rb,0  0.01(0) - - 0.06 (0) - - - -
SO, - - - - - - 0.40 (5) 0.43 -
LOl  13.83(15) 1238 1396 855(7) 6.6 149 1390(17) 137  13.89
sum 100.43(8) 99.76 100 99.23(1) 994 100.1 99.77(54) 100.38 99.59

2Jasmund & Lagaly (1993) and references therein

*from the ideal formula Al,[S,0,(OH),] or Al,O,2SiO,2H,0
*Mdller Vonmoos et al. (1991)

‘Old laboratory analysis of the < 2 um fraction

*Data from Mermut & Cano (2001) for the SWy-2 standard clay recalculated with the water content
from TG data[Guggenheim & Koster Van Groos, 2001].

fdetermined at 750°C
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Diffraction patterns of the original kaolinite structure of Bish & von Dreele (1989) and the two flexible
structure models with perfect +b/3 shifts (Bragg-Brentano, variable dlit)
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Sodium and calcium concentrations after 4 days inside and outside the diaysis bag for two independ-
ant series measured with ICP-AES

Na'outside Na'inside standard error Ca* outside Ca*inside standard error

[mM] [MM] (%] [MM] [(MM] (%]
34 3.2 2.6 21.5 18.6 7.3
58 51 59 213 18.0 8.3
6.5 6.4 05 20.2 17.7 6.7
131 12.5 34 18.3 14.9 10.2
18.5 201 4.1 19.3 16.9 6.8
32.3 251 125 19.6 16.6 8.3
51.0 51.6 0.6 22.3 19.2 7.5
80.0 74.0 39 234 18.7 11.2
2384 211.6 59 30.5 23.9 121
622.3 575.5 39 36.6 29.5 10.8
634.4 611.3 1.9 26.2 215 9.7
870.9 849.8 12 25.6 24.0 3.3
1085.8 1061.6 11 250 22.5 51
12454 1244.1 0.1 235 21.7 4.0
1329.2 1257.9 2.8 36.6 28.8 12.0
1329.9 1272.9 2.2 231 21.6 3.3
1630.3 1453.7 57 224 19.2 7.7
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Chemical analysis of the solutions in contact with the pristine bentonite Volclay

concentration®

contact time

45 days 90 days 120 days 150 days 180 days
Na[mM] .
K [mM] .
Ca[mM] ’
Mg [1M] 40 2(1) -
S [UM] 56 (0) 75(12) 74 (3)

132 (78) 149 (81) 63 (9); 382
Al [uM] (64)
Fe [uM] 6 (4) 9(5 -

112 (73) 171 (20) 262 (56);
S [uM] 2435 (521)

*first values are averaged values, the values inside the brackets indicates the standard error
of the mean of the last digits; the value after the semicolon isthat of the sample with the

highest clay content

*varying values, depending on the cation exchange state

°the calcium concentration is also afunction of the system’s pH; when sodium is exchanged
from the bentontite, the pH increases which is responsible for the decrease in the calcium

concentration

Chemical analysis of the solutions in contact with the Ca-form of the bentonite Volclay

concentration?

contact time

45 days 90 days 120 days 150 days 180 days
Na [mM] 0.4(0) 0.8(2) 0.48 0.53 0.57
K [mM] 0.2 (0) 0.3(1) 0.41 0.46 0.49
Ca[mM] 20.4 (5) 19.9 (6) 20.8 20.0 21.1
Mg [uM] 32(24) 9(2;106 3 1 37
St [UM] 36 (0) 41 (4 99 98 100

118 115 (24); 241 183 326
Al [UM] 3758
Fe[uM] 24 (16) 7(1);227 12 8 23

137 161 (25); 61 48 430
Si [UM] 2198

*first values are averaged values, the values inside the brackets indicates the standard error
of the mean of the last digits; the value after the semicolon is that of the sample with the

highest clay content
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Chemical analysis of the solutionsin contact with theillitic clay from Massif Central

concentration® contact time

[mM] 45 days 90 days 120 days 150 days 180 days
Na[mM] 0.2(0) 0.2(0) 0.35 0.40 0.44

K [mM] 2.3(0) 3.0(3) 4.85 5.81 6.60
Ca[mM] 20.2(4) 193 (1) 18.4 18.4 19.4

Mg [uM] 46 (29) 3(2); 29 5 3 70

S [uM] 103 (0) 93 (10) 147 155 155

Al [uM] 86 88(3); 259 42 42 235

Fe [uM] 30(18) 2(0); 23 3 3 44

Si [uM] 137 64 (9); 303 92 56 456

*first values are averaged values, the values inside the brackets indicates the standard error
of the mean of the last digits; the value after the semicolon is that of the sample with the
highest clay content

Chemical analysis of the solutions in contact with the kaolin China Clay

concentration contact time

[mMM] 45 days 90 days 120 days 150 days 180 days

Na [mM] 1.5(0) 2.7 (8) 151 1.58 1.4(1)

K [mM] 0.9(0) 15(3) 131 1.40 09(1)

Ca[mM] 20.2 (2) 21.3 (5) 19.6 19.5 21.1(9)

Mg [uM] 3(2 3(1) 1 4 31(17)

Sr [UM] 84 (0) 69 (11) 150 152 167 (33)
345 (0) 359 (69) 1063 390 305 (80);

Al [uM] 1751

Fe[uM] 2(0) 5() 10 2 3(1); 17
203 (4) 177 (59) 831 293 810 (84);

S [uM] 3505
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Consumption of China Clay oxides and CaO from CH in China Clay-lime mixtures at varying
water to solid, varying lime to clay ratios and also different hydration times

mineral oxides used per ignited

mass [g/100g]

Initial amount of

minerals content

[9/100mL] [%] oxide,,, CaO,,
hydration
time
[days] clay CH CaO., TA extract XRD TA
48 10 5 30.6 4.4 85 6.1
48 10 5 30.6 4.7 12.0 6.6
96 39 13 22.7 49 8.2 11.3 7.0
96 39 13 22.7 4.8 10.1 6.8
91 24 8 22.7 5.6 8.7 7.7
91 12 4 22.7 5.2 7.8 7.3
91 9 3 22.7 5.0 10.2 6.8
91 2 22.7 4.3 10.0 6.3
125 9 46.8 4.8 8.0 13.0 6.7
166 9 46.8 6.2 8.0 10.8 8.6
182 39 26 37.0 7.2 79 14.3 10.1
182 6 14 67.3 8.1 15.7 11.1
182 6 9 56.9 7.2 8.8 12.0 9.8
182 6 4 37.0 7.4 11.2 129 10.4
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Consumption of Volclay oxides and CaO from CH in Volclay-lime mixtures at varying water to
solid, varying lime to clay ratios and aso different hydration times (datain the upper part of the
table are reported for the Ca-form, in the lower part for the pristine Volclay)

mineral oxides used per ignited

mass [g/100g]

Initial amount of

minerals content

[9/100mL] [%] oxide,,,, CaO,,
hydration
time
[days] Ca-clay CH CaO, TA extract XRD TA
48 10 5 30.8 7.1 16.8
48 10 5 30.8 6.5 14.6
93 40 20 30.8 8.3 6.2 20.6 20.6
93 20 10 30.8 8.1 17.2 20.6
93 10 5 30.8 7.8 6.1 18.2 20.2
93 6 3 30.8 8.4 5.7 18.3 21.7
125 6 10 59.7 7.2 10.3 20.1 18.0
166 6 10 59.7 7.7 51 16.3 189
182 6 10 59.7 8.8 231 224

clay
97 6 13 65.6 7.8 19.7
97 6 10 59.5 7.9 195 19.8
97 6 5 42.3 7.8 21.2 19.1
97 6 4 37.0 79 18.4 20.1
95 39 13 22.7 7.8 89 19.8 20.6
95 15 5 22.7 7.8 8.4 20.2 21.2
97 12 4 22.7 7.7 20.6 22.6
97 9 3 22.7 7.9 20.6 229
97 75 25 22.7 79 20.6 234
95 6 2 22.7 7.8 10.2 20.7 23.7
182 39 39 46.8 7.8 41 234 18.8
182 15 15 46.8 7.9 6.8 221

Appendix VII



Consumption of Illite oxides and CaO from CH in Illite-lime mixtures at varying water to solid,
varying lime to clay ratios and also different hydration times

mineral oxides used per ignited

mass [g/100g]

Initial amount of content

minerals[g/100mL] [%] oxide,,, CaO,,
hydration
time
[dayg] clay CH CaO,, TA extract XRD TA
48 10 5 29.6 104 8.3 105
93 2 219 10.2 105 89 9.5
93 2 219 9.6 9.3
93 3 219 8.8 8.8
93 3 219 9.1 8.7
93 12 4 21.9 5.6
93 15 5 21.9 104 9.7
93 24 8 219 9.2 9.1
93 39 13 21.9 9.0 9.5 8.0 9.1
125 9 45.7 12.5 10.2 11.9
166 9 9 45,7 12.2 11.3 115
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