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VORWORT

Anhydritfihrende Tonsteine sind stark quellfahig. Sie erfahren unter Wasseraufnahme eine Volu-
menvergrésserung von bis zu 30—40%. Im Tunnelbau aussert sich das Quellen der Gesteine durch
eine Hebung der Tunnelsohle, welche fir die Gebrauchstauglichkeit problematisch ist oder — beim
Vorhandensein eines Sohlgewodlbes — durch die Entwicklung des sogenannten Quelldrucks,
welcher das Gewoélbe zerstéren oder sogar als Ganzes anheben kann. Anhydritfihrende Tonsteine
werden in der Schweiz in der geologischen Formation des Gipskeupers angetroffen. Sie haben oft
grosse Schaden verursacht, deren Behebung war ausserst kostspielig, zeitaufwendig und mit Be-
triebsunterbrechungen verbunden. Der Tunnelbau im Gipskeuper ist heute noch mit grossen Un-
sicherheiten behaftet, da weder die makroskopischen Gesetzmassigkeiten des Quellens (insbe-
sondere die fiir den konzeptuellen Entwurf von Tunnelgewdlben sehr wichtige Beziehung zwischen
Quelldehnung und Quelldruck) noch die zugrundeliegenden chemischen Prozesse (Lsung von
Anhydritkristallen ins Porenwasser und anschliessend Bildung von Gipskristallen) gut verstanden
sind.

Im Rahmen eines langjahrigen Forschungsprojekts der Professur fur Untertagbau wird die Wech-
selwirkung zwischen den chemischen Reaktions- und Transportvorgangen und den makroskopisch
beobachteten Quelldehnungen und -driicken theoretisch und experimentell untersucht mit dem
Ziel, die Quellvorgange im Gipskeuper besser zu verstehen und wissenschaftlich fundierte
Grundlagen fir die Planung von Tunnels in solchem Gebirge zu erarbeiten. Die Wissenslicken
bezlglich des Quellverhaltens anhydritfiihrender Tonsteine sind grésstenteils durch das Fehlen
systematischer experimenteller Untersuchungen zu den chemisch-mechanischen Prozessen be-
dingt, die dem Quellvorgang zugrunde liegen. Solche Untersuchungen werden durch die Hetero-
genitat natdrlicher Proben, die sehr lange Dauer des Quellvorgangs (mehrere Jahre selbst unter
Laborbedingungen) und die Uberlappung von zwei grundsétzlich unterschiedlichen Prozessen (os-
motisches Quellen der Tonphase, chemisches Quellen des Anhydrits) erschwert. Hier setzt die
vorgelegte Dissertationsschrift an.

Frau Wanninger hat auf der Grundlage von umfangreichen, zeitaufwendigen und sorgfaltig ge-
planten und interpretierten Experimenten an kiinstlichen Proben und nattrlichen anhydritfihrenden
Tonsteinen Grundlagenkenntnisse Uber mehrere Aspekte des Quellvorgangs gewonnen. Das
Thema ist wissenschaftlich anspruchsvoll und fiir die Praxis relevant. Die von Frau Wanninger
erarbeiteten Grundlagenkenntnisse sind fiir weiterfihrende Untersuchungen, insbesondere fir die
kontinuumsmechanische Modellierung des Quellens anhydritflihrender Tonsteine, sehr wertvoll.

Prof. Dr. G. Anagnostou
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ABSTRACT

Anhydritic claystones are highly problematic for underground construction because of their swelling
ability: When the rock comes into contact with water, the rock volume expands due to swelling of
both clay as well as anhydrite. When the expansion is restricted, e.g., by an invert arch in tunneling,
the swelling rocks can exert high pressures on the lining and damage the structure. The swelling
behavior of purely argillaceous rock (containing solely swelling clays and no anhydrite) can be
attributed mainly to osmotic processes and is well understood for the conceptual design of tunnels,
as opposed to the swelling of anhydrite where considerable knowledge gaps exist.

Swelling of anhydrite is caused by chemical processes: The anhydrite dissolves when it comes into
contact with water, and gypsum precipitates from the dissolved ions in the pore water. The volume
of gypsum is greater than that of anhydrite by 61%. During Anhydrite to Gypsum Transformation
(hereafter denoted as AGT) the rock mass expands and the pore volume can also increase, for
example due to cracking of the rock induced by the pressure exerted by the growing crystals upon
a rigid rock structure (“crystallization pressure”).

Although AGT-induced problems in tunneling have been known since 150 years, the current state
of research concerning the swelling behavior of anhydritic rock still contains many knowledge gaps.
These gaps exist due to the fact that only very few systematic experimental investigations were
carried out on a fundamental basis, which examine and quantify the chemo-mechanical processes
during AGT — a consequence of the long duration of the swelling process which can take several
years to complete.

This PhD thesis seeks to establish a better understanding and quantification of the coupled chemo-
mechanical swelling processes due to AGT and creates a basis for developing chemo-mechanical
models of the swelling of anhydritic claystones. Fundamental experiments were performed to verify
existing kinetic models concerning AGT and systematic swelling experiments were conducted to
support the formulation of a constitutive chemo-mechanical model that considers the strains and
stresses resulting from anhydrite dissolution and gypsum precipitation. Furthermore, swelling
experiments with anhydritic claystones were carried out to investigate simultaneous swelling of
anhydrite and clay and to quantify their respective contributions to the observed swelling of the
rock.

The kinetics of AGT was investigated by dissolving anhydrite powder in water and indirectly
determining the amount of calcium and sulfate ions in the water through conductivity measure-
ments. This led to the following observations: (i) the equilibrium concentration of gypsum as
calculated from a theoretical model could be verified; (ii) the calculated equilibrium concentration
of anhydrite is higher than the measured concentrations and could not be reached due to the
consumption of ions during gypsum precipitation; (iii) a higher initial mass of anhydrite in water
causes a higher peak in ion concentration and accelerates the process of AGT,; (iv) the reaction
takes longer than expected and thus the assumed reaction rate constants and kinetic model could
not be confirmed; (v) an addition of “foreign” minerals to the solution influences the time-
development of calcium and sulfate ion concentration in the water.

When pure, massive anhydritic rock comes in contact with water, a porous gypsum surface coating
on the anhydrite surface forms, which impedes further hydration (so-called “self-sealing” of
anhydrite). With the aim of verifying an existing mathematical model which quantifies said effect,
multiple anhydritic platelets were immersed in water and the developing gypsum surface coating
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was observed qualitatively with photography over a span of up to three years, as well as
quantitatively with microscopic investigations. The shape and spatial distribution of the gypsum
varied depending on the testing temperature and the texture of the initial rock. However, the
thickness of the developing gypsum layers was well within the theoretically predicted values.

The relationship between swelling stress and swelling strain is of great conceptual importance for
the design of underground structures in anhydritic rock. Therefore, a major part of this thesis
focuses on quantifying the strains and stresses resulting from anhydrite dissolution and gypsum
precipitation and relating them to the respective mass changes.

In mathematical chemo-mechanical models, also described in this work, the relationship between
the AGT-induced macroscopically observed strains and the mass of transformed anhydrite is
expressed by a material parameter , (which is a material tensor and is hereafter referred to as
coupling parameter). After a qualitative discussion of the meaning of this parameter on the basis
of conceptual models, an extensive, systematic experimental campaign was undertaken to quantify
y for powdered rock specimens experiencing swelling under the following mechanical boundary
conditions: (i) oedometric conditions under a constant axial stress; (ii) complete volume constraint;
(iii) isotropic compression by a constant stress; (iv) and so-called “flexible” oedometer tests
introduced here, where the radial stresses and strains are additionally determined, which is not
possible in conventional oedometer cells. By using artificially created, powdered and highly
compressed rock-like specimens (with an average density of 1.9 g/cm3), it was possible to study
the chemically induced swelling on reproducible specimens without the interference of clay swelling
and by excluding the uncertainties associated with the heterogeneity of natural rock specimens. In
most cases the relationship between the dissolving mass of anhydrite and the occurring stresses,
respectively strains, could be approximated by a linear function. In other words: The coupling
parameter » is constant for a given stress acting on the specimen (assuming the Young’s modulus
and the Poisson ratio to remain constant). Furthermore, the tests showed a practically linear
dependency between the strains and the logarithm of the applied stress, which — in spite of the
very different mechanisms underlying the macroscopically observed swelling — is similar to the well-
known semilogarithmic swelling law of purely argillaceous rocks, which implies that the deformation
of the rock can be significantly reduced by applying a counter pressure or, alternatively, that the
swelling pressure can be reduced by allowing a heave to occur. Therefore, the observed strong
non-linearity of the stress-strain relationship has great practical relevance for future modelling of
swelling anhydritic claystones and thus for the conceptual design of underground structures in
anhydritic rock.

Simultaneous swelling of anhydrite and clay was investigated by performing a series of free
swelling tests on natural rock specimens as well as specimens of powdered and compacted
anhydritic claystones. Upon watering, a rapid increase in volume occurs nearly instantaneously,
which can be attributed to water intake due to capillary effects and to osmotic swelling of the clay
minerals. The initial increase in volume is then followed by a slow swelling which can be attributed
to AGT. This extends over several years and in some cases was not completed after more than
five years of observation. In order to prove that this subdivision of strains is adequate for the
evaluation of the experiments, additional tests were run under higher temperatures: At 50 °C the
equilibrium concentration of gypsum is higher than that of anhydrite and thus — as opposed to
swelling at 20 °C — swelling due to AGT does not occur. These tests prove that the strains occurring
after the initial rapid heave at 20 °C can be attributed to swelling due to AGT. Furthermore, swelling
can be inhibited by raising the temperature of an actively swelling rock specimen from 20 °C to
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50 °C. However, contrary to expectations, changing the testing conditions from 50 °C to 20 °C, did
not always immediately trigger swelling due to AGT. This peculiarity occurred solely with natural
rock specimens while powdered specimens swelled as expected. This phenomenon was
investigated by varying the experimental conditions (e.g., the duration of the exposition at 50 °C),
by performing further analyses of the water used, and by microscopic inspections of the rock prior
and post swelling. However, in spite of these additional investigations, no conclusive explanation
was found as to why the rock specimens did not swell immediately after lowering the temperature
from 50 °C to 20 °C.

The findings from the experiments performed in the context of this thesis verified kinetic models
and assumptions related to AGT. Moreover, the systematic experimental investigations regarding
the swelling behavior of anhydrite give an indication of a stress-strain relationship which can be
implemented and used as a fundamental basis for future modelling of swelling due to AGT. This is
necessary for practicing engineers in order to design underground structures in anhydritic rock.
Furthermore, it was seen that the swelling due to anhydrite and clay can be de-coupled by varying
the testing temperatures, which changes the equilibrium concentrations.






KURZFASSUNG

Anhydrithaltige Tonsteine stellen aufgrund ihrer Quellfahigkeit erhebliche Probleme im Untertage-
bau dar: Kommt das Gestein in Kontakt mit Wasser, so nimmt das Gesteinsvolumen infolge
Wasseraufnahme durch die Tonmineralien sowie durch Hydratation des Anhydrits zu. Wird diese
Volumenzunahme begrenzt, beispielsweise durch ein Sohlgewdlbe im Tunnelbau, entwickelt sich
ein hoher Druck auf das Gewolbe, der dieses sogar zerstéren kann. Beim Quellverhalten reiner,
anhydritfreier, quellfahiger Tonsteine handelt es sich vor allem um osmotische Prozesse, welche
im Hinblick auf die Dimensionierung von Tunneln gut verstanden sind, im Gegensatz zum
Quellverhalten des Anhydrits, welches erhebliche Wissensliicken aufweist.

Das Quellen des Anhydrits ist auf chemische Prozesse zurilickzufiihren: Der Anhydrit I6st sich im
Porenwasser auf und aus der L6sung wachsen Gipskristalle. Gips hat ein um 61% grdsseres
Volumen als Anhydrit. Wahrend der Umwandlung von Anhydrit zu Gips (nachfolgend als “AGT”
bezeichnet; Anhydrite-Gypsum-Transformation) nimmt folglich das Volumen der Festsubstanz zu.
Das Porenvolumen kann dabei abnehmen (wenn die Kristalle innerhalb der Poren wachsen),
konstant bleiben oder sich vergréssern, beispielsweise durch eine Rissbildung im Gestein, welche
durch den Kristallisationsdruck bei der Kristallbildung hervorgerufen wird.

Obwohl quellbedingte Probleme im Tunnelbau durch anhydritfiihrende Tonsteine seit 150 Jahren
bekannt sind, weist die aktuelle Kenntnis Gber das Quellverhalten anhydrithaltiger Gesteine immer
noch viele Wissensliicken auf. Letztere bestehen aufgrund der Tatsache, dass nur sehr wenige
systematische experimentelle Untersuchungen auf fundamentaler Ebene durchgefihrt wurden,
welche die chemisch-mechanischen Prozesse wahrend der AGT untersuchen und quantifizieren.
Der Grund hierfir ist die lange Dauer des Quellprozesses, die mehrere Jahre betragen kann.

Das Ziel dieser Dissertation ist es, ein besseres Verstandnis und eine bessere Quantifizierung der
gekoppelten chemo-mechanischen Quellprozesse durch die AGT zu gewinnen und eine Grundlage
fur die Entwicklung chemo-mechanischer Modelle fir das Quellverhalten anhydrithaltiger Ton-
steine zu erschaffen. Grundlegende Experimente wurden durchgefuhrt, um bestehende kinetische
Modelle bezuglich der AGT zu verifizieren, und systematische Quellversuche wurden ausgefihrt,
um die Formulierung eines chemo-mechanischen Stoffgesetzes zu unterstitzen, welches die
Spannungen und Dehnung berlcksichtigt, die aufgrund der Anhydritldsung und Gipsbildung
entstehen. Des Weiteren wurden Quellversuche mit anhydrithaltigen Tonsteinen durchgefihrt, um
das gleichzeitige Quellen von Anhydrit und Ton zu untersuchen und ihren jeweiligen Beitrag zur
beobachteten Quellung des Gesteins zu quantifizieren.

Die Kinetik der AGT wurde untersucht, indem Anhydritpulver in Wasser geldst und die Menge an
Calcium- und Sulfationen im Wasser durch Leitfahigkeitsmessungen indirekt bestimmt wurde. Dies
fuhrte zu den folgenden Beobachtungen: (i) die Gleichgewichtskonzentration von Gips, wie sie aus
einem theoretischen Modell berechnet wurde, konnte verifiziert werden; (ii) die berechnete
Gleichgewichtskonzentration von Anhydrit ist hdher als die gemessenen Konzentrationen, weil
letztere aufgrund des lonenverbrauchs wahrend der Gipsausfallung die Sattigungskonzentration in
Bezug auf den Anhydrit nicht erreichen konnten; (iii) eine héhere Anfangsmasse von Anhydrit in
Wasser verursacht einen héheren Peak in der lonenkonzentration und beschleunigt den Prozess
der AGT; (iv) die Reaktion dauert langer als erwartet und somit konnten die angenommenen
Reaktionsratenkonstanten und das kinetische Modell nicht bestatigt werden; (v) eine Zugabe von
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“fremden” Mineralien in der Losung beeinflusst die zeitliche Entwicklung der Calcium- und Sul-
fationenkonzentration im Wasser.

Wenn reiner, massiger Anhydrit mit Wasser in Kontakt kommt, bildet sich eine pordse Gipsschicht
auf der Anhydritoberflache, die eine weitere Hydratation verlangsamt. Dies wird als die sogenannte
“Selbstversiegelung” des Anhydrits bezeichnet. Mit dem Ziel, ein bestehendes mathematisches
Modell zu Uberpriifen, welches diesen Effekt quantifiziert, wurden mehrere Anhydritplattchen in
Wasser eingetaucht und die sich entwickelnde Gipsschicht qualitativ mit Fotografie Gber einen
Zeitraum von bis zu drei Jahren beobachtet sowie quantitativ mit Mikroskopie untersucht. Die Form
und raumliche Verteilung des Gipses variierte in Abhangigkeit von der Priftemperatur und der
Struktur des Ausgangsgesteins. Die Dicke der entstehenden Gipsschichten lag jedoch im Bereich
der theoretisch prognostizierten Werte.

Der Zusammenhang zwischen Quelldehnung und Quelldruck ist von sehr grosser Bedeutung fur
das Entwurfskonzept des Tunnelausbaus in quellfahigem Gebirge. Deshalb befasst sich ein
grosser Teil dieser Forschungsarbeit mit der Quantifizierung der Dehnungen und Spannungen, die
infolge der Auflésung von Anhydrit und der Ausfallung von Gips entstehen.

In mathematischen chemo-mechanischen Modellen, die ebenfalls in dieser Arbeit beschrieben
werden, wird das Verhaltnis zwischen den makroskopisch beobachtbaren Dehnungen und der
Masse des in Gips umgewandelten Anhydrits durch einen Materialparameter ausgedriickt. Die
Bedeutung dieses sogenannten Kopplungsparameters wurde in der Arbeit vorerst qualitativ auf der
Grundlage von konzeptuellen Modellen diskutiert. Anschliessend wurde eine umfangreiche,
systematische experimentelle Studie durchgefihrt, um den Kopplungsparameter von gemahlenen
und verdichteten Gesteinsproben unter verschiedenen mechanischen Randbedingungen zu
quantifizieren: (i) 6dometrische Bedingungen unter konstanter Axialspannung; (ii) vollstandige
Verhinderung von Volumendehnung; (iii) isotrope Kompression durch eine konstante Spannung
(iv) und sogenannte “flexible” Odometerversuche welche in dieser Arbeit eingefiihrt werden, bei
denen zusatzlich die radialen Spannungen und Dehnungen bestimmt werden, was bei her-
kémmlichen Odometerzellen nicht méglich ist. Durch die Verwendung von kiinstlich hergestellten,
pulverférmigen und komprimierten gesteinsahnlichen Proben (mit einer hohen durchschnittlichen
Dichte von 1.9 g/cm?3) war es moglich, das chemisch induzierte Quellverhalten an reproduzierbaren
Proben ohne die Beeinflussung des Tonquellens und unter Vermeidung der mit der Heterogenitat
von naturlichen Gesteinsproben verbundenen Unsicherheiten zu untersuchen. In den meisten
Fallen konnte das Verhaltnis zwischen der Masse des sich I6senden Anhydrits und den
auftretenden Spannungen bzw. Dehnungen durch eine lineare Funktion angenahert werden. Mit
anderen Worten: Der Kopplungsparameter ist konstant flir eine gegebene Spannung, die auf die
Probe wirkt (unter der Annahme, dass der E-Modul und die Poissonzahl konstant bleiben). Dartiber
hinaus zeigten die Versuche eine praktisch lineare Abhangigkeit zwischen den Dehnungen und
dem Logarithmus der aufgebrachten Spannungen, was — trotz der ganzlich unterschiedlichen, dem
Quellvorgang zugrundeliegenden Mechanismen — mit dem bekannten halblogarithmischen Quell-
gesetz von quellfahigen Tonen vergleichbar ist. Dies weist darauf hin, dass die Quellhebung durch
das Aufbringen eines Gegendrucks deutlich reduziert werden kann oder — umgekehrt — dass der
Quelldruck durch das Zulassen einer Quellhebung erheblich reduziert werden kann. Dieses
Ergebnis hat daher eine grosse praktische Relevanz fir die zuklnftige Modellierung des Quell-
verhaltens und somit flr den konzeptionellen Entwurf der Tunnelverkleidung in anhydrithaltigem
Gestein.
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Das gleichzeitige Quellen von Anhydrit und Ton wurde durch eine Serie von Freiquellversuchen an
natirlichen Gesteinsproben sowie an Proben aus pulverformigem und verdichtetem anhydrit-
haltigem Tonstein untersucht. Unmittelbar nach der Bewasserung der Probe tritt eine sehr rasche
Volumenvergrésserung ein, welche auf die Wasseraufnahme durch kapillare Effekte und das
osmotische Quellen des Tons zurlckzufihren ist. Diesem anfanglichen Volumenanstieg folgt ein
langsameres Quellen, welches auf die AGT zurlckzufiihren ist. Dies erstreckt sich Gber mehrere
Jahre und ist in einigen Fallen nach mehr als flinf Jahren Beobachtung nicht abgeschlossen. Durch
das Durchflihren einiger Versuche unter hheren Temperaturen ist es mdglich zu beweisen, dass
diese Aufteilung der Dehnungen in Bezug auf die Quellprozesse adaquat ist: Bei 50 °C ist die
Gleichgewichtskonzentration von Gips hoher als die von Anhydrit und somit kommt es — im
Gegensatz zum Quellen bei 20 °C — nicht zu einem Quellen durch AGT. Demzufolge sind die nach
der ersten raschen Hebung bei 20 °C auftretenden Dehnungen auf das Quellen durch AGT
zurtckzuflhren. Darlber hinaus kann das Quellen unterbunden werden, indem die Temperatur
einer aktiv quellenden Gesteinsprobe von 20 °C auf 50 °C erhoht wird. Entgegen den Erwartungen
fuhrte die Anderung der Versuchsbedingungen von 50 °C auf 20 °C jedoch nicht immer sofort zu
Quellerscheinungen durch AGT. Diese Besonderheit trat nur bei natirlichen Gesteinsproben auf,
wahrend pulverférmige Proben nach der Abklihlung wie erwartet quollen. Dieses Phanomen wurde
durch Variation der Versuchsbedingungen (z.B. die Dauer der Bewasserung unter 50 °C), durch
Analysen des verwendeten Wassers und durch mikroskopische Untersuchungen des Gesteins vor
und nach dem Quellen weiter untersucht. Trotz diesen zusatzlichen Untersuchungen wurde jedoch
keine schlissige Erklarung dafir gefunden, warum die Gesteinsproben nicht unmittelbar nach der
Senkung der Temperatur von 50 °C auf 20 °C quellen.

Die Ergebnisse der Experimente, die im Rahmen dieser Arbeit durchgefiihrt wurden, bestatigen
kinetische Modelle und Annahmen im Zusammenhang mit der AGT. Die systematischen experi-
mentellen Untersuchungen zum Quellverhalten von Anhydrit geben zudem Hinweise auf eine
Spannungs-Dehnungsbeziehung, die als fundamentale Grundlage fir die zukiinftige Modellierung
des Quellverhaltens durch AGT implementiert und verwendet werden kann. Dies ist erforderlich fiir
die Planung und den Bau von Untertagebauten durch praktizierende Ingenieure. Darlber hinaus
zeigte sich, dass das Quellen von Anhydrit und Ton durch das Variieren der Priiftemperaturen und
der damit verbundenen Anderung der Gleichgewichtskonzentrationen entkoppelt werden kénnen.
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1. Introduction

1. Introduction

1.1. Problem of swelling rocks

Swelling rocks experience an increase in volume when they come into contact with water. This is
especially pronounced for rocks containing clay and / or anhydrite: When so-called swelling clays
are wetted, water gets attracted between the clay platelets due to electric forces, increasing the
distance between them, and thus expanding the volume of the clay. When anhydrite comes into
contact with water, it can dissolve under certain conditions and due to supersaturation of dissolved
ions in the pore water, gypsum can precipitate. Since gypsum has a greater molar volume than the
dissolving anhydrite, the Anhydrite to Gypsum Transformation (hereafter referred to as “AGT”")
leads to an increase in solid volume of 61%. AGT may result in a decrease of the pore volume (if
gypsum-crystals grow within the pore space) or also in a higher pore volume, e.g., because growing
crystals push the surrounding grains apart or, in a cemented material, when the pressure generated
by the crystals that grow from a supersaturated solution in the pores suffices to create new cracks.

Anhydritic swelling rocks are often encountered in Switzerland, in France (Elsace), the Southern
part of Germany and in Spain and can cause massive problems in tunneling: The increase in
volume of swelling rocks due to the chemical reactions can cause the tunnel floor to heave upon
excavation (Figure 1-1a). For example, in an exploratory adit of the Wagenburgtunnel, Germany,
a heave of the unsupported tunnel floor of 1.1 m was measured over a span of 25 years (Gotz,
1972; see Figure 1-2a). When these swelling strains of the rock are restricted (e.g., by an invert
arch in tunneling), a swelling pressure (or swelling stress) builds up on the confining boundary and,
if an invert arch is in place, the pressure acting from the rock may overstress and damage the invert
(Figure 1-1b and example of damages to the invert of the Belchentunnel in Figure 1-2b) or even
cause a heave of the entire tunnel (Figure 1-1c), which occurred at the Chienberg tunnel prior to
the remedation measures.

a

SRR SRR

Figure 1-1:  Problems in tunneling caused by swelling rock, after Anagnostou (1992).

Figure 1-2:  Examples for problems in tunneling caused by swelling rock: (a) heave of the unsupported floor in
an adit of the Wagenburgtunnel (Spaun, 1974), (b) damage to the concrete slab (thickness of 45 cm)
in the invert arch of the Belchentunnel (Amstad and Kovari, 2001).
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Furthermore, swelling due to AGT has become cause for massive damages to bridges and
buildings as well. For example, two central pillars of the Pont de Candi railway bridge (ES) which
was constructed on claystone with gypsum and anhydrite (“red formation” of the lower-medium
Eocene, cf. Alonso and Ramon, 2013) experienced a heave of nearly 250 mm within five years
after construction of the bridge. Also, with the increasing number of geothermal borings in the
recent years, in the well-publicized cases of Lochwiller, FR (Pimentel and Wanninger, 2016) and
Staufen, DE (Engesser et al., 2010), the geothermal borings punctured lower artesian aquifers
which led to water infiltration in the above lying Gypsum Keuper containing anhydrite. AGT within
the Gypsum Keuper is now causing uneven heaves of the surface which leads to massive damage
in the structures above.

1.2. Knowledge gaps

Despite the phenomenon being known for over 150 years in tunneling, there are still considerable
knowledge gaps concerning the swelling of anhydritic claystones. Between 2006 and 2010, the
existing knowledge gaps were identified at the Chair for Underground Construction of the ETH
Zurich for the basis of two research projects: “Long-Term Swelling Tests on Anhydritic Rock”
(initiated in 2006 and financed by the Swiss Federal Roads Office “FEDRQO”, FGU 2006/001) and
“Modelling of Anhydritic Swelling Claystones” (initiated in 2010 and financed by the Swiss National
Science Foundation “SNF” and the FEDRO, FGU 2010/07), which the research presented in this
thesis is a part of.

The identified knowledge gaps were grouped into the following four topics (Anagnostou et al., 2010)
prior to the initiation of the research projects:

e The role of transport processes: The dissolved ions may circulate in the pore water by
advection or diffusion (due to a concentration gradient). As a result of ion transport it is
possible for anhydrite or gypsum to leach in one rock mass region, and gypsum to
precipitate in another. It was, however, not known to which extent which transport process
becomes relevant and influences the macroscopically observed swelling behavior.

e The role of hydraulic boundary conditions: The hydraulic conditions in the macroscale, i.e.,
in the wider surroundings as well as in the immediate vicinity of an underground
construction, influence the transport processes via the seepage flow and can cause
unsaturated zones due to water depression. This may lead to a supersaturation of ions and
thus crystal growth. A better understanding of the hydraulic processes and boundary
conditions at the scale of underground constructions is important for the structural design
of tunnels.

e The role of the clay matrix: Upon excavation of some tunnels in anhydritic claystone (e.g.,
the Chienberg tunnel near Basel or the Engelberg tunnel near Stuttgart), a rapid heave of
the tunnel floor was observed. This rapid heave is most likely caused by swelling of clay
rather than chemical swelling due to AGT, which is a comparably slow process. The
influence of the clay matrix on the chemical swelling is, however, unknown as is the
distinction between the two swelling processes and identification of the dominant process.
Furthermore, the clay matrix governs the water transport in the absence of cracks and
fissures and the clay minerals can influence the thermodynamic equilibrium of the anhydrite
and gypsum in water.
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The swelling law: In the case of swelling claystones without anhydrite, a distinct relationship
between the swelling strains & and swelling stresses o has been established and is widely
known as the so-called “Grob’s law” (Grob, 1972), a semilogarithmic swelling law which
states that the swelling strains decrease linearly with the logarithm of the confining stress
(see black line in Figure 1-3, where o,.. denotes the maximal stress which occurs under
complete confinement and above which the rock does not swell, and &, denotes the strain
which occurs at a minimal confining stress). From a structural design point of view, the
knowledge of such a swelling law is of great importance, since it implies that the heave of
a tunnel floor can be significantly reduced by applying a counter pressure to the floor, or
alternatively, the swelling pressure acting on the invert can be decreased by allowing a
limited floor heave to occur (Anagnostou, 2007 and 2010). Based on this behavior different
design concepts for the tunnel support exist. In extreme cases, the swelling is prevented
by means of a stiff closed tunnel lining of high bearing capacity or with systematic heavy
anchoring of the invert (so-called resistance principle), or the tunnel floor is allowed to
heave unhindered in a designated space under the roadway without affecting the operation
of the tunnel. In practice, a structural solution between these two extreme cases is often
carried out, the so-called yielding principle, where a yielding support of the tunnel floor
allows a limited heave with a simultaneous reduction of the swelling pressure (cf., e.g.,
Amstad and Kovari, 2001).

However, for anhydritic rock the relation of swelling strains to stresses (indicated by the
green lines in Figure 1-3) is unknown so far, and, especially, which amount of stresses and
strains are caused by AGT. Although swelling of anhydritic claystones have been known to
cause problems for underground constructions for over a century, the stress-strain
relationship and the coupling to the chemical processes are unknown for anhydritic rock.
Systematic experimental investigations of these coupled chemo-mechanical processes are
rare, because they must be of very long duration since AGT in rock can take multiple years
to complete. Some authors have addressed this problem in the past and give hypotheses
for stress-strain relationships (e.g., Pimentel 2003, 2007a and 2007b, and Kirschke, 1996,
see Figure 1-3). Their experimental research is described in Chapter 1.4.

Anhydrite (?)

_— ?___——e.g., Pimentel (2003, 2007)

——T ™ e e e o o

P
= < e9., Kirschke (1996)
\

|
|
|
|

109(G 1x) Tog(c)

Figure 1-3:  Hypotheses about the relationship between swelling pressure and swelling strain.

In the meantime, some of the open questions listed above have been investigated by Anagnostou,
Pimentel and Serafeimidis at ETH Zurich within the scope of the above mentioned research
projects (see Chapter 1.3). Further investigations related to the knowledge gaps have inde-
pendently also been performed by other research groups (e.g., Alonso et al., Huggenberger et al.).
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The research project “Modelling of Anhydritic Swelling Claystones” was split into a theoretical and
an experimental part. While the theoretical part was the focus of the work of Anagnostou and
Serafeimidis, where they established thermodynamic fundamentals governing the AGT process
and investigated AGT in anhydritic rocks computationally (see summary in Chapter 1.3.2), the
present thesis addresses the above mentioned knowledge gaps mainly from an experimental point
of view, with a special focus on establishing a swelling law. The literature review on the experi-
mental investigations concerning the swelling of anhydritic rock is summarized in Chapter 1.4 and
the aim and content of the present thesis is described in Chapter 1.5.

The research projects at ETH Zurich focus on the role of the transport processes, the clay matrix,
and the swelling law (the so far published research is summarized in Chapter 1.3). Questions
concerning the role of the hydraulic boundary conditions were not investigated in depth at ETH
Zurich (see Anagnostou et al., 2015, and Chapter 1.3.2). Relevant research on the role of the
hydraulic boundary conditions can be found, e.g., with the research groups of Huggenberger (2012,
2012, 2016) and Butscher et al. (2011a, 2011b, 2011c, 2015, 2016), who study the impact of
tunneling on groundwater flow systems and the implications for the swelling of anhydritic
claystones, or with Alonso and Olivella (2008), who investigated the effect of evaporation at the
tunnel boundaries.

1.3. Research projects at ETH Zurich

1.3.1. Long-Term Swelling Tests on Anhydritic Rock

With the main aim of determining a swelling law, the research project FGU 2006/001 was launched
at ETH Zurich. The investigations comprise of the execution of 25 simultaneous long-term swelling
tests with anhydritic rock from the Gypsum Keuper under different constant loads (the axial stresses
on specimens with a diameter of 70 mm range from 0.5 MPa to 2 MPa). For this purpose,
apparatuses with the similar type of load frame as used for the swelling tests of the specimens from
the Freudensteintunnel (see Chapter 1.4.3) were constructed but with several improvements,
especially regarding the load application and the axial deformation measurement (Pimentel and
Anagnostou, 2010 and 2013).

First results from these long-term tests are published in Pimentel and Anagnostou (2010 and 2013)
after a duration of 300 days. In a later report to ASTRA (Pimentel and Anagnostou, 2016) the
measurements are shown up to a duration of 6.5 years. Exemplarily, the results of five specimens
from the same bore core in the Chienberg tunnel, Switzerland, are shown in Figure 1-4. The
specimens were loaded with 0.5, 0.8, 1, 1.3 and 2 MPa. On the left, the axial strains are shown in
dependence of the time. The right diagram shows the development of the relationship between the
strains and the applied axial stress for different points in time of the same specimens. Though these
results may give a first indication of a swelling law, it needs to be born in mind that the tests are
obviously still far from completion (swelling is still in progress). Furthermore, the results of tests on
other bore cores did not produce the same results concerning the stress-strain relationship.
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Figure 1-4:  Results of the swelling tests with different axial stresses, data taken from Pimentel and Anagnostou
(2016).

1.3.2. Modelling of Anhydritic Swelling Claystones — theoretical part

Within the scope of the theoretical part of the research project “Modelling of Anhydritic Swelling
Claystones”, Anagnostou and Serafeimidis identified and investigated key mechanisms behind the
macroscopic swelling of anhydritic claystones:

Serafeimidis and Anagnostou (2012b, 2012a, 2013a) examined the dissolution rate of anhydrite
and precipitation rate of gypsum by studying the reaction kinetics. They calibrated their model with
experimental results found in literature and performed a parametric study of the kinetics in
dependence of the anhydrite fraction. They concluded that anhydrite dissolution is in most relevant
cases the governing factor during the AGT process (e.g., when the surface area of anhydrite in
contact with water is smaller than roughly 10 m? per m® of rock according to Serafeimidis and
Anagnostou, 2013a). They also studied the effect of so-called “self-sealing” of anhydrite with a
gypsum layer by formulating a computational model. Since existing studies on the anhydrite-
gypsum-water equilibrium appeared to be contradictory and did not provide sufficient information,
Serafeimidis and Anagnostou (2013b) formulated a thermodynamic model for the prediction of the
solubilities, taking the contact stresses between the minerals into account and comparing their
results to values found in literature. Serafeimidis and Anagnostou (2014b) additionally investigated
the influence of pore water activity, clay minerals, and pore size (especially the case of small pores
as is commonly found in anhydritic claystones of the Gypsum Keuper) on the equilibrium
concentrations. They found the solubility of gypsum to increase in the presence of clays and in the
case of small pores. Anagnostou et al. (2014) then investigated, why anhydrite rather than gypsum
is found at small depths of cover, which is usually the case in tunneling and came to the conclusion
that the clay minerals and thus the low water activity are most likely responsible for the anhydrite
to be the thermodynamically stable phase, rather than gypsum, thus preventing AGT prior to the
excavation of tunnels. They used thermodynamic computations to determine the crystallization
pressure of gypsum and found that the pressures are considerably lower in the case of low water
activities (Serafeimidis and Anagnostou, 2014a). Serafeimidis and Anagnostou (2014a) further-
more show that the crystallization pressure is dependent on a number of factors, such as pore
radius, temperature, water activity, and presence of foreign ions. Serafeimidis et al. (2015)
expanded their investigations to the macroscopic and the mega scale using a cavity expansion
model for the interaction between the growing crystal and the surrounding clay matrix to explain
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why swelling pressures in the laboratory are far lower than the crystallization pressure of gypsum,
yet higher than the swelling pressures in situ. Serafeimidis (2014) furthermore investigated the role
of the transport processes relative to the rate of the chemical reactions, considering also that
gypsum precipitation occurs faster than anhydrite dissolution. He came to the conclusion that
diffusion can be neglected in most cases, as can advective transport of ions in the case of very low
seepage flow velocities which are usually encountered in the Gypsum Keuper formation and
depend on the rock permeability and hydraulic boundary conditions. Serafeimidis therefore
concludes that gypsum precipitates in the vicinity of the dissolving anhydrite in most cases. This is
additionally supported by in situ observations which show a decrease in the gypsum fraction and
an increase in the anhydrite fraction with the distance underneath the floor of tunnels (see, e.g.,
Hauber et al., 2005). On the other hand, observations also exist that indicate sulfate transport in
the drainage pipes, showing that at least a part of the dissolved sulfate is transported away by the
flowing water (e.g., Amstad and Kovari, 2001).

1.4. Literature review on experimental investigations with anhydritic rock

1.4.1. Sahores

Sahores (1962) was the first researcher to study the swelling of anhydritic rock and perform
experiments to further the understanding of developing swelling strains and pressures due to the
chemical reactions. However, Sahores mainly performed the experiments with calcium sulfate
hemihydrate (also known as bassanite, see Chapter 2.1) instead of anhydrite, in order to accelerate
the swelling process and induce higher swelling stresses. Some specimens contained up to 15%
of anhydrite as well. He performed swelling tests at atmospheric pressure as well as under constant
or variable stresses (ranging from 0.1 to 20 MPa) and measured the change in volume. He also
performed tests where he kept the volume nearly constant and measured the stresses. The
hemihydrate was mixed with water at various ratios to a paste, inserted in water-tight rubber testing
tubes which were attached to a scale and immersed in a tank of water. Under atmospheric
pressure, he determined the volume change of the paste as it transformed to gypsum by measuring
the weight change and applying the principle of Archimedes. For the tests with increased stress,
he placed the test tubes in dilatometric chambers which were filled with water and applied (or
measured) the respective pressure for the tests above the liquid level.

In the case of swelling tests at atmospheric pressure, he registered a decrease in volumetric strains
during hydration especially of the hemihydrate within the first 15 minutes, followed by a rapid
increase within approximately 2 hours, after which he considered the reaction of hemihydrate to
gypsum to be completed. The specimens containing anhydrite additionally were seen to swell for
a longer duration, up to 30 days. Sahores was therefore able to assign the changes in volume to
different swelling processes (i.e., transformation of hemihydrate to gypsum and hydration of
anhydrite). Furthermore, he investigated different ratios of hemihydrate to water and has seen that
a higher ratio causes less decrease in volume at first, and higher swelling strains in total. In the
experiments where he additionally investigated the pressure acting on the specimen (ie.,
pressures higher than atmospheric), he has seen that the first contraction increases with increasing
pressure, while the swelling strains following the settlement decrease with increasing pressure.
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Sahores found that the minimal stress to prohibit any swelling of the hemihydrate at all, is 12 MPa,
whereas 1.5 MPa suffice for the swelling to be less than the first settlement (i.e., the volume
remains smaller than the initial volume before hydration). In the case of few tests with anhydritic
rocks, he has seen that values of 0.3 to 0.8 MPa prohibit any swelling at all, whereas 0.1 to 0.3 MPa
suffice for the swelling to be less than the first settlement.

Since his research was performed mainly with a plaster containing hemihydrate (whereas the
material properties such as the density of the plaster are unknown), the results concerning the rate
and amount of swelling, as well as the influence of the applied pressure, cannot be adopted for the
case of anhydritic rock (or even powdered anhydrite).

1.4.2. Madsen, Niiesch and Ko

Madsen and Nuiesch (1990) and (1991) have performed four free swelling tests with rock
specimens from anhydritic claystones (whereas absolutely no radial confinement was used), as
well as 15 (nearly) completely constrained tests. Their rock specimens originate from borings in the
Muschelkalk (“Anhydritgruppe”) in Weiach (canton of Zurich, Switzerland) and from borings from a
tunnel in Raibler Gypsum at the Walgau hydro power station in Austria.

Their results are depicted in Figure 1-5: In the left diagram, the swelling stresses over time are
shown with an indication of the amount of anhydrite, gypsum and clay in each specimen post test
(by the numbers following the letters “A”, “G” and “T”), and right, the strains over time are shown
with an indication of the clay content (denoted by “T”). For some specimens the amount of gypsum
was determined prior to the tests as well and can be considered negligibly small (it is therefore
assumed here that all gypsum post test stems from AGT during the tests). In the discussion of their
results, they postulate that the swelling stresses and swelling strains are strongly dependent on the
clay content, and that the swelling stress reaches a maximum at a clay content of about 20%. This,
however, is deemed an unreasonable conclusion, since none of the swelling tests have reached
full conversion of anhydrite to gypsum (in the case of the swelling stress tests, the specimens still
contained roughly 70% of anhydrite on average) and the swelling stresses are clearly still
increasing in most cases (see Figure 1-5, left diagram). Therefore, due to the uncompleted state of
the swelling tests, no conclusions should be drawn about the maximal swelling stress. In a later
publication, Madsen et al. (1995) also state that by allowing a heave, the swelling stress will be
smaller only in the beginning (analogue to clays), however that as long as anhydrite is present in
the rock, the swelling stress will build up due to AGT.

The swelling strains obtained during the free swelling tests ranged from nearly zero to more than
120% (see Figure 1-5, right). While the specimens all contained little clay (1-5%), the amount of
gypsum detected in the specimens post test varied from 0 to 71.3% (determined via TGA, cf.
Chapter 3.1).



Part I: Introduction

Quelldruck [MPa] Quellmass [%]
5 125

40871

A62,G11,T8 " 913.80m
40900 / T=5%
4} A39,G12T28| 100

/ gog.osm
3+ 75

40868 /

A78,G6,T6 / T =3-4%
ot 40856 50

A72,G5,T6 40818
i 81,G5,T3 918.41m
40440/1 05 //

11 A79,G13,T2 =
40876
AB4,G2,T3 910.78m
0 - 40869 A99,G0,T ‘ o T=1%
0 3 6 9 12 15 18 21 0 300 600 900
Zeit [Tage x 100] Zeit [Tage]

Figure 1-5:  Swelling stresses (left) and swelling strains (right) vs. time (after Madsen and Niiesch, 1990).

From their results, the author was able to see a relationship between the swelling stresses resp.
swelling strains and the amount of precipitated gypsum in the specimens post test (indicated in
Figure 1-5, left, by the value following “G”):

In the following Figure 1-6, the author compiled the end-values of the stresses and strains along
with the gypsum contents from Figure 1-5 and further data the author found in the work of Madsen
and Nuiesch (1990). Here, the amount of precipitated gypsum post test is used to indicate the
influence of the sulfates on the swelling stresses and strains rather than the amount of anhydrite,
since the latter varied strongly among the specimens.

With the exception of two specimens in Figure 1-6, left, a clear trend is visible: The swelling stresses
increased nearly linearly with the amount of precipitated gypsum, independently of the duration of
the tests. It may very well be that the swelling stress would increase further with continuous AGT
in most cases (which may, however, take decades).

The relationship between the reached swelling strain and the amount of gypsum post test was seen
to be nearly linear as well (see Figure 1-6, right). It is, however, not certain, whether the amount of
gypsum really was negligibly small prior to the tests and the amount of anhydrite prior to the tests
is not known. Furthermore, the swelling due to clay was not distinguished from AGT-swelling (no
rapid increase in strains can be seen in Figure 1-5).
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Figure 1-6:  Swelling stresses and swelling strains vs. gypsum content post test; evaluation of the data presented

by Madsen and Niiesch (1990).

Madsen and Niesch investigated the structures of some specimens post test by cutting them and
examining the sections optically and microscopically. They observed a gypsification of the
specimens both within the structures and along the edge of the specimens. In the case of free
swelling tests they saw large gypsum needles (with lengths up to 1 cm). The gypsum crystals grew
preferentially between the marl layers and created a porous structure. On some specimens,
Madsen and Niesch also saw a coating of gypsum, especially of the massive specimens. This is
accompanied by a reduction in water supply of the anhydrite with increasing gypsum precipitation
and thus slows down the AGT process. This can be conceived as so called “self-sealing” of
anhydrite, as described, e.g., in Serafeimidis and Anagnostou (2013a) and Wanninger et al. (2017)
and which is the topic of Chapter 5.

Nuesch and Ko (2000) performed swelling strain and swelling stress tests on specimens from
Belchen, Adler and Sissach (presumably Chienberg-)tunnel. They have seen that most free
swelling strain tests were completed after one year, whereas some of the swelling stress tests
reached a steady stress state after 600 to 700 days while some did not reach a final value even
after 1100 days at which point the tests were terminated. They have seen that in all cases anhydrite
still remained in the specimens at the end of the tests and, therefore, AGT was not completed.
From the comparison of stresses, strains and mineralogical compositions they conclude that
swelling rocks have the highest swelling potential when they contain 5-15 wt% (weight percentage)
clay and 40-80 wt% anhydrite. However, the results they obtained with the samples from Belchen,
Adler and Sissach showed different correlations compared to the data from Madsen and Niesch
(1990) compiled in Figure 1-6 (these are also shown in Niesch and Ko, 2000): In some cases,
even experiments where > 60% of gypsum was found in the specimens post test the strains and
stresses were very low compared to the other data. Since Niesch and Ko (2000) state that the
samples contained less than 5% of gypsum prior to the tests, it must be questioned why AGT did
not cause swelling in those cases or if they actually contained more gypsum to start with.

Niesch and Ko (2000) have also seen that during the evolution of the swelling stress over time,
the clay and anhydrite swelling can be distinguished from one another (see Figure 1-7): A specimen
containing only clay swells rapidly within one day (curve A), while the specimen containing only
anhydrite (curve E) showed no stress increase during the first days. Specimens containing both
anhydrite and clay (curves B-D) showed both a small stress increase after one day, followed by a
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continuous increase due to anhydrite swelling. These results indicate that the swelling of clay
occurs much faster than the swelling of anhydrite.
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Figure 1-7:  Swelling stress over time (after Niiesch and Ko, 2000).

1.4.3. Long-term experiments on specimens from the Freudensteintunnel

Arguably the longest and most elaborate experimental investigation campaign concerning the
swelling of anhydritic claystones (specifically of the Gypsum Keuper) was undertaken within the
scope of the construction of the Freudenstein railway tunnel. Here, the so far only systematic in
situ tests were performed in a specially constructed test adit and long-term swelling tests on
specimens from the Freudensteintunnel were undertaken at the University of Karlsruhe and at the
TU Darmstadt.

For the in situ tests, different design principles (as described in Chapter 1.2) were applied over a
tunnel length of roughly 100 m, which was divided in 15 blocks (e.g., Kirschke, 1987, Fecker, 1996,
Pimentel and Anagnostou, 2013): The sections were constructed with linings of varying strength
(up to 850 mm), some with a yielding layer of puffed up burned clay in the invert below the lining,
and the invert of four blocks was anchored by pre-stressed anchors ranging from 0.1 MPa to
0.75 MPa. The heave of the tunnel lining as well as the developing pressure on it was measured.
Pimentel and Anagnostou (2013) discussed the measurements of the pre-stressed blocks (see
Figure 1-8) and concluded that the semilogarithmic relationship between the deformation and the
applied stress cannot be confirmed due to the fact that it changes with the course of time (the
originally observed semilogarithmic relationship changed to a nearly linear one after 17 years, see
Figure 1-8b).

12
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Figure 1-8: Results from field tests in the test adit of the Freudenstein tunnel, after Pimentel and Anagnostou
(2013). (a) Measured heave of pre-stressed blocks X1-XIV vs. time, (b) development of relationship
between heave and applied stress over the span of 20 years.

The laboratory experiments on specimens from the Freudenstein tunnel were begun roughly
36 years ago and some are (to the author’s knowledge) still on-going. According to Pimentel (2019,
personal communication), who supervised the experiments at the University of Karlsruhe between
1986 and 2003, the apparatuses used for the swelling tests were designed for a maximal load of
4 MPa, since they originally expected maximal swelling pressures of 2 to 3 MPa. However, the
nominal load of the cells was reached after only 2 years, which necessitated several unloading
cycles in order to avoid damages to the apparatuses. In some cases, the specimens were unloaded
and new load cells were installed which could withstand stresses up to 8 MPa and stiffer
apparatuses were built for the subsequent tests. For this reason, the experiments were conducted
under varying mechanical boundary conditions (as described, e.g., in Kirschke, 1987), and to the
author’s knowledge, none of the tests were performed under constant boundary conditions until an
equilibrium was achieved (e.g., tests were begun under nearly completely constrained boundary
conditions and the developing axial stress was measured, however, the specimens were unloaded
after a certain time and the developing axial strain was measured, then the axial deformation was
prohibited again and the developing stress was measured). A few results to these experiments are
published and analyzed by a number of authors (e.g., Kirschke, 1987, Kirschke et al., 1991, Wittke
et al., 2004, Pimentel, 2007b, Katzenbach et al., 2010). In the following (Chapters 1.4.4 to 1.4.6)
some of these results and corresponding interpretations concerning the swelling law are
summarized and discussed.

1.4.4. Kirschke et al.

Kirschke (1987) and Kirschke et al. (1991) observed the developing swelling strains of rock
specimens from the Gypsum Keuper of the Freudensteintunnel (see Chapter 1.4.3) in free swelling
tests as well as oedometer tests with an axial load or axial constraint. They saw a retardation of
the developing strains with increasing axial stress and that the axial stress influences the extent of
the swelling strains after a test duration of five years (however, the strains have not reached a
steady state prior to the publication of their article). Furthermore, no indication is given as to which
extent the swelling process is progressed (e.g., by determining the amount of remaining anhydrite
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in the specimens). In later publications, Kirschke (1996 and 2010) states that the swelling behavior
of anhydritic rock specimens from the Freudensteintunnel appeared to follow Grob’s law at first
(without specifying the time frame), but then began to change after the first years and — as opposed
to the argumentation of Wittke et al. (2004) — that the final relationship between swelling strain and
swelling stress of anhydritic claystones does not follow Grob’s law. He postulates that this is caused
by the fact that the rate at which the specimens swell depends strongly on the stress acting on the
specimen and the strain-stress relationship may very well take on a different shape than a
semilogarithmic relationship. Therefore, he rightfully suggests that typical swelling tests according
to Huder and Amberg (1970, see Chapter 1.4.6) in combination with Grob’s law are unsuitable for
investigating anhydritic swelling rocks.

Kirschke (1992 and 1996) presents a hypothetical stress-strain relationship (see Figure 1-9) with
which he emphasizes that although the stress-strain relationship of many experimental
investigations show a semilogarithmic dependency at first, the final shape of the relationship may
be very different (and also not necessarily the shape he presents in the diagram). However, he
does not present the experimental results to confirm this. It is presumed unlikely that the maximal
stress reached by all stress-strain curves does not change over time, as he presents in Figure 1-9.
Kirschke appears to assume this based on the experiments described in Chapter 1.4.3 and he
states that the swelling stress of long-term swelling tests does not exceed a certain value, but he
neglects the fact that the repeatedly measured “maximal swelling stress” after each unloading
actually corresponded to the nominal load of the cell (i.e., it was technically not even possible to
measure any stress increase above that stress).

Kirschke (1992 and 1996) argues that any results from experiments that were not completed are
wrong by definition, since no equilibrium between swelling strain and swelling stress was reached.
While the author agrees that the stress-strain relationship cannot be ascertained unless an
equilibrium is indeed reached and AGT fully completed, intermediary results should not be
considered as wrong, but the conclusions (interpretations or extrapolations) drawn from these
results need to take this into account accordingly.

| IS

o

Figure 1-9:  Hypothetical development (in years) of the stress-strain relationship according to Kirschke (1992
and 1996).
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1.4.5. Pimentel

Pimentel (2003, 2007a, 2007b) evaluated results of tests described in Chapter 1.4.3, i.e., swelling
tests where either the stress or the strain was held constant (the conditions were also alternated,
e.g., first the swelling stress at constant strains was measured, then some strains were allowed
and kept constant again). Since none of the tests reached a steady state, Pimentel estimated
different end-values via extrapolation and therefore obtained multiple values for the stress-strain
dependency from the results of one single specimen. An example for this is shown in Figure 1-10
(a to c) for the specimen Abl 2: At the beginning of the test, the strains were held constant (at level
“A” in Figure 1-10b) and the developing stress was measured (Figure 1-10a). Due to the fact that
the stress reached the capacity load of the used testing frame (see Chapter 1.4.3), the specimen
was repeatedly unloaded (i.e., the strains increased slightly). Since the first development of the
stress did not reach a steady state, Pimentel estimated the maximal stress value (“A” in Figure 1-
10a) via extrapolation (based on the indirect least squares method, see Pimentel, 2007b and
2007a). By doing this for each strain level (e.g., “B” in Figure 1-10a and b), he obtained pairs of
values for the stress-strain relationship (Figure 1-10c). By gathering these results for multiple
specimens (see Figure 1-10d), he identified three “swelling-phases”:

e Phase I: In the range of high pressures (i.e., above ca. 6 MPa), the strains are very small.
Pimentel concludes that, while some anhydrite dissolution occurs, this stress suffices to
restrict gypsum crystallization and thus limit the increase in volume.

e Phase Il (indicated by the grey area in Figure 1-10d): Around the value of 4-5 MPa a small
reduction of the stress causes a strong increase of the strain. Pimentel postulates that the
stress is low enough to allow gypsum crystal growth, which breaks the structure of the rock
between the layers and leads to the formation of new macropores. This change in structure
represents an irreversible process and the stiffness of the specimen is strongly reduced.

e Phase lll: Further reduction of the stress barely leads to additional strain. According to
Pimentel, most of the gypsum precipitates within the macropores during this phase. It is,
nevertheless, also possible that — with increasing time — gypsum-dissolution and leaching
will take place in this phase, leading to a loss of mass.

Pimentel therefore introduces the concept of cracking of anhydritic rock and the formation of
macropores below a certain stress. This explains why the volume increase of the solids during AGT
(i.e., 61%) does not suffice as an explanation for the observed swelling strains and, therefore, the
strains occurring due to AGT in natural rock cannot be estimated theoretically and need to be
determined experimentally. As a further conclusion of his analysis, he postulates that the
semilogarithmic swelling law is not applicable for anhydritic claystones.

The uncertainties of this analysis lie, however, in the fact that no end-values were obtained during
the experiments (which lasted from 3 to over 20 years), and it is thus difficult to say whether, e.g.,
the same value for the stress at certain strain would be obtained as the extrapolations deliver. Due
to the heterogeneity of the specimens, it was not possible to compare real end-values of the
stresses at different strains to one another.
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Figure 1-10:  Extrapolation of data for the determination of a swelling stress — swelling strain relationship by
Pimentel (2003, 2007a, 2007b). (a) Measured stress for the specimen Abl 2 and example for two
extrapolations. (b) Measured strain for the specimen Abl 2. (c) Compilation of extrapolated stresses
and strains of the specimen Abl 2 and approximation of those values. (d) Compilation of extrapolated
stresses and strains of 10 specimens. The data in images (a)—(c) was copied from Pimentel (2007a),
and image (d) was copied and modified after Pimentel (2007b).

1.4.6. Wittke et al.

Wittke and Rissler (1976) and Wittke (1978) consider the swelling law by Grob (1972) to be
generally applicable also to anhydritic claystones. They base this assumption primarily on swelling
tests performed by Huder and Amberg (1970). However, the stress-strain relationship in question
published by Huder and Amberg (1970) was obtained with marlstone specimens (which did not
contain any anhydrite). Concerning their tests on specimens containing anhydrite, Huder and
Amberg (1970) clearly state that they have seen no significant reduction of the swelling stress due
to a small heave, as was the case in their tests with marlstone and opalinus clay, and that swelling
(and a corresponding increase in stress) is caused by chemical reactions. In their results of tests
on bore cores from Gipskeuper (containing anhydrite), Huder and Amberg (1970) show the
development of the swelling stress over time (up to 600 days and without any unloading-steps) and
reached swelling stresses of 1.3-3.8 MPa.

However, Wittke and Rissler (1976) and Wittke (1978) did not take the time-dependency of the
developing swelling stresses into consideration and did not present sufficient results from
laboratory tests to support their assumption that the swelling law of anhydritic rock follows Grob’s
law. In the only results from a swelling test they show, the unloading steps lasted merely 10 to

16



1. Introduction

40 days each, stresses up to only 0.52 MPa were measured and the stress-strain relationship
containing the measured data is not explicitly shown. This test is considered inadequate by the
author, since it is not clear how much anhydrite was in the specimen prior to the test, whether AGT
occurred at all during each unloading step, and whether the corresponding final swelling strain was
really reached and delivers a semilogarithmic relationship. In any case, Wittke and Rissler (1976)
and Wittke (1978) consider the semilogarithmic swelling law to be valid not only for the case of
osmotic but also for the case of chemical swelling, and they expand the one-dimensional swelling
law to a three-dimensional swelling law.

The above mentioned results from swelling tests are later also used by Kiehl (1990) and Wittke-
Gattermann (1998), who then expand the three-dimensional swelling law to also consider time-
dependency. However, they base the validation of the three-dimensional swelling law on
experimental results published by Pregl et al. (1980), which were performed on compacted clays,
without any anhydrite.

Wittke (2004b) argues that it is not sensible to distinguish between swelling due to AGT and
swelling due to clay, since both swelling mechanisms appear in rocks of the Gypsum Keuper
formation. As already in 1976, he claims that both swelling mechanisms abide by the same swelling
law, though a physical explanation for this statement is not given. As already indicated above, this
assumption that Grob’s law can be applied not only to clays but also when anhydrite is present
(and thus when chemical swelling occurs) has been made in in a number of publications of the
group of Wittke (e.g., Kiehl, 1990, Wittke-Gattermann, 1998). However, a conclusive validation of
this assumption with numerous long-term experiments is not presented.

As previously done by Pimentel (2003), Wittke et al. (2004) analyzed the results from a number of
swelling experiments on specimens from the Freudensteintunnel as well. As mentioned in Chapter
1.4.3, the specimens were tested under a variety of boundary conditions, whereas in none of the
cases the boundary conditions were kept constant over the entire duration of the tests. From the
results, Wittke et al. (2004) estimated multiple maximal stresses with the same stress-time curves
by extrapolating individual segments and plotted them against the corresponding axial strain held
during the respective segment. This way, they obtained two to four strain/stress points for each
specimen, which they considered to represent the maximally reached stress that develops at a
certain maximal value of strain (see Figure 1-11a). With an interpolation between those points
(Figure 1-11b), they consider the swelling law by Grob (1972) to be valid also for sulfatic rock.
However, when plotting the curves from Figure 1-11b in a semilogarithmic diagram (Figure 1-11c)
and extrapolating their data linearly to zero strain (as is exemplarily indicated for three data sets,
A2, A3d and A4d, where “A” stands for “Ablesung”) the author obtains unrealistically high maximal
stresses (in the case of A2 more than 100 MPa, which even exceeds the expected crystallization
pressure of gypsum, see Serafeimidis and Anagnostou, 2014a, who consider a range up to about
50 MPa for the crystallization pressure in a closed system). Since in none of the cases the maximal
swelling stress under constant volume was actually measured and not all load-steps were
considered for the generation of the interpolated curves, these interpretations are considered
questionable.

Wittke et al. (2004, 2004a, 2016) then describe the swelling law of anhydritic claystones to be
dependent on the parameter @, which is referred to as a dimensionless water content in most pub-
lications, but also as the degree of transformation from gypsum to anhydrite in Wittke et al. (2016)
(which is assumed to correspond to ¢ used in this report, cf. Equation (7 - 12)), see Figure 1-12.
According to Wittke et al. (2004), they base their assumptions on the findings of Gattermann (1998),
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who investigated the maximal swelling stress that occurs while gradually adding water to pure,
highly compacted bentonite specimens (i.e., without anhydrite). Gattermann has observed that the
maximal swelling stress of the bentonite specimens is nearly linear dependent on their degree of
saturation.
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Figure 1-11:  (a) Extrapolation of swelling strain and swelling stress experiments, (b) Interpretation of the
relationship between swelling strain and stress, according to Wittke et al. (2004) (images (a) and
(b) copied from Wittke et al., 2004); (c) Data from Figure (b) presented in a semilogarithmic diagram
with exemplary linear extrapolations indicated by the dashed lines.
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Figure 1-12:  The swelling law and its dependence on the dimensionless water content, according to Wittke et al.;
image copied from Wittke et al. (2004).

Based on an analysis of Gattermann’s data, the author was not able to determine curves similar to
those in Figure 1-12 and could thus not reproduce the semilogarithmic dependency between
stresses and strains for varying degrees of saturation for these experiments. It is, therefore,
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questionable, whether the semilogarithmic swelling law according to Grob is applicable for partly
saturated specimens, even in the case of pure bentonite specimens. Assuming this swelling law
also to be true for the case of anhydritic specimens, as Wittke et al. (2004) present (see
Figure 1-12), is even more doubtful. It appears that they did not further consider the porosity of the
rock, its anhydrite content or the distribution of the anhydrite within. Furthermore, the stiffness of
the rock-matrix plays a role on the maximal swelling pressure. Wittke et al. (2016) use the same
term @ for the dimensionless water content as for the degree of transformation from anhydrite to
gypsum and claim that the maximal swelling stress is linearly dependent on it. This may, however,
only be the case when one assumes that the entire volume of water in the specimen is indeed used
for gypsum precipitation and thus — due to stoichiometry — the consumption of water is linearly
related to the amount of gypsum in the specimen.

In the author’s opinion, there is insufficient foundation to the general assumption made by the group
of Wittke that the semi-logarithmic swelling law is applicable also to anhydritic rock. It is
indispensable to distinguish between the different swelling processes (due to clay and AGT) when
investigating swelling of anhydritic claystones (e.g., the stress-strain relationships) and also to
consider the long duration of chemical swelling, therefore keeping in mind that in most cases the
end-values for strains or stresses are not reached.

1.4.7. Thuro and Rauh

In order to determine the swelling capacity of argillaceous rock, Thuro (1993) proposes the usage
of powdered swelling tests. By drying, crushing and milling the rock to roughly the size of silt, then
manually compacting the powder to disks (with a proposed density of 1.5 g/cm?), reproducible
specimens can be obtained for the swelling tests. They consider this advantageous, since the
original rock may be heterogeneous and since the specimens may be disturbed by the boring
process and thus do not represent the rock in situ according to Thuro (1993). By applying the same
specimen preparation procedure for each powdered specimen, the results of the swelling tests can
thus be reliably compared to one another.

Rauh and Thuro (2006) and (2007) have then investigated the swelling behavior of anhydrite
bearing rock from the Haselgebirge, Reichenhall and Gypsum Keuper formations by performing
powdered swelling tests as mentioned above (see Figure 1-13). They evaluated their tests after
1.5 years and claim that the measurements have gone below the accuracy of measurement after
that duration. In a later publication, Rauh (2009) shows the swelling strain vs. time curves for these
experiments, and it appears questionable, whether the swelling process was indeed completed.
Rauh and Thuro (2007) list furthermore the anhydrite and gypsum contents before and after the
powdered swelling tests and it can be seen that the specimens from the Reichenhall Formation
and the Haselgebirge still contained anhydrite after the tests (see Figure 1-13, right), thus the
anhydrite to gypsum transformation process was not completed. However, they find a linear
correlation between (a) the reached swelling strain after 1.5 years and the estimated former rock
cover, (b) the Blaine value (specific surface) of the powdered rocks prior to swelling and the swelling
strain after 1.5 years, (c) the relative gypsum contents in the specimens after 1.5 years of swelling
and the estimated former rock cover. In summary, after 1.5 years of swelling, the reached swelling
strain was smaller for the rocks with higher former overburden and lower Blaine-values, while less
gypsum precipitated.
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Figure 1-13:  Results of free powder swelling tests, data taken from Rauh and Thuro (2007) and Rauh (2009).
Left: axial swelling strains vs. time; right: maximally reached swelling strains vs. remaining anhydrite
content in the specimens and corresponding anhydrite content prior to the swelling tests. The same
symbols indicate the same specimens in both images.

Additionally, they crushed the rock of the Haselgebirge to different grain sizes from which they
produced specimens for powdered swelling tests. They have seen that specimens containing larger
grain sizes of anhydrite swelled less after a duration of 1.5 years, than those with smaller grain
sizes. However, they do not specify the amount of gypsum or anhydrite remaining in the specimens
after the swelling test. Since the processes of anhydrite dissolution and gypsum precipitation are
dependent on the specific surface area of the grains (cf., e.g., Serafeimidis and Anagnostou,
2012a), it is strongly assumed that AGT was less progressed in the case of the larger grains and
that the swelling strains may have reached higher values, had the swelling tests gone longer.

A major disadvantage of powdered swelling tests is, however, that the structure of the rock cannot
be represented (the cementation of natural rock is lost, i.e., the crushed and compacted rock cannot
exhibit any tensile strength and its swelling behavior will be more pronounced than in the case of
the original rock; furthermore, anisotropic behavior is neglected in the case of powdered swelling
tests). While the proposed powdered swelling tests may give an indication of whether the rock can
swell based on its mineralogy, its real swelling behavior will still remain unknown. For example,
crushing, milling and compacting massive anhydrite and subjecting the powdered specimen to a
swelling tests will result in a comparatively fast development of swelling strains (which depends
also on the grain size of the anhydrite), whereas the original massive anhydrite may show a very
slow swelling behavior which may not be problematic during the lifetime of an underground
construction. It is, therefore, questionable, whether the proposed swelling tests are applicable for
practical purposes.

1.4.8. Alonso et al.

The research group of Prof. Alonso at UPC Barcelona has been investigating possible causes and
mechanisms relating to swelling due to AGT for nearly 20 years.

Starting from the “classical” distinction between the rapid “physical swelling”, which they attribute
to clay minerals (as will be seen in this thesis, physical swelling can also occur in the absence of
swelling clays), and the far slower “chemical swelling” due to AGT, which is attributed to the change
in solid volume, they indicate that the latter is a slow, isovolumetric process, during which anhydrite
is dissolved as fast as gypsum precipitates. The excess of dissolved ions could either be
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transported in the water or lead to gypsum precipitation in discontinuities (Alonso et al., 2007,
Berdugo et al., 2009, Berdugo, 2007).

In their early publications (e.g., Alonso et al., 2007, Alonso and Olivella, 2008, Berdugo, 2007),
they consider swelling induced by crystal growth to be a consequence of drying. However, in later
publications (e.g., Oldecop and Alonso, 2012, Alonso et al., 2013) they take several possible
mechanisms into account which are responsible for swelling: evaporation, water inflow by seepage,
stress changes and dissolution of anhydrite. They acknowledge that evaporation is not necessary
in order for swelling due to AGT to occur (Ramon and Alonso, 2013).

Oldecop and Alonso (2012) investigated the free swelling of rock specimens from the Lilla tunnel
(Spain) under various hydraulic boundary conditions, i.e., with or without evaporation, as well as
for different aqueous solutions. They saw that swelling occurred similarly when distilled water or
water from the Lilla tunnel was used and that the boundary conditions did not show a definite
change in the swelling behavior. The swelling strains with distilled water and water from the Lilla
tunnel reached 11-18% in vertical direction after 5 months of swelling. Post swelling they broke
pieces off the specimens and investigated the specimen structure optically. They observed large
gypsum needles (up to 10 mm) mainly at the base of the specimens. In the interior of the specimens
they saw cracks which were partially filled with gypsum. They concluded that the major fraction of
the volume increase is due to increasing voids. It is unknown which amount of swelling was caused
by the clay resp. by the anhydrite.

In the research of Oldecop and Alonso (2012), Ramon and Alonso (2013) and Ramon (2014), they
relate the strain rates : to the mass change of gypsum ri; via a — so far unknown — bulking
parameter, y :

gzym_G (1-1)
Pc

This implies that new crystals may either occupy part of the volume of an already existing open
discontinuity, or generate additional porosity (Ramon and Alonso, 2013). The magnitude of , is,
however, so far unknown and needs to be further determined by experiments or field observations
(Ramon et al., 2017).

1.4.9. Flatt etal.

The group of Prof. Flatt at the Chair of Physical Chemistry of Building Materials at ETH Zurich
studied the use of swelling inhibitors in a recent research project (Flatt, 2012 and Flatt et al., 2017),
parallel to the research project of the group of Prof. Anagnostou (introduced in Chapter 1.2). They
investigated the decoupling of the swelling processes due to clay and AGT and the efficacy of
swelling inhibitors with respect to the two swelling processes.

They propose to decouple the swelling processes by making use of the fact that AGT does not
occur at temperatures above about 50 °C due to changing thermodynamic conditions (this is
explained in Chapter 2.3.1). Flatt et al. (2017) introduce the term “thermodynamic switch” for the
process of changing the temperature in order to prevent or trigger AGT. With previous experiments,
Flatt et al. (2014) have already investigated and confirmed the influence of the temperature on the
crystallization pressure of mirabilite forming in a solution saturated with respect to thenardite. They
indicate that the crystallization pressure increases from 0 MPa at 32.4 °C to 32 MPa at 3 °C. By
exposing portland limestone samples to cycles of impregnation and drying, whereas impregnation
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occurred at varying temperatures, they show experimentally that damage of the stone (i.e., when
the tensile strength of the stone is reached due to crystallization) occurs faster at lower
temperatures.

Within the scope of their research project, Flatt et al., 2017 performed oedometer tests with
compacted specimens containing milled anhydritic claystone from the Belchen tunnel, Switzerland.
The specimen preparation followed the same procedure as described later in this thesis, i.e., the
specimens were compacted with a pressure up to 100 MPa (also at the Rock Lab of the Institute
for Geotechnical Engineering at ETH Zurich).

In order to determine the efficacy of the used inhibitors, they first conducted three swelling tests
with different solutions: AGT inhibitor (0.1% Sika Retardan L in water), clay inhibitor (5%
diaminobutane dihydrochloride) and water saturated with respect to gypsum. While the clay
inhibitor did not impede the swelling in this test, the specimen saturated with the AGT inhibitor
swelled slightly less than the other two and by analyzing the specimen post test they have seen
that roughly half as much gypsum had precipitated.

In order to study the efficacy of the AGT inhibitor closer, Flatt et al. then performed two further
oedometer tests with the same specimen material, but loaded the specimens with a slight axial
stress (5 kPa) and used the proposed thermodynamic switch: They started the tests in an oven at
60 °C by watering the specimens with a saturated calcium sulfate solution and observed a rapid
initial swelling which they allocated to clay swelling and they did not measure further swelling after
the initial heave. After four weeks, they moved one specimen to 20 °C and observed an increase
in swelling strains which they allocated to AGT swelling, thus confirming the effectivity of the
thermodynamic switch. After an additional four weeks, they moved the second test to 20 °C as well,
but replaced the water with AGT-inhibitor (1% Sika Retardan L in water, i.e., a higher concentration
than in the first series of oedometer tests). In contrast to the first specimen, they measured nearly
no swelling in this case and thus concluded the AGT-inhibitor to have reacted successfully. This
may be very lucrative in regard to the problems faced in underground constructions; for example,
AGT inhibitors could be added to the water used for drilling in tunneling.

1.5. Aim and content of the present work

The aim of this thesis is to resolve knowledge gaps related to the “swelling law” and “role of clay”
as described in Chapter 1.2 with the aid of experimental investigations. This work is part of the
larger research project “Modelling of Anhydritic Swelling Claystones” at ETH Zurich (cf. Chapter
1.3.2) and contains the following sets of experimental investigations:

1. Experimental testing of some theoretical aspects in the work of Anagnostou and Serafeimidis
(see Chapter 1.3.2) was performed with the aim of verifying assumptions and models
presented therein.

2. Systematic swelling experiments were conducted with the goal of quantifying the relationship
between swelling strains, swelling stresses, and the mass (or volume) change during AGT and
using the obtained information to establish a swelling law. The quantitative understanding of
such a relationship provides a basis for the modelling of chemo-mechanical processes and
has great practical relevance for future modelling of swelling of anhydritic claystones and thus
for the conceptual design of underground structures in anhydritic rock.
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3. Experiments were performed which aim at separating the swelling due to AGT from swelling
of clay.

The role of hydraulic boundary conditions was not investigated in this work. Their relevance was
reviewed early on and found to be limited to special cases, such as high seepage flow or
evaporation. Serafeimidis (2014) also concludes that transport processes are in most cases not
relevant (cf. Chapter 1.3.2). Therefore, they are only considered marginally on a conceptual basis
for specific cases (e.g., when solely anhydrite dissolution without gypsum precipitation is
discussed). Furthermore, gypsum dissolution and thus leaching of the rock, which is assumed to
occur after AGT, is not a topic of this thesis.

The thesis is structured in five parts:

The introductory Part | continues with a description of the different phases of calcium sulfate
and features the relevant chemical reactions of anhydrite dissolution and gypsum
precipitation in Chapter 2. Furthermore, factors are discussed, which influence the
equilibrium concentrations of anhydrite and gypsum, such as temperature, pore water
potential, stress, and foreign ions, which may define whether anhydrite or gypsum is stable
in a system. The kinetics of the processes of anhydrite dissolution and gypsum precipitation
are then described, along with factors which may accelerate or decelerate the processes.

In Chapter 3 all standard analytical testing techniques used for the experimental in-
vestigations are listed and described.

Part 1l deals with the simultaneous anhydrite dissolution and gypsum precipitation over
time. The kinetics of AGT in a solution were investigated for different amounts of dissolved
anhydrite with conductivity measurements, an indirect observation of the development of
the concentration of a solution. Additionally, the impact of foreign ions on the process was
tested (Chapter 4). In Chapter 5 another set of experiments is described, where the self-
sealing of anhydritic rock was tested. In particular, the development of a gypsum coating
on anhydrite is measured and compared to the theoretical prediction obtained with the
model by Serafeimidis and Anagnostou (2013a).

Part Il investigates the coupling of chemical and mechanical processes and presents the
majority of experiments performed within this work. After an introduction and overview
(Chapter 6), constitutive and conceptual models are presented in Chapter 7 which describe
the Chemo-Mechanical (“C-M”) couplings. The constitutive model introduces a coupling
parameter , which relates the occurring swelling strains and/or swelling stresses to the
mass changes of anhydrite respectively gypsum (i.e., the chemical processes) and
represents a material-specific tensor. On a conceptual basis, various structures and
possible experimental conditions are considered in order to understand how to quantify the
so far unknown relationship » . For the experiments, artificially created powdered speci-
mens of high density (1.9 g/cm?®) containing solely anhydrite and kaolin were used (kaolin
is considered to be a so-called non-swelling clay). The development of stresses and strains
caused by watering the specimens was measured for four different sets of mechanical
boundary conditions: (1) oedometer tests, (2) complete constraint tests, (3) isotropic
compression tests and (4) so-called “flexible oedometer’-tests, which allowed measure-
ment of radial as well as axial strain and indirect determination of radial stress. All of these
C-M-experiments are presented and discussed in Chapter 8.
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Through these experiments, it was possible to obtain an indication for the coupling
parameter y , relating the mass change of anhydrite and the resulting stresses and/or
strains for each set of boundary conditions. Understanding of this relationship is of great
practical relevance and high significance for future modelling of swelling of anhydritic
claystones.

Part IV deals with swelling of natural rocks containing both swelling clay minerals and
anhydrite (as opposed to Part Ill where only chemical swelling on artificial specimens is
investigated). After a short introduction in Chapter 9, Chapter 10 describes the swelling
processes observed in anhydritic claystones: physical swelling (osmotic swelling of clay
and water intake due to capillary effects, here referred to as mechanical swelling) and
chemical swelling due to AGT. Chapter 11 features the performed swelling experiments,
where rock specimens of anhydritic claystones as well as powdered and compacted
specimens of the same rock were immersed in water and their deformation measured. The
fact that anhydrite rather than gypsum becomes the stable phase at temperatures above
roughly 50 °C (where the equilibrium concentration of anhydrite is lower than that of
gypsum), was used to separate the physical swelling of the clay from swelling due to AGT.
Therefore, the tests were performed both at room temperature, where AGT occurs, as well
as in an oven at 50 °C, where AGT does not occur. The conclusions to these experiments
are drawn in Chapter 12.

Part V summarizes and highlights the main conclusions of this work and provides an
outlook for future research.
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2. Mechanisms and processes related to chemical swelling

As introduced in the previous chapter, chemical swelling is caused by the transformation of
anhydrite to gypsum, which are both phases of the calcium-sulfate system. In the following, an
overview of these phases is given (Chapter 2.1) and the underlying chemical reactions for AGT are
listed (Chapter 2.2). Whether or not AGT occurs depends on the equilibrium concentrations of
anhydrite and gypsum, which are influenced by a number of factors and are discussed in Chapter
2.3., while the rates at which anhydrite dissolution or gypsum precipitation occur can be determined
with existing kinetic models described in Chapter 2.4.

2.1. Phases of the system CaS04-H.0

As described, e.g., in Wirsching (2000), the system CaSO,- H,O is characterized by a dihydrate
phase (gypsum, CaSO,-2H,0), a hemihydrate phase (bassanite, CaSO,-0.5H,0) and three
anhydrite phases (anhydrite I, Il and lll, CaSO,), whereas anhydrite | only exists at temperatures
above 1180 °C and will not be further discussed within the framework of this thesis.

Gypsum is considered stable below 40 °C while anhydrite Il is stable from 40 °C to 1180 °C (see
Table 2-1). Bassanite and anhydrite Il are metastable under normal atmospheric conditions and
will transform to gypsum when in contact with water or vapor below temperatures of 40 °C. In the
case of anhydrite lll (which is also known as “soluble” anhydrite), the transformation to gypsum
begins via the bassanite phase.

Depending on the increasing burn temperature and duration during manufacturing, the phase
anhydrite |l is further categorized in three types: anhydrite Il-s (300°-500 °C), anhydrite 1l-u (500—
700 °C) and anhydrite II-E (> 700 °C). The hydration rate to gypsum is the fastest for anhydrite
lI-s (“slowly soluble” anhydrite) and slowest for anhydrite 1l-u (“insoluble” anhydrite).

Bassanite and anhydrite Il can be further categorized into a- and - forms or stages. These are,
however, not further discussed here and can be found elsewhere (e.g., Wirsching, 2000). The
structures of bassanite and anhydrite Ill are considered similar, whereas structural channels are
empty in the latter case and filled with water molecules in the former (cf., e.g., Partridge and White,
1929, Ramsdell and Partridge, 1929, Seufert et al., 2009b and 2009a). As opposed to anhydrite I,
the addition of water to anhydrite Il will lead to the formation bassanite without dissolution of
anhydrite (the structural channels are filled with water molecules). Anhydrite Il will, however,
dissolve directly and precipitate as gypsum in the aqueous solution (Seufert et al., 2009b).

Table 2-1: Gypsum, bassanite and anhydrite phases and some physical properties relevant to this research
(source: Wirsching, 2000).
Gypsum Bassanite Anhydrite

(dihydrate) (hemihydrate) n ll-s ll-u II-E |
Formula CaS0,2H,0  CaS0,0.5H,0 CaSO,
Molar mass [g/mol] 17217 145.15 136.14
Density [g/cm?] 2.310 2.619-2.757 2.580 2.93-2.97 undetermined
Temperature of <40 Metastable Metastable 40-1180 > 1180
thermodynamic stability [°C] in dry air in dry air
Production temperature [°C] <40 80-180 110-290 <500 500-700 >700 undetermined
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Unless indicated otherwise, the densities are taken from Serafeimidis and Anagnostou (2012a):

Density of anhydrite: p, =2960kg/m’ (2-1)
Density of gypsum: Py =2320kg/m’ (2-2)
Density of water (20 °C): Py =998kg/m’ (2-3)

2.2. Chemical reactions

The underlying reactions for chemical swelling are anhydrite dissolution and gypsum precipitation,
and are shown in the following sub-chapters.

2.21. Anhydrite dissolution

Anhydrite ( CaSO,) dissolves in water according to the following chemical reaction:

CaSO, — Ca* +SO- (2-4)

Anhydrite dissolution takes place as long as the ratio between the ionic product Q and the solubility
product K is smaller than one. They are determined via the ionic activities a of the calcium and
sulfate ions at the respective concentrations (¢ or ¢, , at equilibrium) while the ionic activities of
pure solids and liquids are equal to one (see, e.g., Mullin, 2001, Atkins and De Paula, 2006).
Therefore:

2 . aCa2+,c ’ aSOff,c (2 - 5)
K

aCazJr ,ceqA aSOi’ ,ceq, A

Dissolution takes place when Q/K is smaller than one.

The activities can be expressed by the activity coefficients y, (which are dependent on the
concentrations and can determined according to the Davies equations, see Equations (A - 3) and
(A -4)in Appendix A) and the respective concentrations ¢, of the ions. In absence of other sources
of calcium and sulfates, the concentrations of these ions in the solution are equal and their activity
coefficients equal or at least very similar. Therefore, we can express Equation (2 - 5) as a function
of the respective concentrations and the mean activity coefficients for the ions in solution and at
equilibrium:

= T2 2
c . ‘|e . Cogn " Vs
( Ca** ceq,A thf*,ceq,A) ( SO}’,ceq,A j/SOff,ceq,A) eq.4 ceq.4

0 (‘f’cﬁ ‘7Caz+,c)‘(csosf 7, S@%ic) I, 2-6)
K

For ¢ <c,..,theratio /K <1, therefore anhydrite dissolution takes place.
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2.2.2. Gypsum precipitation

Gypsum (CaSO, -2H,0 ) precipitates according to the following chemical reaction:

Ca* +SO7 +2H,0 - CaSO,-2H,0 (2-7)

Gypsum precipitation takes place, when Q/K for the above reaction is larger than one. In terms of
concentrations, the simplest case is when calcium and sulfate ions are in the same proportion in
solution. Then, precipitation will take place if the molar concentration of either calcium or sulfate in
the water exceeds the equilibrium concentration of gypsum (i.e., ¢ > c., ¢ ). Equation (2 - 8) first ex-
presses the general situation, and then the specific one in which calcium and sulfate are present
in the same amounts.

. . . . L)

Q . aCaz* c aso}’ e . (cCaer 7Caz+,c) (CSOf’ 7/5057 ,c) . c - j/i,c (2 - 8)
2 2

K a, “a ., . . . C o7

Ca™ eq.G " SOF sceq,G CCah,ceq,G 7Ca2+,ceq,G CSOAZ’,ceq,G j/S()f*,ceq,G .G [ *ceq,G

2.2.3. Simultaneous chemical reactions

Although both anhydrite dissolution and gypsum precipitation occur as individual processes over
the solution phase, they occur simultaneously in most cases. Assuming that, (i), the ions are not
transported by water (which, as was investigated by Serafeimidis, 2014, is insignificant in most
cases in Gypsum Keuper, cf. Chapter 1.3.2), (ii), the gypsum nucleates locally and, (iii), all
dissolved calcium and sulfate ions from the anhydrite are used for gypsum precipitation, the
transformation from anhydrite to gypsum can be considered (from the mass balance viewpoint) as
a single reaction (the rate of anhydrite dissolution is slower than that of gypsum precipitation at the
relevant temperature ranges in Gypsum Keuper, as discussed by Serafeimidis and Anagnostou,
2012a). Therefore, leaching of the rock is not considered when simultaneous anhydrite dissolution
and gypsum precipitation are taken into account. The following reaction (including the mass
balance) is thus considered:

Anhydrite Water Gypsum
CaSO, + 2H,0 -  CaSO,-2H,0 (2-9)
0.136kg/mol  0.036 kg /mol 0.172 kg /mol

Therefore, all ions from anhydrite dissolution are considered to be used for gypsum precipitation
(the amount of ions in the solution is low), and the changes in masses of anhydrite and gypsum
per unit volume are coupled as follows:

EQM:_M“ (2-10)
g —0.136[kg/mol] T

whereas the mass per unit volume m; of a substance ; is defined as the ratio between the total
mass of the substance M; and the total volume of the system 7, :

Mt and mg=Me (2-11)
lZ()t I/tm‘

nmy

Note that for the total mass of a substance the capital notation M; is used here (as, e.g., in ASTM
International, 2007a) and is not to be confused with the molar mass.
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In order to assess the change in volumes of anhydrite (AV, ), gypsum ( AV, ) and water ( AV, ) the
mass balance from Equation (2 - 9) is combined with the densities of anhydrite, gypsum and water
(Equations (2 - 1) to (2 - 3)):

AV, =——20 5 Ay, =0.6198-AVs of AV, =-1.6135-AV,. (2-12)

Therefore, the volume increase of the solids during AGT is roughly 61%.

When considering a closed system (i.e., no inflow or outflow of water), the change in volume of
water due to the chemical reactions (AV), ) can be determined analogously to above:

v, <0036 Pi Ay 07849-AV, or AV, =12740-AV, . (2-13)
0.136 py

Ay, = 9036 Po sy 04865.-AV. of AVe=-2.0556-AV, . (2-14)
0.172 py

For the exemplary case, where 1 gram of anhydrite (which corresponds to 338 mm? of solid
substance) dissolves and is bound again by gypsum precipitation, we get:

1 g Anhydrite+0.265 g Water —1.265 g Gypsum (2-15)
which corresponds to:
337.8 mm?® Anhydrite + 264.7 mm? Water — 545.1 mm?3 Gypsum (2-16)
Or, analogously, expressing Equation (2 - 16) for 1 mm? of anhydrite:
(2-17)

1 mm?® Anhydrite + 0.785 mm?® Water — 1.614 mm? Gypsum

As can be seen from Equations (2 - 16) and (2 - 17), the total volume (solids and water) shrinks by
roughly 10% (1 mm3 +0.785 mm3 > 1.614 mm3 ) if the volume of the used water is considered as
well, which is the case when regarding a closed system.

2.3. Equilibrium concentrations of anhydrite and gypsum

The equilibrium concentrations of anhydrite and gypsum are strongly dependent on the
temperature, the activity of the pore water, the presence of foreign ions, the stress and on the pore
water pressure acting on the rock, among other factors (cf. the work of Serafeimidis and
Anagnostou described in Chapter 1.3.2, and, e.g., Anderson, 1996, Appelo and Postma, 2005).
The equilibrium concentrations can be calculated with the thermodynamic relations described in
Serafeimidis and Anagnostou (2014b), cf. Chapter 1.3.2, and their dependence on the above
mentioned factors are discussed in the following sub-chapters. The main equations used in this
work to calculate the equilibrium concentrations are summarized in Appendix A.

2.3.1. Influence of the temperature

Using the above mentioned thermodynamic equations, the equilibrium concentrations of anhydrite
(ceq.1 ) @and gypsum (c,,c ) were computed under the assumptions of distilled water (no foreign
ions), atmospheric conditions, zero negative pore water potential and zero stress acting on the
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2. Mechanisms and processes related to chemical swelling

particles (see Appendix A). The results are shown in Figure 2-1 in dependence of the temperature
for a temperature range relevant for the laboratory conditions used in this work (i.e., 5-50 °C).

It can be seen that the equilibrium concentration of gypsum increases marginally between the
temperatures of 0 °C and 60 °C (i.e., from 15.0 mol/m3 to 16.1 mol/m3), while the equilibrium
concentration of anhydrite decreases from 32.7 mol/m3 at 0 °C to 13.8 mol/m? at 60 °C. Both
equilibrium concentrations amount to 15.7 mol/m3 at 48.8 °C, which is considered to be the
transition temperature for these conditions (i.e., the intersection between the two curves in
Figure 2-1).

A

25

20

Temperature [°C]

Figure 2-1: Equilibrium concentrations of anhydrite and gypsum as a function of the temperature (computed with
the thermodynamic relations in Serafeimidis and Anagnostou, 2014b).

Discussion and comparison to literature

The change in equilibrium concentration over the temperature varies in literature and various values
for the transition temperature (also referred to as equilibrium temperature) at which anhydrite rather
than gypsum becomes the stable phase can be found. This was also thoroughly discussed most
recently by van Driessche et al. (2017). In the following, the computed curves in Figure 2-1 are
compared to some values stated by different authors for atmospheric pressure, absence of foreign
ions in the solution and for the temperature range of relevance in this work (i.e., not higher than
100 °C), see Figure 2-2.

Hill (1937) investigated the solubility of anhydrite by measuring the amount (%) of calcium in a
solvent in which anhydrite crystals were dissolved. In his experiments, he approached the
equilibrium concentration via undersaturation and supersaturation at different temperatures. The
equilibrium concentration of gypsum was taken from the “International Critical Tables” by Washburn
(1926-1933). He determined the transition temperature to lie at 42 °C. This value was confirmed
by Posnjak (1938), who investigated the conversion of gypsum, hemihydrate and anhydrite in
solutions at different temperatures.

For the solubility measurements performed by Innorta et al. (1980), they placed gypsum or
anhydrite in a container with bi-distilled water and stirred mechanically while the temperature was
controlled. The solutions were diluted and the Ca?* contents determined by atomic absorption
spectrophotometry. According to their data, the transition temperature lies at 49.5 + 2.5 °C.
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Bock (1961) added gypsum and anhydrite to water (containing different amounts of sodium
chloride) and stirred the solutions for up to 96 hours and determined the calcium concentrations by
titration with standard EDTA. He discovered that the equilibrium concentration of the “less stable
solid phase” decreased with longer periods of stirring. This can easily be explained: It appears that
Bock assumed that the maximum concentration measured was the equilibrium concentration of the
less stable phase (i.e., the phase with the higher equilibrium concentration, which is anhydrite at
lower temperatures and gypsum at higher temperatures). The concentration in the solution
increases during dissolution of the less stable phase and as soon as the concentration exceeds
the equilibrium concentration of the stable phase, the latter begins to precipitate and thus reduces
the concentration of the solution in return. His values for the equilibrium concentration of the less
stable phase therefore need to be considered as a lower threshold for the true equilibrium
concentration (this can be compared to the considerations made for the experiments described
later in Chapter 4). For the comparison in Figure 2-2, merely values for the case of pure water (no
sodium chloride) were taken from Bock (1961). With his experimental investigations he determined
a transition temperature of 42 °C.

Kontrec et al. (2002) investigated the kinetics of the transformation from anhydrite to gypsum by
adding seed crystals to deionized water or calcium sulfate solution. They measured the change in
concentration by monitoring the conductivity (see also Chapter 4.2), the calcium concentration (with
a calcium ion selective electrode) and analyzed the solution by titration with EDTA. They
determined the equilibrium concentrations for temperatures between 10—-40 °C, and similar to
Bock, they assumed the maximal measured concentration of CaSO, in the solution to correspond
to the saturation concentration of anhydrite, thus most likely underestimating its actual value. They
give no indication of the transition temperature, since the temperature range they investigated is
lower.

Blount and Dickson (1973) measured the solubilities of anhydrite and gypsum for various
temperatures, pressures and nac! concentration in the solution, and established empirical
equations for the equilibrium concentrations of gypsum and anhydrite as a function of temperature,
pressure and nqcC! content. These equations were used with 1 bar and pure water (no naci) to
compute the curves in Figure 2-2. However, since Blount and Dickson (1973) give values from
50 °C on, the dashed green curve in Figure 2-2, which was determined with their empirical model,
needs to be considered as an extrapolation for lower temperatures. The intersect (i.e., the transition
temperature) lies at 56 °C, as is also indicated in their work.

Non-experimental values for the equilibrium concentrations were determined, e.g., by Marsal
(1952), who set up equations to calculate the equilibrium concentrations and investigated the
influence of pressure and temperature theoretically; by Ramon (2014) who computed the
equilibrium concentrations with PHREEQC (a computer program which is designed to perform a
wide variety of aqueous geochemical calculations; Parkhurst, 1995); and by Serafeimidis and
Anagnostou (2013b and 2014b), who present thermodynamic fundamental equations in their work
to calculate the equilibrium concentrations. As mentioned above, these equations were used to
compute the equilibrium concentrations in this work.

Figure 2-2 compares the computed curves from Figure 2-1 with data found in the above mentioned
literature, and shows the different values for the transition temperature (as gathered from the
respective authors) in comparison to the assumptions made in this work for the equilibrium
concentrations. As stated before, data for equilibrium concentrations determined in pure water and
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2. Mechanisms and processes related to chemical swelling

at ambient pressure were collected. Further data and additional references can also be found in
the works of Serafeimidis and Anagnostou (2013b and 2014b) and van Driessche et al. (2017).
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Figure 2-2: Comparison of equilibrium concentrations of anhydrite and gypsum by different authors, as a
function of the temperature.

As can be seen in Figure 2-2 and as was also discussed by van Driessche et al. (2017), the
equilibrium concentrations found in the literature vary, especially concerning that of anhydrite. One
likely reason is that at these lower temperatures, it is very difficult to experimentally determine the
equilibrium concentration of anhydrite accurately, since the ions in the solution precipitate to
gypsum. It is furthermore challenging to find values for the equilibrium concentration of anhydrite
at low temperatures in literature, as it is often only given for higher temperatures (cf., e.g., Blount
and Dickson, 1973). Therefore, also the transition temperatures vary from author to author,
according to van Driessche et al. (2017) between 38° to 66 °C. As mentioned in the previous
chapter, this work assumes a transition temperature of 48.8 °C (15. 7mol/m?3), as determined with
the model by Serafeimidis and Anagnostou. This value corresponds well to experimentally
determined (literature) values within the temperature range of 10° to 60 °C. However, this model
appears to slightly overestimate c,, ; attemperatures below 10 °C and above approximately 60 °C,
as well as ¢, , above 60 °C.

2.3.2. Influence of the activity and pore water potential

As discussed, e.g., by Anagnostou et al. (2014), a low activity a, of the pore water can inhibit AGT.
The water activity is defined as the ratio between the partial evaporation pressure in the vicinity of
the pore (pp) to the saturated evaporation pressure over dilute water (ps). This ratio corresponds to
the definition of relative humidity RH, see Equation (2 - 18). Already Lippmann (1976) stated that
AGT occurs at high relative humidity (i.e., nearly 100%).

w

Py _ RH (2-18)
ps 100%
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The activity of the pore water is furthermore related to the pore water potential (y ) via the Kelvin
equation (cf., e.g., Atkins and De Paula, 2006, Anagnostou et al., 2014, Blight, 2013, Fredlund and
Rahardjo, 1993, Haynes, 1973, Dao et al., 2008 efc.):

In(a,)-R-T=y -V, (2-19)

With R =8.314 J /(K -mol) , T=293K, V;y =18cm* / mol we can write:

w [MPa]=135-1n(a, )=135-In(RH )=311-log (RH ) (2-20)

The pore water potential is the sum of the osmotic potential (which is associated with the ionic
concentration in the water) and the matric potential (which is associated with adsorption and
capillary forces, i.e., suction of the matrix). Therefore, the activity is smaller in rocks exhibiting low
water potentials (i.e., high suction pressures and/ or dissolved salts), which is, e.g., the case for
rocks in a nearly dry state.

Using the thermodynamic fundamentals described in Serafeimidis and Anagnostou (2013b and
2014b, see Appendix A) while considering the relationship in Equation (2 - 20), the equilibrium
concentrations of anhydrite and gypsum can be calculated as a function of the soil-water potential
within the rock (see Figure 2-3). In this case dilute water at room temperature (20 °C) was
assumed, and the pore water pressure p, in Equations (A - 1) and (A - 2) equals the pore water
potential . It can be seen that for lower values of water potential in the rock matrix (i.e., for higher
suction) the equilibrium concentration of gypsum exceeds that of anhydrite. In this case, AGT would
not occur while the potential in the rock is lower than -20MPa, i.e., at an activity lower than 0.86
(RH <86%).
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Figure 2-3: Influence of soil-water potential on the equilibrium concentrations.

The influence of the temperature on the equilibrium point (where ¢,, , = c., ¢ ) for both the potential
and the water activity is taken into account in the diagrams Figure 2-4 (for the relevant temperature
range in this work).
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Figure 2-4:  Influence of temperature on the potential (left) and water activity (right) of the equilibrium point
(i.e., where c. 4 =cuc)-
2.3.3. Influence of stress and pore water pressure

The stress and the pore water pressure acting on the rock influence the equilibrium concentrations
as well. This too was thoroughly discussed by Anagnostou et al. (2014). In Figure 2-5 the
equilibrium concentrations for anhydrite and gypsum were computed in dependence of the total
stress acting on the rock, for two values of the pore water pressure (i.e., 0 and 20 MPa). Here,
dilute water (ay =1) at 20 °C was assumed. It can be seen that both equilibrium concentrations
increase with increasing stress (whereas this is more pronounced in the case of gypsum), and that
the considered range for the pore water pressure has nearly no influence on the equilibrium
concentration of anhydrite, while the equilibrium concentration of gypsum decreases with
increasing pore pressure.

The experiments described later in this work were conducted under nearly atmospheric conditions
( pr =0MPa can be assumed), whereas the stress did not exceed 3.5 MPa (therefore, the
concentration gradient ¢, , — ¢, can be assumed to remain constant in all cases).

—— Cgqa forp, = OMPa

Ceqa for p, = 20MPa

— — Cgqg for p, = OMPa

Ceq fOr p,, = 20MPa

0 T T T T T >
0 20 40 60 80 100

Stress [MPa]
Equilibrium concentrations of anhydrite and gypsum as a function of the stress for two different
values of the pore water pressure py . (Note that the two solid curves for c., . are overlapping one
another).

Figure 2-5:
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2.3.4. Influence of foreign ions

As discussed, e.g., in the works of Serafeimidis and Anagnostou (2014b) and Ramon et al. (2017),
dissolved salts in the pore water influence the equilibrium concentrations as well. To illustrate the
influence of “other” ions in the solution on the equilibrium concentrations, the diagram in Figure 2-6
was computed with the model of Serafeimidis and Anagnostou (2014b), see Appendix A. Here, the
concentrations of calcium and sulfate in the pore water were assumed to be equal and correspond
to the respective equilibrium concentrations. Thus solely an additional term for the ionic strength
for the other ions in solution were considered in the equations in Appendix A, i.e.:

IG = 05 ’ ceq,G ’ (Zé'a + Z;Q, ) +Iotherimu (2 i 21 )
IA =0.5- ceq,A ’ (Zéa + Z§04 ) + [otherions (2 i 22)

Figure 2-6 assumes conditions from the laboratory, i.e., 20 °C, atmospheric pressure and that the
water activity remains equal to one. A change in ionic strength does not influence the transition
temperature (i.e., 48.8 °C, see Chapter 2.3.1) for the low concentrations considered in the present
discussion. From Figure 2-6 it can clearly be seen that both equilibrium concentrations increase
with additional ions in the solution.
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Figure 2-6:  Influence of the “additional” ionic strength due to other ions (i.e., any ions except for calcium and
sulfate) in the solution on the equilibrium concentrations of anhydrite (solid line) and gypsum (dashed
line).

2.4. Kinetic models

The kinetics of the dissolution of anhydrite and precipitation of gypsum can be described through
the changes (rates) of their masses, dm,/dt and dm /dt . The equations for the mass change rates
are taken here after Serafeimidis and Anagnostou (2012a). They are based on a common law for
the mass change rate of a mineral with a surface area 4 in contact with water:

dM (2-23)

72 kA f(C)
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whereas f£(c) is a function of the relative supersaturation (Mullin, 2001) which is brought into a
dimensionless form and its sign indicates the direction of the reaction (positive mass change for
precipitation, i.e., ¢>c,, negative mass change for dissolution, i.e., ¢ <cy):

3

(2 - 24)

f(e)=sgn(c—c,)-

The difference |c - ¢,, | indicates the “driving force” of the reaction (see Mullin, 2001) and is referred
to here also as “concentration gradient” .

Serafeimidis and Anagnostou (2012a) therefore formulate the mass change rate of the minerals
according to the following Equations (2 - 25) and (2 - 26). As seen in Chapters 2.2.1 and 2.2.2,
anhydrite dissolution only takes place if ¢<c, , and gypsum precipitation only takes place if

C>Ch -

For anhydrite dissolution (c¢<c,, 4):

5/!
dm, = sgn(c—ceq’A).kA@FA ~Coy with 5, =2 (2-25)
dt »
and, accordingly, for gypsum precipitation (¢ >c¢,, ¢ ):
e
letG = sgn(C —Cpi ) k@ F, C—Chpi with 6, =2 (2-26)
eq,G

"It is also possible to express the magnitude of super- or undersaturation and, therefore, the driving force for
anhydrite dissolution or gypsum precipitation via the ratio between the ionic product O and the solubility product
K (see Chapters 2.2.1 and 2.2.2), see, e.g., Bildstein et al. (2001):

2
[ ¢V j B
eq }/+ sceq
Equations (2 — F1) and (2 - 24) indicate different approaches for the driving force, and are plotted in the comparison
shown in Figure (2 —F1). While in both cases the driving forces approach zero as ¢ — ¢, , the formulation according

‘——1‘ (2-F1)

to Equation (2 - 24) presents an asymptotic approach (considering the order of reaction 6, = o; = 2 for anhydrite
dissolution and gypsum precipitation), as opposed to the formulation according to Equation (2 — F1).
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Figure 2-F1:  Comparison of formulations for the driving force for dissolution and precipitation.
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The orders of reaction 6, and &; for both anhydrite dissolution and gypsum precipitation are equal
to two (a second order law for these processes was confirmed experimentally by the authors listed
in Table 2-2; see also, e.g., Klimchouk, 2000, Serafeimidis and Anagnostou, 2012a).

Table 2-2: Literature references for the orders of reaction for anhydrite dissolution and gypsum precipitation.
Reference o4 S Investigated temperature range
(anhydrite dissolution) (gypsum growth)
Smith and Sweett (1971) 2 30°-90 °C
(1.80...2.14)
Liu and Nancollas (1970) 2 15°—45 °C
James and Lupton (1978) 2 (not specified; for gypsum dissolution

experiments 5°-23 °C was investigated)

Kontrec et al. (2002) 2 2 10°—40 °C
(1.95...2.10) (1.97...2.32)

Through Equations (2 - 25) and (2 - 26) it becomes apparent, which factors influence the processes
concerning the mass changes of anhydrite and gypsum:

Anhydrite dissolution Gypsum precipitation
Reaction rate constant k, ke
Equilibrium concentration Cogit Cogi
Volume fractions b, P
Specific surface F, F,
Order of reaction O %

as well as the concentration ¢ in the solution.

Note that Equation (2 - 26) considers gypsum precipitation on already existing gypsum crystals or
nuclei. If gypsum is assumed to precipitate on inert minerals, the mass change of gypsum is
formulated according to Serafeimidis and Anagnostou (2012b) as:

¢_j/

S

oG
C _ceq,G

(2 -27)

dt

dm
“ :sgn(c—ceq’G)-kG@Fs (1+ .

eq,G

The terms ¢,F,, ¢:F, and ¢.F; in Equations (2 - 25) to (2 - 27) describe the surface of the
anhydrite, gypsum and inert minerals, respectively, which is in contact with the pore water.

In order to visualize the interactions and dependencies between the above mentioned factors, a
so-called N2-diagram (NASA, 2007) is developed in Figure 2-7. It is built up of relations between
two terms, which are investigated as to how they influence each other, while all other terms are
assumed to remain constant. These influences are to be read in a clockwise manner, as indicated
by the arrows.

The left-hand side in Figure 2-7 represents anhydrite dissolution (cf. Equation (2 - 25)), while the
right-hand side represents gypsum precipitation.
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It is assumed here that gypsum precipitates on gypsum crystals or nuclei (i.e., no foreign minerals).
Hereby, the shape of the particles is assumed to remain constant, as they grow or dissolve,
respectively.

The following subchapters discuss each influencing factor individually for anhydrite dissolution and
gypsum precipitation. When both reactions occur simultaneously in a system, they are coupled via
the concentration c. This is discussed in Chapter 2.4.3.

Furthermore, the kinetics of simultaneous anhydrite dissolution and gypsum precipitation was
studied experimentally and the results are shown in Chapter 4.

|[dm/di| > b
A |
«— Kk
i Ceqn v
: DpF, Gypsum precipitation
v
< € P
A
Anhyadirite dissolution OcFg E
A
Ceq,G ®
ke 7
| v
< < |[dmg/dt]

an increase of the first entity leads to an increase of the second entity

an increase of the first entity leads to a decrease of the second entity

Figure 2-7:  N2-diagram considering the kinetic models for anhydrite dissolution and gypsum precipitation.

2.41. Anhydrite dissolution (dm/df)

The following factors influence or are influenced by the dissolution of anhydrite (cf. left-hand side
in Figure 2-7). They will be discussed with respect to the absolute value of the mass change rate.

Reaction rate The larger the reaction rate constant of anhydrite is, the larger the value of its
constant &, : mass change will be. However, the reaction rate constant is directly
dependent on the present temperature (and can be estimated via the
equation of Arrhenius, see Appendix C). Therefore, the latter will need to be
considered as the actual influencing factor, since the reaction rate constant
does not change if the temperature remains constant. Due to the fact that the
values differ in literature (by about one order of magnitude, see Appendix C),
the same value is taken as in Serafeimidis and Anagnostou (2012a) for 20 °C:

ki=3-10"¢ kg/(m2 -s)
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Equilibrium
concentration ¢, 4

Surface in contact
with water ¢,F,:

Concentration ¢ of
the solution:

A higher equilibrium concentration will lead to an increase of the con-
centration gradient, thus an increase in the mass change rate of anhydrite
(the reaction will occur faster), cf. Equation (2 - 25).

Similar to the previous factor, the equilibrium concentration of a mineral also
depends on external factors, such as pressure, temperature and the
existence of foreign ions in the solution (cf. Chapter 2.3).

Assuming 20 °C, atmospheric pressure and absence of foreign ions in
the solution, the equilibrium concentration of anhydrite is equal to
Ceg1=2331mol /m3=3.17 kg /m?> (determined with the thermodynamic
fundamentals presented in Serafeimidis and Anagnostou, 2013b, and 2014b;
see also Appendix A).

The mass change rate of anhydrite rises with an increasing surface area of
the minerals in contact with water. This interaction proves to be
interdependent, as the sizes of the particles (and ultimately their surfaces)
decrease during the process of dissolution (i.e., an increase in the mass
change results in a decrease of the surface area).

The dependency between the mass change of anhydrite and the present
concentration also describes an interdependency:

A small ion concentration in the solution leads to a large concentration
difference (|c —C,,. A| ) which accelerates the dissolution process and therefore
the mass change of anhydrite.

On the other hand, the dissolution of anhydrite increases the ion
concentration in the solution, which results in a reduction of the above
mentioned concentration gradient (although, independent on whether the
mass change rate (i.e., dm,/dt) is faster or slower, anhydrite dissolves in any
case and the concentration in the solution will rise during dissolution until the
saturation concentration of anhydrite is reached).

24.2. Gypsum precipitation (dmg/dr)

The influences of the following factors on the precipitation of gypsum (as indicated on the right-
hand side in Figure 2-7) are discussed here, assuming that the concentration is larger than the
equilibrium concentration of gypsum (¢ > ¢,,. ¢ , Otherwise leaching of gypsum occurs, which is not
further discussed in this work).

Reaction rate
constant kg :

38

A higher reaction rate constant leads to a faster mass change of gypsum.
Analogue to the reaction rate constant of anhydrite, it is directly dependent
on the temperature (see Appendix C). If the temperature is constant, the
reaction rate constant remains unchanging. As for the reaction rate of
anhydrite, the values for gypsum differ in literature (by about one order of
magnitude, see Appendix C), and the same value is taken as in Serafeimidis
and Anagnostou (2012a) for 20 °C:

ke =5-10"7kg[(m? -s)



2. Mechanisms and processes related to chemical swelling

Equilibrium The concentration gradient in Equations (2 - 26) and (2 - 27) decreases, if the

concentration ¢,, ;: equilibrium concentration of gypsum rises. This leads to reduction of the mass
change rate of gypsum. As mentioned before, the equilibrium concentration
of a mineral depends on the pressure and temperature, as well as the
existence of foreign ions in the solution (cf. Chapter 2.3).

Should the external conditions be 20 °C, atmospheric pressure and zero
foreign ions in the solution, the equilibrium concentration of gypsum
(calculated with the thermodynamic fundamentals presented in Serafeimidis
and Anagnostou, 2013b and 2014b; see also Appendix A) amounts to:

Ceq6 =15.1mol / m*=2.05kg / m?

Surface in contact The mass rate change of gypsum will also increase while the surface of the

with water ¢ F; : minerals (in contact with water) grows. This relationship is interdependent, as
the particle sizes (and their surfaces) increase with ongoing gypsum
precipitation (regardless of whether the rate accelerates or decelerates, the
gypsum surface will increase; still assuming that ¢>c¢,, ).

Concentration ¢ of A higher concentration in the solution will result in a larger concentration

the solution: difference (i.e., |c—c(,q)G| ), and thus accelerate the precipitation of gypsum.
Simultaneously, the ions in the solution get used up during gypsum
precipitation, causing the concentration to be reduced. This process occurs
also independent of whether the mass change rate of gypsum stagnates or
accelerates (analogue to the behavior of the concentration with respect to
anhydrite dissolution in the previous chapter).

2.4.3. Simultaneous chemical reactions

When the two processes occur simultaneously in the same solution, their rates are obviously both
dependent on the present concentration in the solution. This can be visualized by overlapping the
dependencies for anhydrite dissolution and gypsum precipitation as shown in Figure 2-7, thus
generating a connection between the rates of anhydrite dissolution and gypsum precipitation
through the concentration ¢ in the solution. Since both processes of anhydrite dissolution and
gypsum precipitation are mutually dependent on the concentration in the solution, they can often
not be considered isolated from one another.

As mentioned before, external influences such as temperature, pressure and existence of foreign
ions must be considered additionally, but were omitted in Figure 2-7 for the sake of simplicity (in
order to describe both processes independent of external factors). They are, however shown in a
more elaborate N2-diagram depicted in Appendix B. Furthermore, as stated in Chapter 2.2.3, the
discussions here do not consider any transport mechanisms of the ions in the solution (i.e., no pore
water flow or similar; the influence of hydraulic transport on the mass changes of anhydrite and
gypsum was discussed in Serafeimidis, 2014, cf. Chapter 1.3.2). The chemical reactions were thus
considered as isolated processes.

The enlarged N2-diagram shown in Appendix B also qualitatively considers further influencing
factors, such as hydraulical and mechanical aspects.
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3. Description of standard analytical testing techniques used

Within the scope of the experimental investigations performed for this thesis, a number of analytical
testing techniques were used to quantitatively or qualitatively determine the compositions and
structures of the investigated specimens, as well as to analyze the water used in the respective
experiments. This chapter lists all standard analytical testing techniques used in the presented
research.

3.1. Thermogravimetric analysis (TGA)

TGA is a thermal analysis method where the change of the mass of a specimen is recorded in
dependency of temperature and time while it is heated (cf., e.g., Haines, 2002). This can be used
to determine the amount of bound water in a crystal or in clay minerals, as well as other compounds
released by thermal decomposition (e.g., carbon dioxide). In some cases, where the qualitative
mineralogical composition of a specimen is known (such as artificial specimens post swelling, which
are known to contain solely anhydrite, gypsum and an inert aggregate), TGA can be used to
calculate the amount of gypsum in the specimen by quantifying the amount of water bound by the
gypsum. For this, a small representative sample (17-20 mgq) is heated (10 °C per minute) and the
change in weight is measured. At about 90-140 °C a drop in the weight can be observed (see
Appendix I), which is attributed to the reverse reaction of AGT (cf. Equation (2 - 9)): The gypsum
dehydrates ( CaSO, -2H,0 — CaSO, + 2H,0 ) and the now free water evaporates. By considering the
molar masses of water and gypsum it is then possible to calculate the mass of gypsum in the
specimen post test and to determine (via back-calculation) the corresponding amount of dissolved
anhydrite, as well as the mass of remaining anhydrite in the specimen. TGA was performed with a
Q50 Thermogravimetric Analyzer by TA Instruments (TA Instruments, 2015) of the Institute for
Building Materials at ETH Zurich. The Analyzer has a weighing precision of +/-0.01% and a
temperature precision of +/-0.1 °C.

3.2. Microscopy

Some selected specimens were investigated with scanning electron microscopy (SEM), where an
electron beam scans the surface of a specimen. From the interaction between the electrons and
the specimen, images of the topography of the specimens (secondary electrons, SE) as well as
images reflecting material contrast (back scattered electrons, BSE) can be collected (cf., e.g.,
Goldstein et al., 2003). SEM was mainly used to observe changes in structures or to identify the
shape and form of gypsum within the specimens after the experiments. Furthermore, SEM in
combination with Energy-dispersive X-ray spectroscopy (EDX, with which the elements in a
specimen can be identified) was used, e.g., to map out the distribution of calcium and sulfur in the
specimens. The investigations were performed with a Quanta 600 SEM and with a Quanta 200 3D
with EDX by FEI.

Additionally, optical microscopes were used to study the surface of some specimens (stereo
microscope Leica M60) as well as to perform thin section analysis (transmitted light microscope
Leica DM750 P in polarized light mode). All microscopic investigations were performed at the
Institute for Building Materials at ETH Zurich.
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3.3. X-ray diffraction and Rietveld analysis (XRD analysis)

In the cases where it was necessary to determine the mineralogical composition of a specimen, X-
ray diffraction was executed and the composition was quantified via Rietveld analysis (cf., e.g.,
Young, 1995). For XRD, the rock is milled to a particle size of maximally 20 um and distributed on
the specimen holder (roughly 0.5 g). A Theta-Theta-diffractometer (AXSD8 advance by Bruker with
a climate chamber TTK 450) was used, together with the analysis program EVA, the peak fit
program Topas P (both also from Bruker) and for the quantitative analysis the Rietveldprograms
AutoQuan and BGMN were used (the maximal errors of the results were +/-6.6 wt% in the case of
kaolin, and +/-1.8 wt% in the case of calcium sulfates; the average error was 0.8 wt%). The
investigations were performed in the Clay Lab of the Institute for Geotechnical Engineering at ETH
Zurich.

3.4. Mercury-Intrusion Porosimetry (MIP)

During MIP analysis mercury (as a non-wetting liquid) is pressed in a specimen placed in the
porosimeter. The required pressure for the mercury intrusion in a pore is a function of the contact
angle and surface tension of the liquid and of the diameter of the pore, according to the Washburn
equation (Washburn, 1921). By recording the applied pressure and the volume of mercury intruded
in the specimen, the porosity, pore volume and pore size distribution can be determined (Abell et
al., 1999). However, due to the fact that some large pores may only be accessible by small throats,
MIP may overestimate the amount of smaller pores (so-called “ink-bottle effect”, cf., e.g., Abell et
al., 1999, Giesche, 2006). This could be corrected by performing a second cycle of MIP on the
same samples, which was not done in the case of the results presented here (therefore, the
obtained pore size distributions may indicate a too high amount of small pores). However, this does
not influence the measured value for the total porosity and pore volume. Furthermore, the samples
are dried prior to the measurements and the degree of drying, as well as the vacuum applied during
MIP, may influence the results, e.g., if shrinkage occurs due to transformation of gypsum to
bassanite. The fine pores (structural channels) created during the production of bassanite are 0.2—
0.4 nm in diameter according to Seufert et al. (2009a) and Seufert et al. (2009b) and are thus too
small to be detected with the used porosimeter. MIP was performed on some selected specimens
(whereas at least two pieces of the same specimen were tested to ensure the reproducibility of the
results) in the Clay Lab of the Institute for Geotechnical Engineering at ETH Zurich with a Porotec
Pascal 140 + 440 Porosimeter (pore range of 2-60000 nm).

3.5. Laserdiffractometry

The particle size distribution of the used powders was determined via laserdiffractometry (cf., e.g.,
Eshel et al., 2004), where the intensity of light scattered when passing through a particle in
suspension is used to calculate the particle size. Depending on the type of powder, it was either in
suspension in distilled water (e.g., kaolin, quartz flour) or in isopropanol (e.g., anhydrite). The
investigations were performed with a Laser Particle Size Analyzer LA-950 by HORIBA (2015), with
a measuring range of 0.01-3000 pum and a precision of +/-0.1%) in the Clay Lab of the Institute for
Geotechnical Engineering at ETH Zurich.
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3.6. Surface area measurements based on the theory of Brunauer,
Emmett and Teller (BET)

Based on the theory of Brunauer, Emmett and Teller (BET, Brunauer et al., 1938), the specific
surface area of a powder can be determined via the physical adsorption of gas molecules on the
solid surface (cf., e.g., Fagerlund, 1973).

BET surface measurements were performed with a Quantachrome Autosorb 1MP (Quantachrome
Instruments, 2007). A sample of 2—3 g of each of the investigated anhydrite powders (adsorbent;
see Chapter 8.4.3) was inserted in the testing tubes and degassed at a temperature up to 150 °C.
Note that the degassing temperature can influence the results when gypsum is present (see
Mantellato et al., 2015), since it may cause a transformation of gypsum to bassanite. However, in
the investigations performed in the present case, BET was done only on anhydrite powders without
any gypsum. Nitrogen gas was used as adsorbate. At a certain temperature and vapor pressure
the material adsorbs a certain amount of gas, which can be determined with the help of isotherms.
The amount of adsorbed gas, on the other hand, is proportional to the surface of the investigated
material (Fagerlund, 1973). The BET measurements were performed in the Clay Lab of the Institute
for Geotechnical Engineering at ETH Zurich.

3.7. Pycnometry

In order to measure the density of grains (e.g., of the anhydrite powders used), pycnometry was
undertaken. The used device was an Accupyc Il 1340 Pycnometer by Micrometrics with a precision
of +/-0.02% (cf. micrometrics, 2014). The sample (ca. 5 g) is sealed in the instrument compartment
of known volume. By gas-displacement with an inert gas within the compartment (here with Helium)
and by determining the amount of inert gas admitted and discharged, the solid volume of the
specimen can be determined. The density of the grains can then be calculated from the mass of
the used powder and the measured volume. Pycnometry was performed in the Clay Lab of the
Institute for Geotechnical Engineering at ETH Zurich.

3.8. Atomic absorption spectroscopy (AAS)

The concentration of some elements within solutions were determined with AAS (specifically the
cations Na, K, Ca, Mg, Fe; the sulfates cannot be detected with this method). Atomic spectroscopy
allows the determination of the elemental composition of an analyte by its electromagnetic or mass
spectrum. With atomic absorption spectroscopy, the elements under investigation absorb energy
in the form of light at a specific wavelength. By measuring the amount of light absorbed and relating
that to known concentrations in standards, the concentration of the element in the solution can be
determined (cf. PerkinElmer, 2008).

AAS was performed with a PerkinElmer AAnalyst 400 Spectrometer in the Clay Lab of the Institute
for Geotechnical Engineering at ETH Zurich.
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3.9. Inductively coupled plasma — Optical emission spectrometry
(ICP-OES)

With the aim of determining the concentration of certain elements (Al, Ca, Fe, K, Mg, Na, S and Si)
in a solvent, ICP-OES was performed. The identification and quantification of the elements
requires, however, a rough knowledge of the concentration range in which they are expected to be
present in the solvent.

During ICP-OES, the liquid specimen is converted to aerosol (nebulized) and plasma is then used
to atomize the gas and excite the atoms. As the atoms gain energy from collisions they emit light
of a characteristic wavelength, which is detected for each element (see Manning and Grow, 1997).

ICP-OES was performed at the Institute for Building Materials at ETH Zurich.

3.10. Conductivity measurements

During a conductivity measurement, the resistance of the solution is measured between two
electrodes. As will be seen later (Chapter 4), in cases where the dissolved ions are known (e.g.,
sulfate and calcium in distilled water), the concentration of the solution can be indirectly determined
by measuring its electrical conductivity (i.e., its ability to conduct electricity).

It was possible to determine the conductivity of solutions with a SevenMulti pH meter from Mettler
Toledo with a conductivity expansion unit (Mettler Toledo Intl. Inc., 2015) from the Institute for
Building Materials at ETH Zurich.

44



PART Il

ANHYDRITE DISSOLUTION AND GYPSUM
PRECIPITATION IN A SOLUTION

Abstract

Part Il presents two sets of experimental campaigns, which investigate the time-development of
anhydrite dissolution and gypsum precipitation when anhydrite is dissolved in water.

In a first series of experiments, powdered anhydrite was dissolved in water and the development
of the concentration was determined indirectly by measuring the conductivity of the solution. Upon
inserting the anhydrite in the water, the concentration of dissolved ions increased rapidly, exceed-
ing the equilibrium concentration of gypsum (depending on the amount of dissolved anhydrite), and
reaching a peak which was lower than the theoretically determined equilibrium concentration of
anhydrite. After several days, the concentration settles at the equilibrium concentration of gypsum,
indicating that the AGT-process is completed. The development of the concentration was investi-
gated for a variety of mixtures in solution. The assumed reaction rate constants derived from liter-
ature could not be verified and are too low to model the experimental observations. However, it
was possible to confirm the calculated equilibrium concentration of gypsum and verify the calcu-
lated equilibrium concentration of anhydrite.

A second set of experiments investigated the precipitation of gypsum directly on the surface of a
dissolving platelet of anhydrite. This creates a diffusion barrier for the dissolving ions and slows
down further anhydrite dissolution (referred to as “self-sealing” of anhydrite). The development of
such gypsum layers on anhydrite is observed on natural rock specimens consisting of 96%—99%
anhydrite which were placed in water at temperatures of either 5 °C or 20 °C. The thickness of the
developing gypsum layer is observed optically via photography during the tests and via microscopic
analysis after drying of the specimens. The measured thicknesses corresponded well to the amount
of precipitated gypsum determined post test via thermogravimetric analysis and to predicted values
which were calculated using an existing kinetic model. The plausibility of this model could thus be
verified.
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4. Development of the ion concentration in a solution

4.1. Introduction and aim

Serafeimidis and Anagnostou (2012a, 2012b, 2013a and Serafeimidis, 2014) studied the kinetics
of simultaneous anhydrite dissolution and gypsum precipitation with the aim of improving the
understanding of the factors governing the time-dependency of swelling due to AGT and compared
predictions based on their kinetic model (see Chapter 2.4) to literature values. In order to confirm
the assumptions for the kinetic parameters (particularly the reaction rate constants k4, and ks in
Equations (2 - 25) to (2 - 27) in Chapter 2.4) and verify the equilibrium concentrations for the
conditions prevailing in the laboratory while considering the different kinds of materials used, the
change of the ion concentration in water over time needed to be quantified.

The ion concentration in a solution can be determined in different ways, such as: via an ion-
selective electrode (in this case calcium selective electrodes; cf., e.g., Kontrec et al., 2002), titration
with EDTA (cf., e.g. Kontrec et al., 2002, Wu and Boyd, 1990), ICP-OES analysis (cf., e.g., Azimi
and Papangelakis, 2011, Dai et al., 2014), gravimetry (cf., e.g., Partridge and White, 1929), or with
quartz crystal microbalance (cf., e.g., Alimi and Gadri, 2004). However, many of these methods
require specimens from the investigated solutions to be sacrificed and are arduous in their
application. In this research, the main aim was to observe the change in ion concentration in the
solution over time for various mixtures, which required a large amount of specimens and the ability
to measure the concentration within the same solution at various points in time. For this reason,
the concentration was determined indirectly by repeatedly measuring the conductivity of each
solution (cf. Chapter 3.10). The conductivity is a colligative property of the solutions, i.e., it is
dependent only on the amount of dissolved ions in the water and not on the type of ions dissolved.
Therefore, the change in concentration over time could be observed for varying conditions and the
expected equilibrium concentrations could be verified with these experiments. For solutions with
concentrations lower than ¢, (2.05 g/l at room temperature), a linear relationship between the
total amount of dissolved solids and the conductivity was expected. This linear relationship was
verified by dissolving clearly defined amounts of anhydrite up to 2 g/l in water and measuring the
electrical conductivity of the solutions. All other experiments are calibrated considering this
relationship (shown in Chapter 4.3, Figure 4-2).

4.2. Experimental procedure

The experiments were conducted with powders of commercial anhydrite (“SA”), kaolin (“PW”),
limestone (“KM”) and quartz (“QM”). The powders are described in more detail in Chapter 8.2,
where also the particle size distributions are shown (Figure 8-1). They were mixed with either
100 ml or 250 ml of demineralized water and immediately after adding water, the conductivity of
each solution was measured with the equipment described in Chapter 3.10. The bottles containing
the solutions were then shaken and the conductivity was measured again after shaking. The
measurements were repeated at multiple points in time (up to several months), whereas the
solutions were shaken at each point of measurement to remove concentration gradients in the
solutions, but otherwise remained stationary between the measurements (since the water during
swelling tests performed within the scope of this work is also stationary). At each point of
measurement the conductivity of the mixtures was noted before, immediately after and ca. ten
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minutes after shaking the bottles. As will be seen in the next chapter, shaking the bottles affected
the conductivity of each mixture to a different extent.

On the one hand, various amounts of commercial anhydrite SA (Chapter 8.2.1) were dissolved in
distilled water, i.e., 0.5/1/2/25/3/4/8 and 32 g/l. On the other hand, the influence of the
aggregates (Chapter 8.2.2) on the dissolution of anhydrite and precipitation of gypsum was
investigated for the following mixtures: 4 g/l SA and 6 g/l of either PW, KM or QM; 4 g/l SA and
18 g/l of either PW, KM or QM; 32 g/l SA and 48 g/l of either PW, KM or QM.

At the temperatures prevailing in the laboratory, i.e., 20 °C, the expected equilibrium concentration
of gypsum is 2.05 g/l (15.1 mol/m3) and that of anhydrite 3.15 g/l (23.3 mol/m?). The latter value will
not be reached during the tests, since gypsum precipitation (during which ions are consumed, cf.
Chapter 2.4.2) occurs simultaneously to anhydrite dissolution (cf. Serafeimidis and Anagnostou,
2012b).

In order to investigate the influence of the particle size of anhydrite, it was sieved through a 20 um
sieve using ethanol (the maximal grain size of SA is 40 um). Two additional conductivity
experiments were performed with the fractions larger and smaller than 20 um. Additionally, a
mixture was produced with 3 g/l anhydrite and 3 g/l gypsum which functions as seed material (and
which was obtained from previous hydration of the same anhydrite).

4.3. Results

Figure 4-1 shows the results of the conductivity measurements made from the solutions where up
to 2 g/l of anhydrite was dissolved, i.e., with a concentration lower than c,, ; . The maximal values
of these conductivity measurements are plotted against the amount of initial anhydrite mixed in
water in Figure 4-2 (together with the maximal values from all other conductivity tests where more
anhydrite was dissolved, see Figure 4-3 to Figure 4-7). From the values below 2 g/l a clear linear
relationship between conductivity and concentration can be seen. The established linear
relationship can be used for the quantification of the concentrations observed during the other tests
(where only anhydrite was used) with an initial amount of anhydrite greater than c,, ; . Itis assumed
that this relationship remains also when one of the aggregates is added to the mixture, however for
a definite quantification of the concentration this needs to be verified with other measures (e.g.,
with a calcium selective electrode).

From the theoretical values of the equilibrium concentrations (c., ., c..c ), the corresponding
values for the conductivity can be obtained. Therefore, the conductivity corresponding to the
equilibrium concentration of anhydrite is estimated to be at 3.1 mS/cm (this value is indicated also
by the dotted lines in Figure 4-2 to Figure 4-7).

Figure 4-3 shows the results of the conductivity experiments performed with varying amounts of
anhydrite powder (no aggregates), whereas Figure 4-4 shows the conductivity over time for
mixtures of anhydrite and each one of the three aggregates and Figure 4-5 shows the conductivity
of the aggregates alone (no anhydrite). Note that in Figure 4-4c (anhydrite and quartz flour) the
time axis is scaled to twice the duration of the other two.
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Figure 4-3:
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Figure 4-1:  Results of conductivity measurements with only anhydrite up to 2 g/l. The dotted line indicates the
expected equilibrium concentration of gypsum.
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Figure 4-2:  Maximal measured values for conductivity in [mS/cm] vs. amount of anhydrite used (in [g/l] and
[mol/mq]) for each experiment.
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Results of conductivity measurements with different concentrations of only anhydrite. (The dashed
curve indicates a specimen that was not shaken. The dot-dashed line indicates a longer period
without measurement. The dotted lines indicate the expected equilibrium concentrations of anhydrite
and gypsum.)

Apart from the dashed curves in Figure 4-3 and Figure 4-4, all bottles were shaken as described in
the previous chapter. The immediate influence of shaking varied among the specimens, some not
experiencing any change while others were acutely influenced. An example is given in Figure 4-6,

49



Part II: Anhydrite dissolution and gypsum precipitation in a solution

where the left diagram shows a specimen (4 g/l SA and 6 g/l PW) which did not exhibit any change
due to shaking, whereas the concentration of the specimen in the diagram on the right (32 g/l SA
and 48 g/l PW) was affected immediately after shaking (these measurements are indicated by the
circles). It can be seen that the conductivity resumes its value prior to shaking within a couple of
minutes after shaking. This behavior was strongest for the specimens containing 32 g/l SA and
48 g/l PW and 32 g/l SA and 48 g/l QM. However, the reason for which these specimens were
acutely affected stronger than the other specimens was so far not investigated further. For the sake
of clarity, the data points after shaking were removed from the diagrams in the other Figures in this
chapter (i.e., for each session of measurements only the data point prior to shaking is plotted).
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Figure 4-4:  Results of conductivity measurements with mixtures of anhydrite and aggregates; a) kaolin,
b) limestone, c) quartz flour.

a) b) c)
EO.14 EO.14 30.14
S o S
o 0.12 v 0.12 o 0.12
E E E
010 1 aggnpw 010 48 g/l KM 0-10 1 48 g/l QM
0.08 - 0.08 - 0.08 -
0.06 0.06 0.06
0.04 0.04 0.04
0.02 0.02 0.02 —mm
0.00 \ 0.00 - \ 0.00 - \
0 50 100 150 0 50 100 150 0 50 100 150

[d] [d] [d]

Figure 4-5:  Results of conductivity measurements with only aggregates; a) kaolin, b) limestone, c) quartz flour.
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Figure 4-6:  Acute influence of shaking: The circles correspond to the measurements taken immediately after
shaking. Left: 4 g/l anhydrite and 6 g/l kaolin, right: 32 g/l anhydrite and 48 g/l kaolin.

It needs to be pointed out that the equilibrium concentrations indicated in Figure 4-4 and Figure 4-6
correspond to that obtained with the specimens containing only anhydrite. They do not consider
the influence of the aggregates on the conductivity, i.e., the values may differ from those indicated
in Figure 4-4 and Figure 4-6 (due to foreign ions in the solution, cf. Chapter 2.3.4).

The experiments containing 3 g/l anhydrite alone (of different grain sizes) and anhydrite mixed with
3 g/l gypsum are plotted in Figure 4-7. For a comparison with the results from Kontrec et al. (2002),
the results from one of their experimental data was added to the plot, where anhydrite (4 to 5 um
in size) and dihydrate (gypsum) with an initial mass ratio of 1:1 were added to deionized water. The
kinetic model of Serafeimidis and Anagnostou (2012b) was then used to model the theoretical
development of the concentration for three cases: based on the data by Kontrec (blue solid curve),
3°g/l of anhydrite alone (green solid curve) and with 3 g/l gypsum additionally (red solid curve).
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Figure 4-7:  Results of conductivity measurements with 3 g/l of anhydrite under various conditions (red and green
dash-dotted curves) and comparison to the results from Kontrec et al. (2002, blue squares) and
corresponding numerical predictions (solid curves) which were calculated based on the kinetic model
of Serafeimidis and Anagnostou (2013a).The image on the top right shows the same curves in
greater detail for the first 3 days.
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4.4. Discussion

As expected, a linear relationship between the maximally measured conductivity and the
concentration of dissolved calcium and sulfate ions could be determined for solutions with low
concentrations (Figure 4-2). It appears that this proportionality between conductivity and con-
centration even exceeds c,,; , i.€., up to 2.5 g/l anhydrite. For higher initial amounts of anhydrite
the maximal measured value was 2.8 mS/cm (see Figure 4-2), which corresponds to 21.3 mol/m3,
and in the case of mixtures with aggregates even 3.0 mS/cm was measured (i.e., 22.6 mol/m3).

In general, the experiments with more than 2 g/l of anhydrite (see results in Figure 4-3 to
Figure 4-7) behaved as expected: At first the concentration increases rapidly, exceeds the
equilibrium concentration of gypsum (¢, ), from which point on gypsum precipitation occurs
simultaneously to anhydrite dissolution. Due to the decreasing difference between ¢, , and the
concentration in the solution as well as the consumption of ions due to gypsum precipitation,
the rate at which the concentration increases slows down until it reaches a peak value (lower than
c.,.1 )- The concentration then begins to decrease again due to further gypsum precipitation until it
reaches its end value at ¢, (at which point anhydrite dissolution and gypsum precipitation are
completed).

One could also observe that for specimens with higher initial amounts of anhydrite not only the
maximum values were reached faster (which corresponds to the findings in Serafeimidis and
Anagnostou, 2012b), but also the decrease in concentration over time occurred quicker (cf. Fig-
ure 4-3, e.g., red lines vs. blue lines).

From the experiments with mixtures (i.e., anhydrite and aggregates, Figure 4-4) it becomes evident
that the type and amount of aggregate influences the anhydrite dissolution / gypsum precipitation
process. The mixtures containing anhydrite and kaolin or limestone showed a fairly similar behavior
during the experiments (Figure 4-4a and b), despite the fact that limestone itself dissolves more
than kaolin, as can be seen in Figure 4-5. However, the maximally reached values were a bit higher
in the case of anhydrite and kaolin (Figure 4-4a) as opposed to the anhydrite and limestone
mixtures and the concentration decreased quicker for higher initial anhydrite and kaolin-contents.
Furthermore, the long-term behavior of the concentrations of the anhydrite / kaolin mixtures
seemed unaffected by shaking of the bottles (the red curves in Figure 4-4a are nearly identical),
whereas the mixtures with limestone reached a much smaller peak value, when not shaken
(dashed red curve in Figure 4-4b). It seems that the amount of kaolin or limestone barely changed
the behavior of the concentration in the water (comparison of black curves to blue curves in
Figure 4-4a and b). However, in the case of quartz flour, it is clearly noticeable that a smaller ratio
of initial anhydrite to quartz flour (i.e., 4 : 18 g/l, blue curve, vs. 4 : 6 g/l, black curve) slowed the
gypsum precipitation process down by far. Furthermore, shaking the bottles containing quartz flour
seemed to have increased the speed of the process (when comparing the dashed and the solid
red lines in Figure 4-4c). No explanation was found why the mixtures with quartz flour showed a
different behavior. Possibly, nucleation and crystal growth occur slower when quartz flour is
present. Further insight may be given if the effect of dissolution is separated from nucleation and
crystal growth. Since the dissolution process was seen to occur very abruptly in the results shown
above, it may, however, be difficult to measure this with conductivity experiments. While this would
be beyond the scope of this thesis, it can be noted that studies on pure dissolution kinetics could
prove useful. They would typically be conducted under high dilution conditions preventing the
precipitation of other phases, and would use either flow-through dissolution cells or highly dilute
suspensions.
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As expected, Figure 4-7 indicates that the anhydrite dissolution / gypsum precipitation process
occurs faster, if (a) smaller grain sizes of anhydrite are used and (b) gypsum is used as seed
material. However, it can be seen that the measurements performed by Kontrec et al. (2002)
(cf. Serafeimidis and Anagnostou, 2013a) delivered a much faster change in concentration. On the
one hand, this may be due to the far smaller grain size of anhydrite (4-5 um, Kontrec et al., 2002),
on the other hand, some parameters used in their research are unknown to us (e.g., the amount of
anhydrite / gypsum used for this specific test or the size of the seed material). Many assumptions
and simplifications needed to be made to model the exemplary theoretical predictions shown in
Figure 4-7 (solid curves), e.g., the grain sizes, shape and specific surface areas of anhydrite and
gypsum. Also, the cases where no seed material was used in the experiment could not be modeled
accurately (solid green curve), since a minimal amount of seed material needs to be considered in
the model to implement Equation (2 - 26) or (2 - 27).

4.5. Conclusions

While the calculated equilibrium concentration of gypsum was confirmed with the measurements,
the equilibrium concentration of anhydrite could not be confirmed experimentally, since the
measured concentration lies below ¢, , in all cases. It was seen that the maximally measured con-
ductivity varies depending on the amount of dissolving anhydrite (see Figure 4-2 and Figure 4-3).
Therefore, it is wrong to assume that ¢, , corresponds to the maximal value measured, which was
the case in the works of Bock (1961) and Kontrec et al. (2002), see also Chapter 2.3.1. However,
the calculated value for ¢, , (23.3 mol/m?® according to Appendix A) is deemed plausible and will
be used for the further considerations in this work.

It was not possible to definitively confirm the reaction rate constants as given in Serafeimidis and
Anagnostou (2013a) with the performed extensive and systematic investigation campaign, since
many assumptions need to be made in order to model the change of concentration in the solutions.
No set of parameters was found that could successfully model all cases measured in the ex-
periments described herein. Nevertheless, the research performed in this work (e.g., in Chapter 5)
assumes the values from the above mentioned authors (cf. Chapter 2.4).
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5. Self-sealing of anhydrite

5.1. Introduction

Anhydrite can be encountered as particles of different sizes, veins or layers within a clay matrix,
but also occurs in the form of massive, bulky anhydrite beds. Gypsum often precipitates directly on
the surface of the dissolving anhydrite, since seepage flow in the rock is usually negligibly slow
compared to the reaction rate of gypsum precipitation. Especially in the case of big particles, very
thick veins, layers or massive anhydrite (which is the main focus of this chapter), the growing layer
of gypsum on the anhydrite surface slows down further anhydrite dissolution, since the dissolving
ions must now diffuse through the porous layer of gypsum. This phenomenon is referred to here
as “self-sealing” of the anhydrite, even though the anhydrite is never completely sealed by the
gypsum but its dissolution rate is strongly retarded. Due to self-sealing, massive anhydrite is often
considered as less problematic in underground construction, since it does not express as large
swelling deformations (or when restricted: swelling pressures) within the lifetime of the respective
underground construction, compared to cases where anhydrite is finely distributed in the rock
(cf., e.g., Amstad and Kovari, 2001, Rauh et al., 2006).

5.2. Conceptual model

Serafeimidis and Anagnostou (2013a) and Serafeimidis (2014) formulated a model to determine
the effect of sealing on anhydrite dissolution. It shows that the rate of anhydrite dissolution indeed
reduces when gypsum grows directly on its surface and thus begins to seal the anhydrite. They
discovered that depending on the gypsum porosity and the thickness of the anhydrite layers, the
hydration time of anhydrite may increase by many orders of magnitude and exceed the usual
service life of tunnels (100 years) by far. For example, Serafeimidis and Anagnostou (2013a)
indicate that an anhydrite platelet of a thickness of 100 mm would be completely dissolved after
roughly 200 years without considering the effect of sealing, and 5000 years when taking sealing
into account (assuming the porosity of the gypsum layer to be 0.1). Serafeimidis and Anagnostou
studied two possible shapes of dissolving anhydrite particles: parallelepipeds and spherical
particles. For the present study anhydrite dissolution and gypsum precipitation is investigated on
parallelepipeds of anhydrite (Figure 5-1, left). When fully immersed in water, the anhydrite will
dissolve and the gypsum is expected to precipitate directly on the surface of the anhydrite itself, as
the latter functions as seed for the growth of gypsum nuclei. At any given time, a cross-section of
that same specimen is expected to have changed according to Figure 5-1, right: A certain
“thickness” of anhydrite has dissolved (s,) and was replaced by precipitated gypsum, which has a
larger thickness (s; ). The total thickness of the platelet (anhydrite and gypsum) changed by s,
and is now S; ,, while S, is the thickness of the remaining anhydrite.
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Figure 5-1:  Left: Parallelepiped, right: Cross section area after anhydrite dissolution and gypsum precipitation,
whereas S, is the initial thickness of the parallelepiped.
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5.3. Experiment

5.3.1. Aim and procedure

In the interest of observing sealing experimentally, simple laboratory tests were performed. The
thicknesses of growing layers of gypsum on anhydrite was quantified and compared to the pre-
dictions made based on the kinetic model which Serafeimidis and Anagnostou (2013a) established
for simultaneous anhydrite dissolution and gypsum precipitation, and thus the plausibility of the
model is proven. For the experiments, some platelets cut from natural anhydrite were inserted in
water, the growing gypsum layers and gypsum needles were observed optically and the
thicknesses of the gypsum layers were quantified with scanning electron microscopy (SEM,
Chapter 3.2). The amount of precipitated gypsum was determined via weight change and
thermogravimetric analysis (TGA, Chapter 3.1).

The used specimens can be considered as large-scale anhydrite platelets, which were cut from
natural rocks containing 96% to 99% of anhydrite (see specimen compositions in Table 5-1). The
rocks stem from the lower layers of the gypsum-quarries in Bex and Leissigen, Switzerland (i.e., of
the Ultrahelveticum in the cantons of Vaud and Berne) and from bore-cores originating from the
exploratory campaign for the new Bozberg-Tunnel in Switzerland (i.e., from the Anhydritgruppe of
the Faltenjura in the canton of Aargau).

The dimensions of the platelets were roughly 9 x 23 x 65 mm3. So far, tests on four specimens (of
the 17 platelets in total) were terminated and will thus be discussed in detail in the following
chapters. The properties of these specimens (Bex 1b, Bex 1f, Bozberg “BB” 1e and BB 1f) are
listed in Table 5-2.

The platelets were immersed in ca. 30 ml of water (saturated with respect to gypsum, i.e.,
15 mol/m?) in a container as shown in Figure 5-2. Two series of experiments were performed, one
at room temperature (20 °C) and one in a cooling box (5 °C), at which the concentration gradient
between ¢, , and ¢, is higher (see Figure 2-1), but the reaction rate constant will be smaller,
as will be discussed later. The experimental conditions, as well as the main measurements taken
before and after the experiments are listed in Table 5-2. Every 1-2 months each specimen is
photographed and the change of the specimen surfaces are observed qualitatively. In order for the
images to be compared to one another as accurately as possible, the frame of the test setup
provided a haltering for the camera to allow the photographs to be taken from the same position
during each session.

Table 5-1: Mineralogical composition of the rocks prior to contact with water (X-ray diffraction results,
weight%).

Specimen name Anh Dol 1/ Ms Kfs Qtz

Bex1 96.5 3.2 0.3

Bozberg1 98.8 0.3 0.9

Bozberg3 94.5 3.0 1.3 0.8 0.4

Leissigen12 97.9 1.5 0.6

Key: Anh = Anhydrite, Dol = Dolomite, Il = lllite, Ms = Muscovite, Kfs = K-Feldspar, Qtz = Quartz
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Table 5-2: Overview of experimental conditions, measurements prior and post test and back-calculated
specimen properties.

Specimen Bex1b Bex1f BB1e BB1f

Experimental conditions

Testing temperature [°C] 5 20 20 20

Test duration [d] 889 800 800 422

Specimen measurements prior to test

Mass [g] 40.6 41.2 28.3 33.2
Thickness S40 [mm] 8.6 8.4 9.1 9.4
Width dy =a -S4 [mm] 223 27.8 18.7 213
Height /iy =b-S40 [mm] 72.6 61.3 57.9 57.8

Back-calculated initial values

Density [g/cm?] 2.90 2.89 2.88 2.88

Specimen measurements post test

Mass (dry) [g] 41.3 419 31.1 34.3

Back-calculated values from specimen mass (AM )

Mass of bound water, post test [g] 0.76 0.70 2.74 1.10
Mass of dissolved anhydrite [g] 2.86 2.65 10.35 4.16
Mass of gypsum post test [g] 3.62 3.36 13.09 5.26
Corresponding sg [mm] 0.35 0.33 1.84 0.65

Back-calculated values from TGA results

Mass of bound water, post test [g] 0.26 0.11 3.10 -
Mass of dissolved anhydrite [g] 0.98 0.43 11.71 -
Mass of gypsum post test [g] 1.24 0.54 14.81 -
Corresponding s¢ [mm] 0.12 0.05 212 -

The four specimens mentioned above were extracted from their containers after a certain period of
time (see Table 5-2), weighed, dried at 40 °C (which is low enough to ensure that the formed
gypsum does not transform back to anhydrite or to bassanite, see Chapter 2.1 and Appendix 1) and
weighed again in order to obtain the new dry mass of the specimen. A comparison of the dry mass
post test to the dry mass prior to the test delivers the amount of bound water in the gypsum crystals
(see Table 5-2). Then the lower sections of the specimens were embedded in epoxy (as is shown
in Figure 5-3). From this, samples could be sawed off from the bottom of the specimens for the
investigations with SEM (see Chapter 3.2), where images reflecting material contrast (back
scattered electrons, BSE) can be collected. Due to the various densities of the minerals
(i.e., gypsum 2.32 g/cm?, anhydrite 2.96 g/cm?®), anhydrite appears whiter than the gypsum in the
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BSE images while the pore space remains black. Therefore, it is possible to qualitatively distinguish
between anhydrite and gypsum. In the interest of comparing the state of the rocks post test to their
initial state prior to contact with water, BSE images were collected from samples adjacent to the
actual specimens (referred to as “specimens prior to test”). Additionally, optical microscopes were
used to study the surface of some specimens (see, e.g., on the right in Figure 5-3) as well as to
perform thin section analysis on the specimens Bex 1b, Bex 1f and BB 1e. From the top areas of
these three specimens, samples were sawed off and ground to powder for TGA (Chapter 3.1).

View from top (A-A):

S'l[l

View from side (B-B):

== Lid (PVC)
y | O
Container
(acrylic glass)
mm-paper
""" (on backside of container)

A
S I Water
(saturated with respect to gypsum)
Specimen
(pure anhydrite)
_Floor (PVC)

Figure 5-2:  Left: conceptual sketch of the test setup for the sealing experiments (average dimensions of the
specimens were S,, =8.8mm , a=2.6, b=7.4), right: photograph of the specimen BB 1f during the
test.
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Figure 5-3:  Left: photographs of the specimen BB 1f after embedding in epoxy and after sawing. Right: image
of the cross-section of BB 1f obtained with an optical microscope.

5.3.2. Results

a. Photography

Figure 5-4 shows the evolution of the four exemplary specimens, whereas the specimen in the top
row (Bex 1b) was tested at 5 °C, the others at 20 °C. Generally, all specimens at 20 °C produced
clear clusters of (long) needles, as can be seen in the bottom three rows of Figure 5-4. The
specimens that were tested at 5 °C were, however, rather covered by a “fleece” of very fine and
much smaller gypsum needles. At both temperatures, gypsum precipitation appeared to occur
preferentially in the lower area of the specimens.
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5. Self-sealing of anhydrite

It needs to be noted that the cooling box malfunctioned after about 100 days and the water
surrounding the 5 °C-specimens (such as Bex 1b) froze completely (the temperature nearly
reached -40 °C). They were then thawed and the experiments continued. No substantial change of
the specimens could be observed optically.
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Bex 1f
(20°C)

Bozberg 1e
(20°C)

Bozberg 1f
(20°C)

od 90d 200d 400d 800d

Figure 5-4:  Photographs of four specimens after various durations. Top row: Bex 1b at 5 °C, bottom three rows:
Bex 1f, BB 1e (Bézberg) and BB 1f at 20 °C. (The distance between two vertical lines on the scale
behind the specimens is 0.5 mm.)
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b. Microscopy

Figure 5-5 shows images of the rocks (prior to contact with water) which were obtained with BSE
from SEM. As expected, the rock matrices in Figure 5-5 appear very homogeneous (i.e., light grey)
since they consist of 96—-99% of anhydrite (cf. Table 5-1). On a smaller scale (images ¢ and d in
Figure 5-5) a difference in texture of the two specimens can be observed: Bex shows rather bulky
plates with easily distinguishable fissures, while the Bozberg specimen appears to have more of a
granular texture with more, finer fissures. In both cases it is uncertain whether the fissures were
caused by sampling or specimen preparation or whether they correspond to the initial state the
rocks were in.

Bex 1 prior BB 1 prior

!
|

c o ' < 02mm > d < 02mm —>

Figure 5-5: BSE images from SEM. Left column (a,c): Bex 1 prior, right column (b,d): BB 1 prior. “OAS” indicates
the original anhydrite surface.

For the cases after contact with water, the transformed specimen surfaces are shown in the
following images for all four specimens.

Figure 5-7, Figure 5-10, Figure 5-13 and Figure 5-16 show BSE images of the four extracted
specimens on a relatively large scale (comparable to the top images in Figure 5-5). As mentioned
above, one can distinguish between the rather compact inner core of anhydrite (light grey, i.e., in
the bottom areas of Bex 1b, Bex 1f and BB 1e or in the areas of BB 1f denoted as “A”) and the
gypsum (dark grey, denoted as “G”) which can be found in the shape of gypsum needles along the
surface and within the pores near the edge of the specimen (the latter is mainly in the case of the
Bozberg specimens).
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Based on these images an attempt was made to determine the thicknesses of the receding
anhydrite front (from the original anhydrite surface “OAS” to the new anhydrite surface “NAS”) as
can be seen in the examples in Figure 5-8, Figure 5-11, Figure 5-14 and Figure 5-17. In some
cases, gypsum was only observed in the shape of needles along the anhydrite surface, whereas
the latter did not seem to recede at all and can still be seen as a clearly defined line (especially for
the Bex specimens), whereas in other cases (mainly on the specimens of Bézberg) a penetration
of gypsum into the specimen could be observed (see, e.g., the grey gypsum matrix with some
remaining anhydrite crystals in Figure 5-17¢).

As mentioned previously, thin sections were made of three specimens, images of which are shown
in in Figure 5-8, Figure 5-11 and Figure 5-14 (right-hand side). Naturally, it was not possible to
display the identical areas as the BSE images, however similar areas were found and are shown
at a comparable scale to the BSE images on the left-hand side of the same Figures. In thin section
analysis with polarized light mode, the gypsum crystals can be distinguished from the anhydrite
crystals by the lower birefringence (Nesse, 1986), i.e., the gypsum crystals will appear in
greyscales, as opposed to the “colorful” anhydrite crystals.

The following sub-sections show the collected microscopic images for each investigated specimen.

b.i. Bex 1b (5 °C)

The examined cross-section of the specimen Bex1b (tested at 5 °C) is shown in Figure 5-6 and a
large-scale overview obtained with BSE images is presented in Figure 5-7. With the possible
exception of Figure 5-8c (it is not clear, whether the dark grey area in Figure 5-8c is gypsum), the
smaller scaled images of Figure 5-8 as well as the large scale images in Figure 5-7 lead to believe
that gypsum did not precipitate within the specimen.

Figure 5-6:  Photograph of the specimen Bex 1b after embedding in epoxy and sawing.
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Figure 5-7:  Large-scale SEM images (BSE) of the specimen Bex 1b (multiple images pasted together).
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h <— 0.1mm —>

Figure 5-8:  BSE (a,c,e,g) and thin section (b,d,f,h) images of the specimen Bex 1b. The brown area marked “C”
in Figure (d) is calcite (A. M. Aguilar Sanchez, ETH Zurich, personal communication).

b.ii. Bex 1f (20 °C)

The cross-section of Bex 1f in Figure 5-9 (tested at 20 °C) delivered the BSE and thin section
images presented in Figure 5-10 and Figure 5-11. Here too, gypsum did not appear to have
precipitated within the anhydrite close to the surface.

” "-\

< 10mm—

Figure 5-9:  Photograph of the specimen Bex 1b after embedding in epoxy and sawing.
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Figure 5-10:  Large-scale SEM images (BSE) of the specimen Bex 1f.
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Figure 5-11:  BSE (a,c,e) and thin section (b,d,f) images of the specimen Bex 1f.
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b.iii. BB 1e (20 °C)

The investigated cross-section of specimen BB1e (tested at 20 °C) is shown in Figure 5-12. Already
from the photograph it can be seen that the specimen was cracked and gypsum appeared to
precipitate within the cracks. These cracks were very well visible in the BSE images of SEM (see
the overview in Figure 5-13 and the images shown in Figure 5-14). In some parts the gypsum has
strongly penetrated the anhydrite (as can be seen, e.g., in Figure 5-14b, ¢ and e), whereas the
“new” anhydrite surface (“NAS”) is not distinguishable in all cases and it is not clear, how far the
gypsum precipitated within the specimen. This can also be seen in the thin section images in
Figure 5-14d and f: The gypsum (in grey scales) penetrated the (more colorful) anhydrite.

Figure 5-12:  Photograph of the specimen BB 1e after embedding in epoxy and sawing. (The rectangle roughly
indicates the area of Figure 5-13.)

< 1mm >

Figure 5-13:  Large-scale SEM image (BSE) of the specimen BB 1e (multiple images pasted together).
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Figure 5-14: BSE (a,b,c,e) and thin section (d,f) images of the specimen BB 1e.
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b.iv. BB 1f (20 °C)

Figure 5-15 presents the cross-section of the specimen BB1f, which contains clear cracks (which
was already indicated in Figure 5-3). Large scale “overview” images of three areas of the specimen
BB 1f (see Figure 5-15b) is shown in Figure 5-16 while Figure 5-17 shows some areas in more
detail (Figure 5-17b corresponds to the bottom left area of image 2 in Figure 5-16). Here too, one
can see a clear layer of gypsum, whereas the area between the gypsum and the anhydrite appears
very porous.

Figure 5-16(1) shows an area, where the anhydrite was clearly cracked (the cracks can also be
seen in the SEM-sample in Figure 5-15). The rather large cracks were originally hairline fissures,
which seem to have been filled with gypsum in most cases, as indicated by the arrows in
Figure 5-17a. It appears that the gypsum crystals expanded the cracks further.

(a) (b)

<10mm—>

< 5mm >

Figure 5-15:  (a) Specimen BB1f, embedded in epoxy and cut; (b) Image of specimen BB1f obtained with optical
microscope (multiple images pasted together); the rectangles 1-3 indicate the areas of the BSE
images in Figure 5-16.
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Figure 5-16: Large-scale SEM images (BSE) of three areas (see Figure 5-15) of the specimen BB 1f (multiple
images pasted together).
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Figure 5-17:  Small-scale SEM images (BSE) of the specimen BB 1f. (The scale is indicated in the bottom right
corner of each SEM image.) In image (a) gypsum precipitation in cracks is indicated by arrows.

5.3.3. Theoretical prediction

The theoretical change of the thicknesses from the original anhydrite surface (OAS) to the new
anhydrite surface (NAS) as well as the gypsum coating was calculated by using the kinetic model
of Serafeimidis and Anagnostou (2013a), as mentioned in Chapter 5.2. The model assumes an
even retreat of the anhydrite surface and a clearly defined gypsum layer, both with constant
porosities. The change in thicknesses s, and s; were thus calculated using Equations (5 - 1) and
(5 - 2) while considering the geometries from the experiments.

Sy ~
Ba_ Ka || Cea =) K G [Caa =€ (5-1)
dt Pa Ceq, 4 kA SG Ceq, 4
5
s _ke|c=Cua | 1 (5-2)
dt Pc Ceq,G 1_nG

These rates are coupled via the concentration in the solution ¢ which depends on the initial
concentration, the densities of anhydrite and gypsum, the current amount of anhydrite and gypsum
as well as the water content in the system (see also Chapter 2.4). Note, that the rates at which
these thicknesses change depend on whether the rate of anhydrite dissolution (i.e., the kinetics,
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first term in the bracket of Equation (5 - 1)) or the diffusive flow of the dissolving ions through the
gypsum layer (second term in the bracket of Equation (5 - 1)) is the limiting mechanism. When
anhydrite begins to dissolve the former will be the limiting mechanism; after a while, when the ions
need to diffuse through a formed gypsum layer, the latter will be the limiting mechanism.

The thicknesses of the remaining anhydrite core as well as the total thickness of the specimen
amount to:

SA=SA()+2‘S,4 (5-3)

Sea=Sw0+2-54+2-5¢ (5'4)
The definitions and assumptions for the parameters used in Equations (5 - 1) and (5 - 2) are listed
in Table 5-3 and were generally taken from Serafeimidis and Anagnostou (2013a), with the
following additions:

e The values for the reaction rate constants at 5 °C were assumed based on an extrapolation
via the Arrhenius equation (cf., e.g., Atkins and De Paula, 2006) from experimental data
found in the literature (Kontrec et al., 2002, Bildstein et al., 2001, Barton and Wilde, 1971,
James and Lupton, 1978, Liu and Nancollas, 1970, see Appendix C). It needs to be noted,
that the experimental data at the temperature ranges of interest in the present case are
scarce and vary strongly in the literature (Serafeimidis and Anagnostou, 2013a, and
Serafeimidis, 2014). Therefore, the reaction rate constants at 5 °C are to be seen as rough
estimates, since the parameters for the Arrhenius equation also need to be determined
based on experimental results and no consistent set of parameters was found that fits the
various experimental data.

e The orders of reaction (5, and &;) are assumed to be independent of the temperature and
are thus taken equal to two, cf. Chapter 2.4 (e.g., Kontrec et al., 2002, investigated the
reaction rates at a temperature range of 10 °C — 40 °C experimentally and have found that
the kinetics of anhydrite dissolution and gypsum precipitation correspond to a second order
law).

e The equilibrium concentrations (¢, , and c., . , see Figure 2-1) were calculated according
to Serafeimidis and Anagnostou (2013b and 2014b) for the prevailing conditions in the
laboratory (i.e., temperatures according to Table 5-2 and atmospheric pressure, see also
Chapter 2.3.1 and Appendix A).

e The porosity of the sealing gypsum layer is assumed to be n; =0.1. This value was chosen
arbitrarily, since it was not possible to reliably estimate the porosity from the microscopic
images, due to the fact that the gypsum and void areas vary strongly in the differentimages
shown in Chapter 5.3.2. However, the gypsum layer is assumed to have a far higher
porosity than the anhydrite (porosimetry on the Bex and Bdzberg specimens revealed a
porosity of about 0.005-0.007). The influence of the porosity of the gypsum layer on the
hydration time of anhydrite is discussed in Serafeimidis and Anagnostou (2013a) and
Serafeimidis (2014).

e The diffusion coefficient at 5 °C (& = 6.410-'° m?/s ) is taken according to Jeschke (2002).

The predictions for the development of s,, s and s, for5 °C and 20 °C are shown in Figure 5-18.
The times of extraction of the four experimental specimens mentioned previously are indicated by
the red lines.
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As can be seen from Equations (5 - 1) the rate at which s, changes will increase with a greater
undersaturation and, accordingly, s; grows faster with a greater supersaturation based on
Equation (5 - 2), which is the case at 5 °C as can be seen in Figure 2-1. On the other hand, the
rates increase with higher reaction rate constants, which is the case at 20 °C. With the set of
parameters assumed in Table 5-3, these two factors appear to be nearly compensating each other,
as can be seen in Figure 5-18. Thus, the influence of the temperature seems negligible in this case.
Nonetheless, it was seen that concerning the condition in Equation (5 - 1), at 20 °C the diffusive
flow will become the governing mechanisms faster than at 5 °C.

Table 5-3: Input parameters and assumptions for the prediction of s ,, s, and s, , .

Input parameter Symbol Unit 5°C 20 °C

Reaction rate constants

Anhydrite ka [kg/m?/s] 1.8:10°¢ 3-10°

Gypsum ke [kg/m?/s] 9:10°8 5:107

Orders of reaction

Anhydrite dissolution O [] 2 2

Gypsum precipitation S [-] 2 2

Tortuosity T [-] 0.66 0.66

Diffusion coefficient k [m?/s] 6.4-10° 8-10°

Equilibrium concentrations

Anhydrite Ceg.a [mol/m?] 29.7 23.3
Ceq, a* [kg/m?] 4.05 3.16

Gypsum Ceg.0 [mol/m?] 15.5 15.6

Porosity of the gypsum layer 76 [ 0.1 0.1
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Figure 5-18:  Prediction of the change in thicknesses s4, S¢ and S.x over time.
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5.4. Comparison and discussion

The measurements (s, s; and s, ) obtained from the mass change of the specimens, TGA and
SEM are illustrated in Figure 5-19 together with the respective predicted values (solid lines). It
appears that the measurements taken on specimens from Bex are generally smaller than their
predicted values, compared to the Bozberg specimens. This could also be seen in the SEM images
(Figure 5-8 and Figure 5-11), where the anhydrite surface did not seem to be “penetrated” by the
gypsum in the case of the Bex specimens. It is conjectured that this is strongly dependent on the
texture of the rock, since the Bex specimens appeared denser and with fewer fissures than the
Bodzberg specimens prior to the tests (Figure 5-5). The fissures allow the water to infiltrate further
into the specimen and thus facilitate gypsum precipitation at a greater depth instead of only along
the anhydrite surface. Considering test duration, there is a clear difference when comparing the
Bbzberg specimens BB 1e (2.2 years) and BB 1f (1.2 years). Based on the change in mass and
the TGA results, clearly more gypsum has precipitated after 2.2 years. However, when comparing
their BSE images (Figure 5-14c vs. Figure 5-17¢), the sizes of the gypsum crystals (or “layers”)
were not obviously larger after the longer duration (BB 1e vs. BB 1f), as was expected.
Furthermore, the porosity of the gypsum layers and the anhydrite below appeared very irregular in
the microscopic images, whereas the prediction assumes a constant porosity, as described in the
previous chapter.

The experiments revealed an entirely different shape of gypsum precipitation at 5 °C than at 20 °C
(“fleece” in the top row of Figure 5-4 vs. needles in the bottom three rows). This may be due to the
fact that, for one, the diffusion rate is smaller at lower temperatures, and, that the concentration
gradient (¢ - c,, ¢ ) is higher at lower temperatures (since c,, , is higher at lower temperatures and
may thus raise the value of ¢). The diffusion rate is dependent on the diffusion coefficient p [m?/s],
which can be described with the Stokes-Einstein equation:

__ksT (5-5)
671 R,y

where k;, T, 5, R, are the Boltzmann constant [J/K], the temperature [K], the dynamic viscosity
[N-s-m~2] of the solvent and the radius of the diffusing particle [m]. Thus, the diffusion coefficient is
1.6 times smaller at 5 °C than at 20 °C and, consequently, the diffusion rate is slower at lower
temperatures.

When regarding the pictures in Figure 5-4, the gypsum appeared to have precipitated preferentially
in the lower areas of the specimens compared to the upper areas. Hence, the dissolved ions seem
to sink slightly towards the bottom of the specimens due to gravity and thus increase the ion
concentration locally, leading to preferential gypsum precipitation in the lower areas.

Furthermore, the SEM images of the cross sections of the Bbzberg specimens gave a first
impression of the complexity of the sealing process: Due to the receding anhydrite border a new
pore space develops, which gets (at least) partly filled by gypsum. However, this border is usually
not as clearly defined as anticipated. It proves to be difficult to quantify the effect of sealing in terms
of clearly defined thicknesses s,, s¢ and s, , upon which the kinetic model is founded. This
becomes obvious when regarding the scatter of the measured values (x in Figure 5-19). It also
needs to be noted, that the model assumes constant porosities of the anhydrite and of the gypsum,
which could not be confirmed in the experiments.
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Figure 5-19:  Comparison between prediction and measurements (obtained via change in dry mass, TGA, and

SEM images) of s, (green), s (blue) and s, (black) for each specimen.

5.5. Conclusions and outlook

Although the development of the anhydrite and gypsum surfaces of the nearly pure anhydritic rock
specimens in water occurred unevenly, whereas in some cases the change in anhydrite surface
could not even be observed, the gathered values for the thicknesses (determined via back-
calculation from the specimen masses, TGA and optically by measuring the gypsum layer in BSE
images) lie reasonably well within the predicted values.

It was seen that gypsum precipitates in slightly different shapes, depending on the testing tem-
perature (i.e., different sizes and clusters of needles), and not in the form of a clearly defined layer,
as is the basis for the theoretical prediction. Furthermore, the texture of the anhydritic rock ap-
peared to influence the spatial precipitation of gypsum, i.e., in some cases gypsum visibly pre-
cipitated within the pore space or cracks (Bézberg specimens), whereas in other cases (Bex speci-
mens) gypsum was only found along the outside of the anhydrite surface in the shape of needles.
It needs to be stated however, that the growth of gypsum needles was completely unhindered.

In order to quantify the thicknesses with less scatter, the free growth of the gypsum needles
perpendicular to the anhydrite surface should be restricted, so that the gypsum grows more as a
homogenous layer, which is expected to occur in nature and corresponds to the model
assumptions. This could be enforced by embedding the anhydrite so that some counter pressure
acts on its surface. For this reason, two further specimens were clamped between two glass
platelets by a rubber band and inserted in water (ongoing tests). Furthermore, more data needs to
be collected in order to compare the behavior of the specimens better with the prediction. For
example, cross sections at different levels of the specimens would need to be investigated (as
mentioned previously, the gypsum seemed to precipitate mainly in the lower area of the specimens)
and multiple specimens would need to be examined (for instance, further specimens tested at
5 °C). This, however, requires a time consuming, systematic SEM investigation program of multiple
specimens at various points in time which could not be done within the scope of this work.
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PART III
COUPLED CHEMO-MECHANICAL PROCESSES (C-M)

Abstract

One of the main knowledge gaps concerning swelling of anhydritic rocks is the unknown swelling
law, i.e., the constitutive relationship between the mass changes of anhydrite and gypsum due to
AGT and the resulting swelling pressure and swelling strain.

Part Ill presents a constitutive model which connects these factors, as well as conceptual models
which describe the individual chemical processes and their possible influence on stresses and
strains for a variety of material structures. It gives an overview of how these individual influences
could in principle be determined with experiments. A first ever systematic experimental campaign
is featured which was conducted to obtain specific results for the constitutive relationship between
the mass change of anhydrite due to AGT and the resulting stresses and strains. The experiments
were performed under a variety of clearly defined boundary conditions where some processes that
may occur simultaneously in nature and may influence the swelling behavior were eliminated (such
as swelling of clay or transport processes of the ions in the pore water). This was controlled by
using artificial specimens of highly compacted powdered anhydrite and other aggregates.

With this material it was seen that a semilogarithmic relationship exists between the maximal swell-
ing strains and the applied stresses acting on the specimen, and a maximal swelling stress was
found. Furthermore, the stresses and / or strains developed nearly linearly with decreasing mass
of anhydrite in the specimens in most cases.






6. Introduction

6. Introduction

6.1. Knowledge gap

In anhydritic claystones, two main swelling processes can occur simultaneously upon watering:
“physical swelling” due to osmotic swelling of clay and reduction of negative pore pressures, i.e.,
an inverse consolidation which is henceforth referred to as “mechanical swelling”, and swelling due
to AGT (referred to here as “chemical swelling”). While physical swelling of the clay is well
understood, the relationship between stresses and strains due to chemical swelling represents a
particularly important knowledge gap regarding the swelling behavior of anhydritic rock. An
understanding of the coupled chemo-mechanical processes, i.e., the development of stresses and
strains during AGT and the determination of a “swelling law” is highly important for the conceptual
design of tunnels through anhydritic rock. Knowledge on the stress-strain relationship enables the
designing engineer to decide whether the resistance principle or the yielding principle is more
adequate (cf. Chapter 1.2 and, e.g., Amstad and Kovari, 2001).

The establishment of a chemo-mechanical model which can take account of chemical reactions
(anhydrite dissolution, gypsum precipitation, or both reactions simultaneously, cf. Chapter 2.2) and
also stresses and strains is therefore of interest. Only few approaches for a chemo-mechanical
model are found in literature, the so far most elaborate model being that described in the research
of Oldecop and Alonso (2012), Ramon and Alonso (2013) and Ramon (2014), where they relate
the strains to the mass change of gypsum via a — so far unknown — bulking parameter (see Equation
(1-1)in Chapter 1.4.8).

The reason for the deficiency of chemo-mechanical models is that no systematic, long-term
experiments under clearly defined mechanical boundary conditions exist which would deliver a
databasis for the development of such a model. This is due to the fact that too many indeterminate
factors exist, which make the establishment of such a model difficult, such as heterogeneity,
presence of clay and especially the very slow swelling process of anhydritic rock. Furthermore, the
development of stresses and strains is so far not brought into relation with the mass changes of
anhydrite and gypsum (see Chapter 1.4). This is essential to determine with experiments, since it
is not possible to reliably calculate the strains solely due to the volume changes of anhydrite and
gypsum on a theoretical basis (i.e., 61%, cf. Chapter 2.2.3), but the changes in pore volume are
not known and depend on the acting stress.

So far, no systematic experimental research was found which investigates the developing swelling
strains and stresses occurring solely due to anhydrite dissolution and gypsum precipitation (i.e.,
due to chemical swelling), since in most cases swelling of clay occurred simultaneously and was
not distinguished from chemical swelling.

6.2. Aim and overview of Part lll

Part Ill of this thesis presents the bulk of the work undertaken. It aims at establishing a relationship
between the mass changes of anhydrite to gypsum and the resulting swelling stresses and strains
by means of an extensive, systematic experimental campaign.

First, a constitutive model for the description of the chemo-mechanical couplings is introduced,
where equations are formulated which combine the chemical processes gypsum precipitation and
anhydrite dissolution and the stresses and strains induced by the chemical reactions (Chapter 7.1).
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Part Ill: Coupled chemo-mechanical processes (C-M)

Next (in Chapter 7.2), the possible mechanical responses due to the chemical reactions are
discussed with the help of conceptual models. As indicated by the overview in Figure 6-1, this
influence of the chemical reactions on the mechanical responses (C->M) is merely one branch of
the entire hydraulic-mechanical-chemical (HMC) coupled processes which the topic of swelling of
anhydritic rocks contains. Factors concerning the other branches, e.g., the influence of advection
on the concentration and thus on the mass changes of anhydrite and gypsum (H->C), are
qualitatively discussed in the N2 diagram in Appendix B and are not investigated further in this
work.

As shown in the overview in Figure 6-1, the influences of the chemical reactions on the mechanical
responses are discussed for four different types of rock- / or specimen-materials (for example: the
influence of anhydrite dissolution and gypsum precipitation on stresses for a rock with fissures). In
Chapter 7.3 (as well as in the Appendix E) thought experiments are described with which these
couplings could be investigated.

The focus of this work lies, however, on a small aspect of the entire hydraulic-mechanical-chemical
coupled processes (red path in the “HMC-tree” in Figure 6-1): the influence of both chemical
reactions (i.e., simultaneous anhydrite dissolution and gypsum precipitation) on the occurring
stresses and strains for a fine granular homogeneous material. Based on this, experimental
investigations were performed which are presented and discussed in Chapter 8.

HMC
|
[ I
[ | [oon |
|

Simultaneous Influence of the
Anhydrite dissolution Gypsum precipitation anhydrite dissolution and pressure on the
gypsum precipitation solubilities
Influence on | | Influence on Influence on | | Influence on Influence on | | Influence on
stresses strains stresses strains stresses strains
[ | | | [ |
I
[ [ I ]
AR «Sponge-like» . Rock with anhydritic Natural rock
homogeneous Layered anhydrite . . .
material perforated system veins or fissures (influence of clay)

Figure 6-1: Overview HMC-tree: This work focuses on the influence of chemical on mechanical processes,
specifically of the influence of simultaneous anhydrite dissolution and gypsum precipitation on the
stresses and strains for granular material (red path).
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7. Constitutive and conceptual models for the description of the
C-M coupling

7.1. Constitutive model

Due to AGT strains may occur without any changes of the stresses, or, vice versa, stresses can
develop while strains are prohibited. Therefore, the constitutive chemo-mechanical model must
consider that stresses or strains may change while the other is held constant. This is possible with
the general formulation

d"ij:Dijkt'(ékl—é:flGT) (7-1)
where the effective stress increments ¢ '; are defined as usually in geotechnics (Terzaghi, 1943);

D, denotes the incremental stiffness tensor and ¢/¢7 are the chemically induced strain
increments (cf., e.g., Hueckel, 1997, Bary, 2008, Cheng, 2016).

Equation (7 - 1) allows to map the development of strains under constant stress (¢, = 47 if 6'; =0)
or changes in the stress state under constant strains (6'; = — Dy, - €467 if &, =0).

In literature (e.g., Coussy, 2006) alternative formulations can be found, expressing the effective
stress as a function of the strains and of an internal stress term that accounts for the crystallization
pressure pg , i.e. (in a simplified form):

6"y = Dyju - &y — Pl (7-2)
Formulations (7 - 1) and (7 - 2) are equivalent as ¢4¢” can be set equal to C;, pf, where C,u,
denotes the inverse of the stiffness tensor. However, as opposed to situations where the stress
development especially due to crystallization pressure is of interest (e.g., in stiff matrices such as
stones or cement, see for example Scherer, 2002, Flatt, 2002) a primary interest here is to
determine the strains occurring due to AGT. Therefore, Equation (7 - 1) was deemed more
convenient in this respect, as it can be used directly for the evaluation of experiments, where in
most cases the measurable quantities are macroscopic strains, &,. Consequently, the crystal-
lization pressure is not explicitly determined here, but can be considered as a cause for the strains
due to AGT. The chemically induced strains due to AGT are made up of the change in solid volume
(#27+ ) and the change in pore volume (&5 ):

(7-3)

AAGT — oAVaG P
& =ey ey

These strains are, furthermore, dependent on the change in the masses of anhydrite and gypsum:

8u (7-4)

. ay .
EACT = — iy + 211G

P4 Pac

whereas a, and g,, are two material-specific tensors and 71, and ri; are the rates of mass change
of anhydrite and gypsum per unit volume (cf. Equation (2 - 11)).

The situation is now simplified to the axisymmetric case, where the axial and radial stresses (o,
and o, ) and strains (&, and ¢,,) will be regarded (see Figure 7-1). This simplification is only
possible if the investigated material exhibits an isotropic or a transversal isotropic behavior (e.g., a
homogenous mixture of granular material or rock layered perpendicularly to the axial direction).
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Part Ill: Coupled chemo-mechanical processes (C-M)

Furthermore, the simplest model for the stiffness tensor D, is considered here, i.e., the elasticity
tensor.

For axisymmetric conditions, the relationships between effective stresses and elastic strains
(cf. Equation (7 - 1)) can be determined based on Hooke’s linear-elastic law (see Appendix D):

{ =00 }_ E {(1 -v) 2‘/}{% —gr } (7 - 5)
=0 o | (L+v)(1=2v)| v 1 |e,, —glm

Equation (7 - 6) shows the derivatives of Equation (7 - 5) with respect to time (¢ ) while substituting
the chemically induced strains according to Equation (7 - 4) and under the simplifying assumption
that the material parameters E (Young’s modulus) and v (Poisson ratio) remain constant over
time. In reality the stiffness parameters may, however, not remain constant during swelling, as was
seen by Pimentel (1996), who observed the change in rock properties (i.e., the stiffness and the
strength of the rock) during swelling of purely argillaceous claystones.

14 1

( S aar ;. gax > j
. gax - - mA - ) mG
{ s } _ E {(1 -v) 21 Pi " P (7 - 6)
c' I+v)(1-2v

( )( ) (‘émd _ Aaa I’i’lA _ 8 rad mGJ

rad
IOA pG

Evidently, Equation (7 - 6) presents a system of two equations which contain four unknown
parameters: a,., a4, g« and g.. . In order to simplify the system of equations, the assumption is
made that all dissolved anhydrite gets used for gypsum precipitation according to Chapter 2.2.3.
The chemically induced strains of Equation (7 - 5) are thus expressed via the change in the mass
of anhydrite by using Equation (2 - 10) and a single unknown material-specific tensor y,, :

éﬁ07=[ﬂ—&-1.265)n@=w~m‘=ﬂ-n'1 (7-7)
P4 Pa P P

These strains are comparable to the strains occurring from precipitated gypsum as proposed by
Oldecop and Alonso (2012) and Ramon and Alonso (2013), where they introduce a coefficient
which indicates the bulking of the rock in a specific direction (see Equation (1 - 1)). Ramon et al.
(2017) calculated the bulking parameter based on early results from this research project (see
Huber et al., 2015) which are described in further detail in Chapter 8.5.

Therefore, Equation (7 - 6) can be simplified to a system of equations with solely two unknown
parameters:

. (éax A, m, J
[ G } E {(1 -v) 21/} P (7 - 8)

o' | arva-22)| v 1

rad
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7. Constitutive and conceptual models for the description of the C-M coupling

Ultimately, we want to determine the unknown parameters 4, and y,., which are referred to
hereafter as “coupling parameters”. Thus, solving Equation (7 - 8) for the coupling parameters leads

to:
il (] et B 7o
Xrad m, & E|v (V_l) (o

i.e., (by applying partial derivation):

o, oo
X om, | 1|=1 2v | dm, (7 - 10)
=Py +— ,
Zmd agmd E 4 (V - 1) 80- rad
om, om,,

In some cases (e.g., when the change in radial stresses is unknown in an oedometer test) it may
not be possible to determine 4, and .., individually, which is why a combined parameter y is
introduced:

2w (o, 2v 0, (+v)(1-2v)do, (7 -11)
Z_Z”X+(1—V)Zrad_[6mA+(1—V)8mA E(l-v) om, P

It needs to be noted that the mass of anhydrite per unit volume m,(¢) is in itself also dependent on
the change in volume (see Equation (2 - 11)), and therefore also on the strains. As an alternative
to m,, the value & is also used in this work, which indicates the degree of AGT in the system, i.e.,

19:MA,0_MA (7-12)
M

4,0

The equations derived above for m,(¢) are transformed for the $-value in Appendix F.

The typical sign convention from geotechnical engineering (compression / settlement positive) is
used for the stresses and strains in the constitutive model presented herein (see Figure 7-1).
However, for a more intuitive interpretation of the strains due to swelling (especially in the diagrams
showing the experimental results in the following chapters), the terms ¢,, ;... and &, ..., are used
as positive in the opposite direction, i.e.:

sgn (¢,.) = =5gn (£, ) (7-13)

and sgn (gmd ) =—sgn (gmd,.\'well) (7-14)
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Figure 7-1: Sign convention and notation for the axisymmetric case.

7.2. Conceptual models

With the aim of determining the unknown coupling parameter , introduced in the previous chapter,
conceptual models are formulated which illustrate, why the mass changes of anhydrite and gypsum
during AGT lead to strains resp. stresses for four different material structures. These conceptual
models give an idea of possible future experiments and which results may be expected.

Before the coupling parameter , for simultaneous processes is investigated (which is generally
taken into account in this work, see Chapter 2.2.3), the following Chapters (7.2.2 and 7.2.3)
abandon the assumption of simultaneous anhydrite dissolution and gypsum precipitation and in-
stead focus on each of the two chemical processes individually. The influence of the mass changes
of anhydrite or gypsum on stresses and strains is discussed for each case, thus rendering hypo-
thetical developments of a and ¢ (cf. Equation (7 - 6)) for the isolated processes. Chapter 7.2.4
then revisits the general supposition of this thesis that both chemical processes occur simul-
taneously and the development of the coupling parameter , is discussed for various scenarios.

”

The llustrations and discussions of the conceptual models assume the following “general
relationships between the stresses and the mass changes for constant strains (Equation (7 - 15)),
resp. the strains and the mass changes for constant stresses (Equation (7 - 16)), while assuming
the pore water pressure p, to remain constant:

g':f(E,v).[i-mA+i.mGJ or 6= f(Ev)-Z i, for  p,,é=0 (7 - 15)

Py G 4

. . a . g . ) ) . .

E=—Egq =My +— Mg or E="Eyy =~ My for  p,,6=0 (7 -16)
A G A

whereas E, v, p, and p; are considered to be constants.

The development of the stresses and strains, and thus the relationships a, g and y depend on
the structure and material of the investigated specimen. Different structures can be encountered in
nature, examples of which are shown in Figure 7-2 (see also, e.g., Riley and Byrne, 1961, who
present a classification of structures in anhydrite rock).
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(scale unknown)

Figure 7-2:  Examples for different structures of anhydrite found in nature. (a) Belchen specimen used in the
present work with grains of anhydrite and veins of anhydrite embedded in a rock (clay) matrix with
fissures; (b) anhydrite found in the Naica caves, Chihuahua, Mexico (image from mindat.org, 2019);
(c) layers of anhydrite (between clay layers in rock containing fissures; modified after Berner, 1991);
(d) veins of anhydrite in rock matrix (modified after Berner, 1991).

For the conceptual models presented here, the following specimen structures were considered
(indicated in the sketches in Figure 7-3, from left to right): (a) a homogeneous, fine granular material
consisting of anhydrite and other components; (b) a skeletal, porous block of anhydrite (referred to
as a “sponge-like” perforated system); (c) anhydritic layers within a fine, inert matrix; (d.1) anhydritic
veins or (d.2) fissures (in the absence of anhydrite) within a rock matrix.

The different structures are expected to influence the mechanical behavior of the specimens during
anhydrite dissolution and/or gypsum precipitation and are discussed individually in the following
subchapters. Note that swelling of clay is not taken into account in the conceptual models described
herein (the volume of the inert material is assumed to remain constant and the void space changes
solely due to anhydrite dissolution, gypsum precipitation or a combination of both) and dissolution
of gypsum is not considered in this work.
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Conceptual model of a cross-section through a matrix of (a) a fine granular homogeneous material,
(b) a porous block of anhydrite, (c) an inert material with anhydritic layers (d) a rock specimen with
anhydrite veins (d.1) or fissures (d.2). (White: anhydrite; black: pore space; grey: inert material, e.g.,
non-swelling clay, quartz flour or rock).

Generally, the total volume (V,, ) of each conceptual specimen is made up of inert material (rock or
granular, powdered material; Vs ), anhydrite (7, ) and the pore volume (V). Gypsum (V; ) may be
present as well after precipitation, depending on the considered situation. Exceptions are the
porous block of anhydrite (Figure 7-3b; no inert material, Vs =0 ) and a rock with fissures (no
anhydrite, 7, =0, image d.2 in Figure 7-3).

V., =V +V, +V, +V, (7-17)
The pore volume can be expressed as a function of the void ratio (e) or porosity (7):
Vo= (Vs W t V) = (Vs V7, 7-19
—n
Ve+V, +V, -
leading to v, =% (7-19)
—n

The influence of anhydrite dissolution and gypsum precipitation on stresses and strains are
discussed by formulating conceptual models and, later in Chapter 7.3, with thought experiments.
For each case (anhydrite dissolution, gypsum precipitation and simultaneous reactions), the
influence of the chemical reaction on stresses (while the strains are held constant) and strains
(while the stresses are held constant) is described for each structure introduced in Figure 7-3 (see
also the overview in Figure 6-1).

7.21. Overview of regarded structures/materials

a. Fine, homogeneous material

A system is considered, consisting of a matrix of fine, granular inert material, e.g., kaolin or quartz
flour, and which contains anhydrite powder and/or gypsum, depending on the regarded model.
Thus, the total volume of the system is made up of the volumes of the inert powder, anhydrite
powder, gypsum (if present) and the pore volume (see Equation (7 - 17)).

If any one of the components change in volume (e.g., due to anhydrite dissolution or gypsum
precipitation), a change in the total volume is most likely to occur and will thus lead to volumetric
strains. In the general case:

Vitw = Vit L Tat Vet VstV | Vi+Ve+Vs 1-n (7 - 20)

E =
! 4 V, +Ve +Vs+V, Vi +Ve +Vs 1-n

tot,
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7. Constitutive and conceptual models for the description of the C-M coupling

whereas the individual volumes can also be expressed via the respective masses M, and densi-
ties p:

y My (7 -21)

t
p P,

b. “Sponge-like”, perforated system

A skeletal, “perforated” block of anhydrite is considered (see Figure 7-3b), which represents a
porous system, although made out of one block of anhydrite as opposed to the previously described
granular material. As an idealization for the conceptual discussions later, a cylindrical anhydritic
block is assumed, which contains pipe-like pores in axial direction (see Figure 7-4).

= C)\
=
- = =
==
o
L
\\ -

Figure 7-4:  Idealization of a porous block of anhydrite.

c. Layered anhydrite

Entire layers of pure anhydrite are considered within a matrix of inert material. In order to idealize
the situation sketched in Figure 7-3c, artificial layers of anhydrite are regarded within a matrix of,
e.g., quartz flour (see Figure 7-5). Such an idealized system is more clearly defined compared to,
e.g., layers of anhydrite in natural rock, where the layers are not easily quantifiable.

Figure 7-5:  Idealization of a layer of anhydrite powder within quartz sand.

d. Rock with anhydritic veins or fissures

Similar to the previous model, veins of anhydrite are considered. As opposed to the model of
layered anhydrite, where granular or powdered material is taken into account, here the anhydritic
veins are incorporated in a rock matrix. If the anhydrite is absent (e.g., dissolved and leached), the
rock matrix is assumed to contain fissures or cracks where the anhydrite used to be. In order to
have axisymmetric conditions, the veins or fissures need to lie parallel or perpendicular to the axial
direction (i.e., transversal isotropic behavior).

7.2.2. Influence of anhydrite dissolution on the stresses and strains

This chapter discusses the influence of mass change of anhydrite (due to dissolution) on the
stresses and/or strains with the aim gaining an understanding for the coupling parameter « . For
the determination of a (isolated from g) with conceptual models, the process of gypsum
precipitation needs to be (at least hypothetically) eliminated (i.e., m; =0). Situations where this
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Part Ill: Coupled chemo-mechanical processes (C-M)

may be enabled in practice are, for instance if the water in which the anhydrite is dissolved is
transported from the system immediately (before gypsum precipitation may occur; so-called
“leaching” of the system) or if anhydrite dissolves at a temperature higher than the transition
temperature, where the equilibrium concentration of gypsum is higher than that of anhydrite (and
therefore gypsum precipitation is prevented, see Chapter 2.3.1).

Dissolution of anhydrite leads to a reduction of the volume of anhydrite and to a change in the
volume of the pores, whereas the latter depends on the structure of the specimen. The presented
conceptual models (following subchapters) are based on the idealized specimens as described
above, whereas the specimens are assumed not to contain any gypsum initially. In all cases, the
total volume (and thus the swelling strains) will either remain constant or decrease, since anhydrite
dissolution is the only chemical process.

a. Fine granular homogeneous material

a.i. Influence of anhydrite dissolution on the strains

When anhydrite dissolves, its volume ¥V, reduces. As seen from Equation (7 - 20), this may lead to
volumetric strains, depending on the change in porosity (in the most extreme case, the entire matrix
may not change as anhydrite dissolves and thus the porosity increases strongly). Depending on
the circumstances (grain size, external stresses, degree of compaction efc.), the porosity may
increase or decrease during the process of anhydrite dissolution. When immersed in water, the
anhydritic grains should reduce evenly on all sides, leading to equal strains in radial and axial
direction. In theory this merely applies, if the porosity of the specimen remains constant and the
grains do not shift or rotate within the specimen. Practically, the pore spaces are expected to
increase at first (rising porosity), whereas the continuously shrinking grains may shift and thus fill
up the pore spaces again. The porosity will fluctuate during the process of anhydrite dissolution, as
illustrated in Figure 7-6, where the blue areas indicate pores that increased with anhydrite
dissolution, while the red pores shrunk due to shifting of the grains (in this illustration solely grains
of anhydrite are sketched).

Figure 7-6: Change in porosity of granular anhydrite during anhydrite dissolution.

Therefore, it is possible that the strains will not evolve evenly, but rather gradually as the pores
grow and get filled up alternately.

Figure 7-7 shows possible outcomes of various scenarios for the development of the pore volume
(and thus of the porosity), whereas in all cases the total mass (or volume) of anhydrite is assumed
to reduce equally over time, as can be seen in the top row of Figure 7-7. Based on the development
of the porosity (second row), different behaviors for the swelling strains are expected (third row),
and thus the relationship between strains and mass change of anhydrite, a (cf. Equation (7 - 16)),
may vary (fourth and fifth rows).
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The following conceptual scenarios are considered (from left to right in Figure 7-7):

Constant porosity: The grains remain under tight packing throughout the observed period
of time and the volume of anhydrite changes, leading to a continuous reduction of the total
volume and thus of the strains (first column in Figure 7-7);

Increasing porosity: The grains dissolve, decrease in size, and the packing density
decreases (see second column in Figure 7-7); in the most extreme case, the entire volume
of dissolved anhydrite remains as void space, and thus the total volume and the strains
would remain constant;

Slowly varying porosity: The grains dissolve (porosity » increases) and shift their position
due to newly available pore space (n decreases again), see third column in Figure 7-7;

Abruptly varying porosity: As the grains dissolve they shift suddenly as a slight collapse of
the system which repeats itself over and over during further anhydrite dissolution (fourth
column in Figure 7-7).

Assuming that the stresses and pore water pressures are constant, it is possible to determine the
development of the relationship @ over time according to Equation (7 - 16) (see bottom row in
Figure 7-7).

As described in Equation (2 - 11), m, is dependent on the total volume. Therefore, abrupt changes
in volume (as for example in the right column of Figure 7-7) also cause abrupt changes in the mass
of anhydrite per unit volume.
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Figure 7-7: Various scenarios for the development of the porosity n for the influence of anhydrite dissolution on
strains for granular material. Top to bottom: volumes, porosity, and swelling strains vs. time; swelling
strains vs. change in mass of anhydrite and resulting relationship a vs. time.

a.ii. Influence of anhydrite dissolution on the stresses

The system of granular material is now considered to be under initial compression, with the strains
held constant. Dissolution of the anhydrite powder under constant strains will lead to an increase
in porosity. Due to the decrease in grain size, the contact stresses between the grains will weaken,
thus reducing the initial total stresses acting on the system when assuming the total volume (i.e.,
the initially set strains) to remain constant.

A possible (qualitative) behavior of the stress could be as shown in Figure 7-8. In this case the
reduction of the contact pressure (and thus of the stress) is linearly dependent on the change in
mass of anhydrite (i.e., a = const., cf. Equation (7 - 15)).
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Figure 7-8:  Influence of anhydrite dissolution on the stress for granular material.

b. “Sponge-like”, perforated system

In a “sponge-like”, perforated system, the dissolution of anhydrite leads to a reduction in the volume
(or mass) of the block, i.e., the material around the pipe-like pores (see Figure 7-4) will dissolve.
The surface area, which is exposed to the water, will increase linearly over time. Thus, the pore
radii grow linearly over time, as they are directly proportional to the surface area of the pipes,
leading to a linear reduction of the thickness of the material between the pores (“material-bridges”).
The height of the block is assumed to be much larger than the total radius, so that anhydrite
dissolution on the top and bottom surfaces can be neglected for the model.

b.i. Influence of anhydrite dissolution on the strains

Assuming that the block underlies no stresses ( o,, = 0), and the anhydrite dissolves evenly within
the pipes as described above, no external strains will occur until the material bridges are completely
dissolved.

However, a change in axial strains is conceivable when assuming a constant total axial stress o,
acting on the block (i.e., an axial stress is applied on the total top surface area of the cylindrical
specimen, 4., and then held constant), whereas the following stress s, , is then acting axially
on the anhydrite itself (i.e., on the material-bridges, denoted as the anhydrite surface area 4, ):

Atot Atar Atot Amt ( 1 j (7 - 22)
Gax A = Gax = Gax = Gax 2 = Gax = Gax
’ AA Atot - AP Atot —Np7tp Atot - nAtot I-n

with n being the porosity, n, the number of pores and 7 the pore-radius. Therefore, during
anhydrite dissolution, the internal axial stresses on the material-bridges (. ,) increase
asymptotically with growing pore-radii resp. with increasing porosity »n. This increase in local stress
on the material-bridges is shown in the second image of Figure 7-9 (for two different external axial
stresses), and thus anhydrite dissolution causes an elastic change of strains. The anhydrite fails,
as soon as the stress acting on the material-bridges exceeds the strength of the material and thus
the system collapses, which leads to an abrupt increase in axial strain (thus a decrease in swelling
strain, see Figure 7-9). The relationship between the strains and the mass change of anhydrite
then describes the coupling parameter a (Figure 7-9 right).
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b.ii. Influence of anhydrite dissolution on the stresses

Now a constant axial strain (i.e., &, = ¢, = const. in this case) is forced upon the specimen, which
(under assumption of Hooke’s linear elastic law) is combined with a change in stress acting on the
anhydrite, o, (i.e., the stress on the material bridges with a surface area 4,). The total axial
stress o, ., acting from the outside on the specimen area (i.e., on the entire top surface area of
the cylindrical specimen including the pores, 4,) can thus be calculated according to Equation
(7 - 23):

Gy =Gy = f(E )6,

ax, tot
4, Ay

(7 - 23)

Therefore, as anhydrite dissolves and the surface area 4, (and thus the volume/ mass) of the
anhydrite reduces, the total (external) stress o,.,, will decrease while the strain remains constant.
This is illustrated in the following graphs, where it was assumed that the pore radii grow linearly
over time, from which the change in volume resp. mass of anhydrite over time is derived. The
qualitative relationships are shown for two different initial axial strains. It can be seen that the
relationship between the total stress acting on the block and the change in mass of anhydrite is
linear, thus a = const.
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Figure 7-10:  Influence of anhydrite dissolution on the stresses for a porous block.
c. Layered anhydrite

c.i. Influence of anhydrite dissolution on the strains

The dissolution of the anhydrite will lead to chemically induced strains mainly perpendicular to the
layers (in the axisymmetric case assumed here, the strains will occur mainly in axial direction). This
is due to the fact that all surfaces will reduce by the same amount, and therefore the strains will be
the largest perpendicular to the shortest dimension.
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Figure 7-11:  Dissolution of a thin layer of anhydrite.

For a layer (or platelet) of anhydrite with measurements r =104, assuming that the anhydrite
dissolves evenly on all sides (Ah =2Ar, see Figure 7-11), the resulting strains amount to:

e = Ah (7 - 24)

—-& e —
ax ax,swell h

Ar_ Ak (7 - 25)

and 8md =—¢ - ax
r 20k

rad ,swell =

i.e., the axial strains will be 20x larger than the radial strains.

Thus, for this model, the dissolution of anhydrite is expected to lead to strains mainly in the axial
direction of the specimen (up to the point where all anhydrite is dissolved). Figure 7-12 shows the
change in mass of anhydrite and the response in axial strains (assuming radial strains to be
negligible) and the corresponding relationship a.
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Figure 7-12:  Influence of anhydrite dissolution on the strains for layered anhydrite.

c.ii. Influence of anhydrite dissolution on the stresses

A system consisting of layered anhydrite within inert material under an initially applied strain (and
thus: initially applied stress) is considered to react as shown in Figure 7-13: Assuming the strain
and therefore the total volume to remain constant, anhydrite dissolution will lead to an increase in
pore volume and a “loosening” of the material, i.e., the contact stresses will diminish, leading to
smaller total stresses. When considering the volume of anhydrite to decrease linearly over time
while the total volume is assumed to remain constant, m, will also change linearly over time. The
stresses will also reduce linearly over time, and thus the parameter a will be constant.
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Figure 7-13:  Influence of anhydrite dissolution on the stress for layered anhydrite.
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d. Rock with anhydritic veins

The influence of the dissolution of anhydritic veins within a rock on the stresses and strains at the
outer boundaries of the entire rock matrix is strongly dependent on the size, amount, and
distribution of the veins, the strength of the surrounding matrix, as well as on the stresses and
strains acting initially on the rock.

d.i. Influence of anhydrite dissolution on the strains

The influence of anhydrite dissolution on the strains for the case of rock with anhydritic veins can
be conceived similarly to that of the perforated system:

Assuming a constant external stress to be acting on the rock matrix, it is possible that the rock
matrix (comparable to the “material-bridges” in the perforated system) becomes overstressed and
fails after the anhydritic veins dissolve and cracks in the matrix remain. Thus anhydrite dissolution
may lead to a collapse of the matrix when the stress on the material bridges overcomes the strength
of the rock matrix (analogue to the behavior shown in Figure 7-9).

However, if the strength of the rock matrix is sufficiently high compared to the stress acting upon
the rock matrix, or if the veins are few and/or small, no strains may occur at all or if, then merely
small elastic strains (due to an increase in the local stress of the material-bridges).

d.ii. Influence of anhydrite dissolution on the stresses

Here too, the distribution of the veins within the rock matrix is a governing factor when investigating
the influence of anhydrite dissolution on the stresses. Assuming the rock to be subjected to an
initial strain, and the veins to be sparsely distributed within the matrix, the stress acting on the rock
matrix will change only marginally with anhydrite dissolution. However, if the veins are larger and
more frequent, the reduction of the stress acting on the rock matrix will be more pronounced as the
anhydrite dissolves; comparable to the case of the perforated system (see Figure 7-10, bearing in
mind that the stress will most likely not reduce quite as much due to the remaining rock matrix in
this case).

7.2.3. Influence of gypsum precipitation on the stresses and strains

Now the influence of gypsum precipitation on the strains and stresses is investigated qualitatively
for the different materials and conceptual models are introduced that may allow the evaluation
of the coupling parameter g (specifically g, and g, for axisymmetric conditions, see Equa-
tion (7 - 6)).

For this, it is hypothetically assumed here that the regarded system contains no anhydrite initially
and gypsum precipitation occurs due to ions in the pore water, which are supplied from an external
source. Therefore, the following models consider an open system with a sufficient supply of
supersaturated solution and the difference between the molar volume of gypsum and the molar
volume of the constituents can be neglected. Dissolved ions in a solution can lead to gypsum
precipitation, if the concentration in the solution is higher than the equilibrium concentration of
gypsum (c,, ¢ ), see Chapter 2.2.2. This induces a change in the volume of gypsum and possibly
in the pore volume.
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a. Fine granular homogeneous material

Regarding a granular specimen, gypsum will precipitate around the grains of inert material, filling
up the pore space and — depending on the stresses, the porosity and the amount of gypsum —
expand the specimen.

The total volume of the specimen consists of inert grains (V5 ), pores (V») and gypsum (75 ), see
Equation (7 - 17).
n Vs +V,
Vi =Vs Vo + Vo =Vo+Vo+e- (Vs + V)=V +V, L (Vs +VG):—1 (7 - 26)
—n

—n

a.i. Influence on the strains

Strains due to gypsum precipitation are thus dependent on the change in porosity and on the
volume (and therefore the mass) of the gypsum while the inert grains themselves will not change
in volume (Vs =V, ). The strains can only occur, if the constant stresses acting on the system are
low enough to enable crystallization and expansion of the system.

Vtot_V (VS+VG)(1_n0)

£ = oty _ -1 i
swell I/tmc (I/S n VGO )(1 _ n) (7 27)

Depending on how the gypsum precipitates, e.g., if it develops within the pores (creating an
agglutination of the grains) and thus reducing the porosity or if it precipitates evenly around the
grains and pushes them apart continuously (keeping the porosity constant), different developments
of the strains are expected. The following scenarios were considered for the development of the
porosity (see Figure 7-14, from left to right) whereas the change in volume of gypsum is considered
the same in each case:

e Constant porosity: The gypsum precipitates evenly around each grain, while they maintain
tight packing (left column in Figure 7-14);

e Increasing porosity: The gypsum crystals may slowly push the grains apart and create
additional pore space (second column in Figure 7-14);

e Decreasing porosity: The gypsum may fill up the pores completely (hypothetical case), e.g.,
if a constant external stress is acting on the system through which the gypsum needles will
preferentially grow in the pore space (third column in Figure 7-14) whereas as soon as the
pores are sufficiently filled further gypsum precipitation will lead to external strains;

e Abruptly varying porosity: The gypsum may precipitate in the pores, fill them on the one
hand, on the other hand the gypsum needles push the grains apart and thus create
additional pore space (cracking) which can be filled again, thus simultaneously (or
alternately) decreasing and increasing the porosity (right column in Figure 7-14).
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Figure 7-14:  Various scenarios for the development of the porosity n for the influence of gypsum precipitation on
strains for granular material. Top to bottom: volumes, porosity, and swelling strains vs. time; swelling
strains vs. change in mass of anhydrite and resulting relationship g vs. time.

a.ii. Influence on the stresses

Assuming the system of granular material to be completely confined (i.e., all strains prohibited),
gypsum precipitation within the system will lead to stresses on the confining walls. It is, however,
conceivable that the gypsum needles will first begin to grow in the direction of least resistance, i.e.,
within the pores. It is, therefore, possible that no change in stresses are observed at first, until the
pore space is sufficiently filled up and the gypsum needles begin to induce pressure on the grains
and thus on the outer walls. However, depending on the concentration in the water, gypsum
precipitation may cease with increasing pressure (since the equilibrium concentration of gypsum
increases and may exceed the concentration in the water, cf. Chapter 2.3.3).
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b. “Sponge-like”, perforated system

Considering the hypothetical case, where such a porous system as idealized in Figure 7-4
(consisting of anhydrite or — in this case — of any inert rock) is subjected to water which is highly
supersaturated with respect to gypsum while the anhydrite does not dissolve (e.g., due to a
temperature above the transition temperature, see Chapter 2.3.1), gypsum would fill up the pipes
as it precipitates. As long as the water remains supersaturated with respect to gypsum, the growing
gypsum crystals may induce cracking of the block (i.e., develop strains) or, if expansion is
prohibited, exert stresses on the surrounding environment (depending on the pore space, the
strength of the inert rock and the stress surrounding the rock; similar to the case of rock with
fissures, as described more in depth below).

c. Layered anhydrite

In the case of solely gypsum precipitation, the system of layered anhydrite within a granular material
will behave like the fine granular homogeneous material (and is therefore not discussed further
here).

d. Rock with fissures

Now a rock is taken into account which contains some cracks or fissures (e.g., if it contained
anhydritic veins previously which have been completely dissolved and empty cavities remain, see
image d.2 in Figure 7-3). Assuming the pore water within the fissures to be supersaturated with
respect to gypsum, gypsum will begin to precipitate within the cavities. The possible influences of
gypsum precipitation on the stresses and strains the system undergoes are discussed in the
following sub-chapters.

d.i. Influence on the strains

As the gypsum precipitates within the fissures, the pore volume of the specimen decreases while
the volume of gypsum increases. Assuming that the pore water is always supersaturated with
respect to gypsum (in reality the equilibrium concentration of gypsum will increase due to increasing
local stress within the fissures and thus slow further gypsum precipitation down since the
concentration gradient between the equilibrium concentration and the concentration in the pore
water will become smaller) and that no stresses act on the rock, these changes in volume may lead
to strains, should the rock begin to crack due to precipitation of gypsum crystals. The volume of the
rock itself will not change, as it is assumed to be inert; i.e., Vs = Vs, and therefore:

e =——g _M_(VPO+VGO)_(VP+VG) (7 28)
vol — swell - -
I/() VPO + VGO + VS

The change in the volume will happen step by step, as can be seen exemplarily in Figure 7-15,
where a rock with two fissures is taken into account: While gypsum precipitates in the fissures, the
total volume will not change; when the pores are sufficiently filled, further gypsum precipitation
generates a pressure on the rock, which — if the pressure is higher than the tensile strength of the
rock — can lead to cracking (cf. Scherer, 2002), i.e., the green crack of the material bridge between
the fissures in Figure 7-15. Thus, the pore volume of the rock increases abruptly. Further gypsum
precipitation will then occur within the first crack and cause the final two cracks (red). In the case
of multiple fissures, this continues until the rock fails completely. Therefore, the rock exhibits no
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strain at first, then abrupt changes in strains (when the cracks occur) and eventually an increase in
swelling strains with increasing mass of gypsum, at which point the relationship ¢ will change
continuously as well (see Figure 7-15).
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Figure 7-15:  Top left: example of a rock with two fissures (pores). Bottom row: changes in volumes (gypsum,
pores, and total volumes) vs. time, swelling strain vs. time, swelling strain vs. change in mass of
gypsum and corresponding relationship g .

d.ii. Influence on the stresses

The same kind of structure is now considered under strictly confined conditions, i.e., all strains are
prohibited, and the influence of gypsum precipitation on the stresses acting from the rock on the
confinement is discussed.

By inducing gypsum precipitation through supersaturated pore water within the fissures, the
fissures will begin to get filled up with gypsum, during which the external stress of the rock on the
confining walls is most likely not to change. As soon as the fissures are sufficiently filled, however,
further gypsum precipitation increases the pressure within the fissures and attempts to crack (or
expand) the rock (as indicated by the red line in Figure 7-16). Since the latter is confined, the rock
matrix will exhibit an increasing stress on the confinements. The pressure exerted from gypsum
precipitation and from the confinements may lead to a slight elastic deformation of the rock matrix
(Vs decreases).

As opposed to the previous case, where the influence of the local stress on the growing gypsum
needles was neglected, it is here indispensable to consider said effect: In the confined system, the
continuously increasing stress due to gypsum precipitation will most likely increase the equilibrium
concentration of gypsum so far, that the process of gypsum precipitation will slow down and reach
an asymptotical value (the equilibrium concentration will reach the concentration of the water).
Therefore it is plausible that the internal and external stresses will reach a maximal value, at which
no further gypsum will precipitate (the system will be in a state of thermodynamic equilibrium and
the crystallization pressure of gypsum is reached). For the diagrams in Figure 7-16 it was assumed
that the stress within the cracks (which the gypsum exerts on the inside walls of the fissures) is
transmitted to the outer walls confining the rock matrix and is therefore equal to the total stress
acting on the rock.
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Figure 7-16:  (From left to right) changes in volumes, assumed change of stress over time due to gypsum
precipitation in the fissures, stress vs. mass of gypsum and corresponding relationship g .

7.2.4. Influence of simultaneous anhydrite dissolution and gypsum precipitation on
the stresses and strains

As seen in the previous chapters (7.2.2 and 7.2.3), anhydrite dissolution and precipitation of
gypsum both lead to changes in stresses and strains of the regarded systems. Now, the general
supposition made in this thesis is resumed, that both anhydrite dissolution and gypsum precipitation
occur simultaneously and without transport, whereas anhydrite dissolution is considered to be the
governing process (cf. Chapter 2.2.3). Similar to the previously introduced conceptual models, the
following models discuss the influence of simultaneous anhydrite dissolution and gypsum
precipitation on stresses and strains, and thus deliver an indication for the coupling parameters ..
and .., orthe “combined” parameter , (see Equations (7 - 7) to (7 - 11)).

a. Fine granular homogeneous material

a.i. Influence on the strains

Based on Equation (7 - 20), the strains occurring in a granular material during both anhydrite
dissolution and gypsum precipitation are dependent on the change in porosity and on the volumes
of anhydrite and gypsum (the inert material will not change in volume).

It is possible for the porosity to decrease, i.e., if the gypsum fills up the pores, or for the porosity to
increase due to gypsum growth (see also Chapter 7.2.3). In a closed system, where no water flows
into or out of the system, not only the volume of the solids but also the change in water volume due
to gypsum precipitation needs to be considered. The specimen will shrink (see Equation (2 - 17))
unless gypsum precipitation increases the pore space and creates a vacuum.

In a closed system, Equations (2 - 13) and (2 - 14) can be used to simplify Equation (7 - 20) for the
calculation of volumetric strains:

Vo =V AV, +AV +AV,  AV,-0.171 AV, -(-0.106) AV, -0.218 (7 - 29)

&
vol
Ve (Vo +Ve, Vs +V) Vs Vi, Vi,

l.e., in this case the change in strains is linearly dependent on the changes in volumes (and
therefore: of the masses) of either anhydrite, gypsum or water. Therefore, , is a constant in the
case of a closed system.

In an open system the change in volumetric strains can be established with Equation (7 - 20) via
the volumes of anhydrite and gypsum as well as the porosity of the specimen for any given time.
Here, 1, is chosen to be equal to zero (no gypsum in the initial specimen).

97



Part Ill: Coupled chemo-mechanical processes (C-M)

If the pore volume changes, independently from the water content or type of system (e.g., if the
porosity increases due to cracking and air-filled pores exist), the strain needs to be calculated again
via Equation (7 - 20). In Figure 7-7 and Figure 7-14, various scenarios are conceived for the
development of the pore volume during anhydrite dissolution or gypsum precipitation. In the case
of simultaneous anhydrite dissolution and gypsum precipitation, any combination of those
scenarios is possible. The following exemplary cases are regarded in Figure 7-17, whereas the
specimens are considered fully saturated at all times (V> =V} ) and the volumes of anhydrite and
gypsum change simultaneously in each case (from left to right in Figure 7-17):

e a closed system, where gypsum precipitates in the pore space and no water is added or
escapes (thus the porosity decreases);

e an open system where the porosity remains constant;

e an open system where the pore volume remains constant and (due to increasing total
volume) the porosity decreases slightly;

e an open system where the gypsum precipitates within the pores until the pore volume
equals zero, from which point on the specimen expands. (Note that this too represents a
hypothetical case; in reality, especially when small pores are present, the precipitating
gypsum would cause an expansion of the specimen before the pores are completely filled.
Furthermore, small gypsum crystals in the proximity of larger crystals can dissolve and the
solute will diffuse toward the larger crystal, leaving behind newly created small pores, see
Scherer, 2002).

For each case the swelling strains, change in mass of anhydrite per unit volume and thus the
unknown relationship y were determined according to Equation (7 - 16) and are shown in
Figure 7-17. As can be seen, y is strongly dependent on the type of system and the change in
porosity (i.e., whether the gypsum precipitates within the pores or around the grains and therefore
expands the specimen).
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Figure 7-17:  Various scenarios for the development of the porosity n for the influence of anhydrite dissolution and
gypsum precipitation on strains for granular material. Top to bottom: volumes, porosity, and swelling
strains vs. time; swelling strains vs. change in mass of anhydrite and resulting relationship y

vs. time.

a.ii. Influence on the stresses

If a change in strains (and thus in volume) in an open system is prohibited, AGT will induce stresses.
Anhydrite dissolution will reduce the contact stresses between the grains, as the grains decrease
and the pore space increases. Similar to the scenarios in Figure 7-17, gypsum precipitation may
occur within the pore space, which — depending on the pore space and the porosity — may either
not affect the external stresses at all, or gypsum precipitation may cause the grains to be pushed
apart, thus leading to an increase in stresses. However, an increase in stress will increase the
equilibrium concentration of gypsum which may slow further gypsum precipitation down strongly or
even lead to a state of thermodynamic equilibrium, in which case no further anhydrite dissolves
and no gypsum precipitates (see Figure 2-5; note that the necessary pressure for an equilibrium,
i.e., the crystallization pressure, may exceed 50 MPa).
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b. “Sponge-like”, perforated system

The perforated block from Chapter 7.2.1.b is regarded while assuming gypsum to precipitate in the
pipes when anhydrite dissolves (cf. also Chapters 7.2.2.b and 7.2.3.b.).

On the one hand, it is possible that the anhydritic material bridges will simply decrease until the
system fails (depending, of course, on the layout of the boreholes). On the other hand, gypsum
may precipitate evenly on the anhydritic surface, thus cause sealing (cf., Chapter 5) and slow the
process of anhydrite dissolution down and even “heal” the material and therefore keep the system
from collapsing. However, due to the fact that the uniaxial strength of gypsum is lower than that of
anhydrite (cf., e.g., Bell, 1994), the structure may fail after a certain amount of AGT has occurred
(depending, of course, on the acting stresses and thicknesses of the material bridges). This
strength reduction is even more pronounced when the precipitated gypsum is porous.

The gypsum could also fill up the pipes, and if the crystallization pressure eventually overcomes
the strength of the material, lead to cracking. Depending on the pressure, the equilibrium con-
centration of gypsum may, however, increase to a value where no further gypsum precipitation
occurs.

b.i. Influence on the strains

A situation is assumed, where a perforated system is subjected to an initial axial stress. While it is
in contact with water, anhydrite dissolves and gypsum precipitates. Depending on the initial stress
and the effect of sealing and crystal-growth in the pipes on anhydrite dissolution, the block may
maintain enough strength to withstand a collapse (as opposed to the situation described in Chapter
7.2.2.b.i, where gypsum precipitation is undermined).

However, it is also imaginable that as certain material bridges may fail, gypsum precipitates in the
growing cracks and may even lead to an expansion of the entire system.

For a combination of both processes, anhydrite dissolution and gypsum precipitation, various
outcomes and influences on the strains are therefore possible.

b.ii. Influence on the stresses

It can also not be predicted, what the influence of simultaneous anhydrite dissolution and gypsum
precipitation will be on the stresses while the strains are held constant. Depending on many factors,
the system can either weaken, leading to a decrease in applied stress, or the crystallization
pressure may lead to an increase in stress. Another possibility is, that gypsum “seals” the anhydrite,
thus keeping the material intact and prohibiting further dissolution.

c. Layered anhydrite

The expected behavior of a specimen as described in Chapter 7.2.1.c will be rather anisotropic, if
simultaneous anhydrite dissolution and gypsum precipitation are considered. Since the anhydrite
is distributed in layers, it is expected to cause strains and stresses mainly in the axial direction,
perpendicular to the layers (cf. Chapter 7.2.2.c). However, if gypsum precipitates additionally in the
same specimen (assuming that the specimen consists of granular material, apart from the
anhydritic layers), it is expected to produce stresses resp. strains in all directions but mainly in the
axial direction, perpendicular to the layers. Therefore a heterogeneous, anisotropic specimen is
being dealt with, as the resulting strains and stresses will vary in the two directions.
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c.i. Influence on strains

A combination of the following two cases will occur when regarding the influence of simultaneous
anhydrite dissolution and gypsum precipitation on strains: Anhydrite dissolution will cause axial
strains (i.e., a reduction in specimen height, see also Chapter 7.2.2.c.i) while gypsum precipitation
will cause axial and radial strains (i.e., an increase in height and diameter) if the specimen is
granular; however, if the anhydritic layers were embedded in a rock matrix (i.e., anhydritic veins,
cf. Chapter 7.2.4.d), gypsum precipitation will cause mainly axial strains.

c.ii. Influence on stresses

Should the strains be prohibited, the chemical processes (i.e., the changes in solid and pore
volumes) will naturally induce stresses. The dissolution of anhydrite leads to a higher relaxation of
the axial stress compared to the radial stress, while gypsum precipitation may occur in all directions
in the case of granular material and thus cause an increase in stresses. It may be that gypsum
precipitates in the same planes as anhydrite dissolved, therefore attempting an expansion mainly
in axial direction and thus causing higher axial swelling stresses. On the other hand, gypsum may
also grow evenly in all directions, thus increasing the radial swelling stress as well.

d. Rock with anhydritic veins

Now a situation is regarded, where anhydritic veins dissolve (as described in Chapter 7.2.2.d), and
gypsum precipitates in existing and newly created fissures due to anhydrite dissolution (creating a
situation comparable to the one in Chapter 7.2.3.d).

d.i. Influence on strains

Depending on the thickness and distribution of the veins, as well as the presence of further pore
space (or fissures in the rock), the following scenarios are conceivable and are illustrated in
Figure 7-18:

On the one hand it is possible for the anhydrite dissolution and gypsum precipitation not to influence
the total volume of the specimen at first, until all previously existing and (through anhydrite
dissolution) newly created fissures are filled with gypsum. In order for further gypsum to precipitate,
the pressure caused by the crystallizing gypsum needles would need to crack the surrounding
matrix, thus creating new pore space. This was assumed in Figure 7-18a. The new pore space
gets filled up again with gypsum and eventually keeps on expanding the entire cracked specimen.

On the other hand, assuming a high initial stress acting on the specimen, dissolution of anhydrite
may weaken the material bridges so far that they collapse and the entire pore space is closed (see
Figure 7-18b). Further gypsum precipitation will then cause the total volume to expand.
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Figure 7-18:  Influence of simultaneous anhydrite dissolution and gypsum precipitation on strains for a rock with
anhydritic veins: Possible developments of volumes, strains, mass of anhydrite per unit volume and
thus of the relationship y . (a) Gypsum precipitation causes rock to crack; (b) anhydrite dissolution
causes rock to collapse.

d.ii. Influence on stresses

Analogue considerations can be made when prohibiting any strains: On the one hand (see
Figure 7-19a), a specimen under initial stresses may not react at all at first while the anhydrite
dissolves and gypsum precipitates, and only when the fissures are filled with gypsum, the stress
begins to increase as gypsum precipitation exerts a stress on the rock. With increasing stress,
however, the equilibrium concentrations both increase to a different extent (see Figure 2-5),
whereas the equilibrium concentration of gypsum may even exceed that of anhydrite, thus stopping
the AGT process.

On the other hand, similar as in the previous sub-chapters where the influence of AGT on the
strains was discussed, the material-bridges may fail during anhydrite dissolution (depending of
course on the applied stress and the strength of the rock), causing an abrupt (elastic) increase in
solid volume and a drop in external stresses, while the total volume is assumed to remain constant
(cf. Figure 7-19b). Further gypsum precipitation will then increase the stress again.
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Figure 7-19:  Influence of simultaneous anhydrite dissolution and gypsum precipitation on stresses for a rock with
anhydritic veins: Possible development of volumes (a and b, whereas the total volume is held
constant), stresses, mass of anhydrite per unit volume and thus of the relationship y .

7.3. Thought experiments

In order to plan an experimental campaign to determine the coupling parameters introduced in the
previous Chapters (a, g and y), thought experiments are now devised for selected cases of the
conceptual models. Conditions are discussed, under which experiments would need to be executed
in order to determine the coupling parameters.

These thought experiments consider an axisymmetric system, as introduced in Chapter 7.1, i.e.,
isotropic or transversal isotropic material behavior of cylindrical specimens is assumed (e.g.,
granular, homogeneous material or layers/cracks perpendicular to the axial direction).

First, a schematic testing apparatus is introduced and the general testing procedure described in
Chapter 7.3.1. Depending on which chemical reactions are considered (solely anhydrite dissolution
or gypsum precipitation or both reactions simultaneously), different conditions need to be met, an
overview of which is given in Chapter 7.3.2. In order to differentiate between the coupling
parameters in axial and radial direction, four systems of mechanical boundary conditions and
measured variables are considered and described in Chapter 7.3.3.

Specific remarks on the execution and evaluation of thought experiments are then made in Chapter
7.3.4 for the case of simultaneous anhydrite dissolution and gypsum precipitation, due to the fact
that anhydrite dissolution or gypsum precipitation alone are unlikely to occur (cf. Chapter 2.2.3) and
will not be considered further in the planning of experiments. Thought experiments concerning the
hypothetical cases of solely anhydrite dissolution or gypsum precipitation are further discussed in
Appendix E.

In practice, however, it will be very difficult, unfeasible or even impossible to execute some of the
experiments (see Chapter 7.3.4 and Appendix E).
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7.3.1. Apparatus and general procedure

If not indicated otherwise, the “general” testing apparatus shown in Figure 7-20 can be considered
for the thought experiments and it corresponds to a triaxial test in soil mechanics, in which a
cylindrical specimen is assembled in the cell. The dimensions of the specimen (height » and
diameter 2r) as well as the fractions of all compounds (inert, anhydrite and pores), their distribution
(e.g., homogeneously distributed or layered) and particle sizes are known prior to the test and the
specimen is initially free of gypsum. During the test, the specimen is saturated (no air) and sealed
radially (e.g., by a rubber membrane) while the top and bottom ends are covered by perforated
filter plates and are connected to the water supply and water outlet. As described in the following,
in addition to the typical measurements it is necessary to also measure or control the ion
concentration of the water as well as the temperature within and outside of the cell.

The axial (o, ) and radial loads (o, ) are applied with a piston and liquid pressure respectively.
Both loads can be controlled to a prescribed value or measured if the deformation is prohibited,
and, vice versa, the axial (A% ) and radial ( Ar ) displacements can be controlled or measured if the
loads are constant. Therefore, any mechanical boundary conditions ranging from completely
constrained to oedometric, isotropic or triaxial conditions (as will be described in Chapter 7.3.3)
can be executed. The water flux (denoted by ¢, and Q,.) is measured at both ends of the
specimen and depends on the applied hydraulic gradient, which can also be controlled by
prescribed constant values for the water pressures before ( p;, ) and after the specimen ( p,.. ). The
ionic concentration of the inflowing water (¢,) is pre-defined (see Table 7-1), while the
concentration of the exiting water (¢, ) needs to be measured in most cases, in order to determine
the amount of consumed or dissolved ions within the specimen. If possible, the specimen should
be saturated with an inert fluid (e.g., ethanol) in certain time intervals, which pauses the test, and
the total mass of the saturated specimen weighed; however, this necessitates an unloading of the
specimen which most likely causes the structure to change. If the inert fluid can be separated from
water and quantified, the pore volume of the specimen can be established, thus allowing a back-
calculation of the masses of gypsum and/or anhydrite in the specimen (see Appendix E.3).

Finally, it may be necessary to perform the experiment at a temperature within the cell ( 7;,, ) different
to that prevailing outside the cell (T.., ) in order to control the chemical reactions.

Post test, the specimen is measured, weighed and dried and the specimen composition determined
(e.g., with XRD or TGA). In order to investigate the change in structure of the material, the specimen
can be investigated, e.g., by microscopy, porosimetry or laserdiffractometry (to investigate the
change in grainsize distribution in the case of granular material).
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Figure 7-20:  Schematic sketch of an apparatus for the C-M experiments with all controlled and measured variab-
les.

The conditions under which the experiments are run and the measurements that need to be taken
can be grouped into boundary conditions concerning the chemical reactions (Chapter 7.3.2) as well
as mechanical conditions and variables (Chapter 7.3.3).

7.3.2. Initial and boundary conditions concerning the chemical reactions

Depending on whether solely anhydrite dissolution, gypsum precipitation or both processes
(simultaneously) are considered, some initial and boundary conditions differ. Table 7-1 summarizes
these parameters. Note that here an open system is assumed; in Chapter 7.3.4 and in Appendix E
some selected examples for experiments in closed systems are discussed separately.
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Table 7-1:

Initial and boundary conditions concerning the chemical reactions.

Anhydrite dissolution

Gypsum precipitation

Simultaneous reactions

Initial conditions

Mass of anhydrite [g] M,,>0 M,,=0 M,,>0

Boundary conditions

Mass of gypsum [g/cm?] M;=0

Concentration of inflowing water [mol/m®] ¢, =0 Cp SCyug Cpw =Co
Concentration of water in specimen €€, <Cpy

[mol/m] C<Cpup C>Chq 2C,, Copg <C<Cp y
Concentration of exiting water [mol/m?] Cous <Coy Cout SCoy Cout B Coy 6
Temperature in cell [°C] T,z2T, r,<T,<T, T, <T, (e.g.20°C)
Temperature outside cell [°C] 0°C<T. < T T =T

ext — Tint

ext

7.3.3. Mechanical boundary conditions and variables

Four different systems are taken into consideration for the experiments. The boundary conditions
are sketched schematically in Figure 7-21 (black) together with the measured variables (green):

(a) Isotropic compression: Investigation of the influence of chemical reactions on the strains,
while keeping the stresses constant;

(b) Complete constraint: Investigation of the influence of chemical reactions on the stresses,
while keeping the strains constant;

(c) Oedometric conditions: Investigation of the influence of chemical reactions on the axial
strains and (possibly) radial stresses, while keeping the radial strains and axial stresses

constant;

(d) “Flexible” oedometer: Investigation of the influence of chemical reactions on the axial
strains, radial strains and radial stresses, while keeping the axial stresses constant.

Regarding the apparatus sketched in Figure 7-20, the Table 7-2 summarizes the mechanical initial
conditions, boundary conditions and the measured variables for each system.
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Figure 7-21:  Mechanical boundary conditions (black) and measured variables (green) for the thought experi-
ments. (a) Isotropic compression, (b) complete constraint, (c) oedometer, (d) flexible oedometer.

Table 7-2: Mechanical boundary conditions and measurements for the thought experiments.
Isotropic Complete Oedometer Flexible

compression constraint oedometer
Boundary conditions
Axial stress [kPa] o, = const. o, = const. o, = const.
Radial stress [kPa] O, = const.
Axial deformation [mm] Ah=0
Radial deformation [mm] Ar=0 Ar=0
Measurements during test
Axial stress [kPa] O o
Radial stress [kPa] O ud [ [
Axial deformation [mm] A Ah A
Radial deformation [mm] Ar Ar
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From the changes in radius and height of the specimen, the radial and axial strains can be
determined, as well as the changes in total volume of the specimen:

Ah (7 - 30)

ax = _Sax,swell = h

& (7-31)
;

E ==& =

rad — Zrad,swell —

V= (hy—Ah)-(r,~ &) - (7-32)

These thought experiments assume that the conditions listed in Table 7-2 can be met and the
respective variables can be measured (i.e., with a conceptual apparatus as shown in Figure 7-20).
In practice this may, however, not be possible to realize. For example, it is not possible to measure
radial stresses with conventional oedometers (for this reason, so-called “flexible oedometers” are
introduced in this thesis, cf. Chapter 8.8, where the radial deformation is measured and the radial
pressure is calculated based on the stiffness of the oedometer), with isotropic compression tests
the stresses may fluctuate slightly (e.g., due to slightly changing temperatures) and with completely
constrained tests it may not be possible to completely prohibit axial strains (e.g., due to the stiffness
of the apparatus as well as slightly changing temperatures). This will be seen in Chapter 8, where
the executed experiments are described.

7.3.4. Evaluation of thought experiments for simultaneous anhydrite dissolution and
gypsum precipitation

The evaluation of possible thought experiments with respect to the (unknown) coupling parameters
are now discussed more in depth for the case of simultaneous anhydrite dissolution and gypsum
precipitation. Analog considerations for the hypothetical cases of solely anhydrite dissolution or
gypsum precipitation are featured in Appendix E.

Depending on the mechanical boundary conditions, y.., r... and y (cf. Equations (7 - 7)
to (7 - 11)) can thus be determined as follows (the pore water pressure is assumed to be constant
in all cases):

- Isotropic compression (constant stresses, cf. Equation (7 - 9)):

& =Zayy (7-33)
P,

g =Ll (7 - 34)
P

And y.., y.. and y amount to:

oe -
Zax = = 'pA (7 35)
om,
oe -
Xrad = Py (7-36)
om,
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_ v [Os,  2v 05 | (7 - 37)
Z_Zax—i_(l_v)//{md [6mA+(1—V) amAJ pA

Complete constraint (constant strains):

, -(1-v)E 1 . 2v -(I-v)E 1 | (7 - 38)
e s + =
e T vy i-2) p, T A=) P T ey a- ), F
. -E 1 . (7 - 39)
=, (V¥ +
Grad (1 + V)(l _ 2V) pA mA ( lwc Zmd)
and Equations (7 - 10) and (7 - 11) are reduced to:
g =P | _0%u 0% 5, (7 - 40)
E om, Om,
Zradz&. ao-_‘”.v_acy—r”d.(l_v) (7-41)
E | om, om,
ZZ@GM'(1+V)(1—2V)'ID (7 - 42)
om, -E-(1-v)
Oedometric conditions (constant axial stress, constant radial strain):
éax:(lax-’-i'lde'L‘mA=l.m/1 (7-43)
(1 _V) P Pa
__E X, (7 - 44)
rad (1 _ V) pA mA
If it is possible to measure the radial stresses:
| G (200w |, (7 - 45)
om, E om,
(1-v) o0, (7 - 46)
Irud - E amA pA

However, as mentioned above, in conventional oedometer cells merely the axial strains are
measured while the radial stresses cannot be measured and therefore only the combined
parameter y can be determined:

08, (7 - 47)

A

Z:(?mA
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- Flexible oedometer (constant axial stress):

1+v)(1-2v } -
éax :Md—rad _lérad +ﬂ(lax +erad) (7 48)
Ev v ) v
I+v)(1-2 i -
érad :Mdmd _Véax +ﬂ(VZax +Zrad) (7 49)
E Py
. E ., (7 - 50)
ad — T . < g T - +
U;ad (1 + V)(l _ 21/) (V‘g;ad grad , (Vlax zmd )]
And from Equations (7 - 10) and (7 - 11), x.., 7.« @nd y amount to:
- [agﬂx L 2v oo, ] ) (7-51)
om, E Om,
x — agmd _ (1 — V) 6o-md p (7 - 52)
| om, E 0m, !
oe,. 2v Oe,, (7 - 53)
= + .
d (amA (1-v) amJ P

For the evaluation of each test, it will be of importance to determine the masses of gypsum and
anhydrite, during and/or after the test. If the conditions for strictly simultaneous anhydrite dissolu-
tion and gypsum precipitation are given (the ion transport into and out of the specimen in the open
system are equal) and either the pore volume, specimen mass or amount of “consumed” water is
known in addition to the total volume, this can be obtained indirectly through the mass balance of
the AGT process (Equation (2 - 9)). Further specifications for the (theoretical) possibilities of deter-
mining the masses of anhydrite and gypsum during an experiment are given in Appendix E.3. In
practice, these possibilities are not considered realizable. For one, the hydraulic boundary con-
ditions, such as the exact mass of water inflow and outflow, would need to be held or measured
with highest precision to determine the consumed ions and the change in pore space. It is deemed
that this is not attainable under practicable laboratory conditions over such a long duration as re-
quired for swelling tests (e.g., due to evaporation or other loss of water over time). Secondly, while
interrupting a running experiment to weigh the specimen could give information on the amount of
transformed anhydrite and gypsum (assuming that it is at all possible to replace the pore water
completely with an inert fluid), an interruption may not be advisable, since the condition (such as
the structure) of the specimens changes, e.g., due to unloading or drying. It is, therefore, concluded
that the mass changes of anhydrite and gypsum can only be determined through destructive anal-
yses (where a part of the specimen needs to be sacrificed, e.g., for TGA or XRD, cf. Chapter 3).

As mentioned in the conceptual models (e.g., Chapter 7.2.4), the behavior of a specimen during
a swelling experiment is strongly dependent on the geometry of the pore space and its change
(i.e., the change in porosity).
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7.4. Summary and conclusions

A constitutive model is shown which establishes the unknown relationships between the mass
changes due to chemical reactions and the developing stresses and strains, i.e., the introduced
coupling parameters. Possible theoretical developments of stresses and strains are then discussed
with the help of conceptual models for various material structures due to solely anhydrite
dissolution, gypsum precipitation or both processes combined. In order to determine the unknown
coupling parameters used in the constitutive model, thought experiments are then featured with
which the unknown relationships can be evaluated. In all cases it is, however, not clear, whether
the porosity decreases or increases due to the chemical reactions, whereas both behaviors are
possible in theory.

In order to determine the unknown coupling parameters with experimental investigations in
practice, the following considerations need to be made:

For one, the elimination of one chemical process during an experimental series is most likely not
possible (at least not to such an extent which would be necessary for the respective specimens to
produce reliable, quantifiable stresses and strains). Therefore, it is not possible to determine the
individual coupling parameters a,., a.. and g.., g..- Itis, furthermore, more likely to encounter
both anhydrite dissolution and gypsum precipitation combined in nature, since gypsum often
precipitates in the spaces where anhydrite dissolves according to Serafeimidis (2014), and as
already discussed in Chapter 2.2.3, leaching of the rock is not considered here. For this reason,
the simultaneous processes and thus the “combined” coupling parameters y.., y... and y are of
interest to determine and will be the focus of the experimental investigations in the following
chapter. In order to avoid ions from dissolved anhydrite to be transported out of the specimen (and
thus all dissolved ions are used for gypsum precipitation within the specimen), the experiments are
planned to be performed under an approximately constant water pressure, i.e., without a hydraulic
gradient and thus no flow-through. This does, however, not prohibit ions from diffusing out of the
specimen but due to the fact that the concentration gradient between the water surrounding and
entering the specimen (¢, =c.,.¢ ) and the water in the specimen is considered small, diffusion is
neglected here.

Of the discussed specimen structures (see Figure 7-3), a granular homogenous material is chosen
for the experimental investigations in the laboratory, in order to create clearly defined, homo-
geneous mixtures (while considering the specimen size) and obtain results faster than with rock.
Furthermore, the specimen preparation is deemed simplest (compared to other structures), with
the chances of creating reproducible specimens being the highest. However, it is necessary to use
a high degree of compaction and thus obtain specimen properties as close to rock as possible.

As discussed in Chapter 7.3.4, the determination of mass changes of anhydrite and gypsum during
a test is not deemed possible with the necessary accuracy and without disrupting the specimens.
It was, therefore, decided to determine the development of stresses and strains as a function of the
mass change of anhydrite in the specimens by performing a large number of tests and terminating
them after various stages of swelling.

The experiments are executed for the mechanical boundary conditions described in Chapter 7.3.3,
and are discussed in detail in the following chapter.
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8. Executed C-M-experiments

8.1. Overview

With the aim of quantifying the coupling parameters .., 7,.. and y for the constitutive relationship
between AGT (i.e., the simultaneous processes) and the resulting stresses and strains (as
introduced in the constitutive model in Chapter 7.1), a first ever systematic experimental campaign
was executed (referred to here as “C-M-experiments”). The experiments were performed on
specimens created from homogeneous powdered materials (based on Chapter 7.2), whereas the
mechanical boundary conditions listed in Table 7-2 were applied.

This chapter begins with the characterization of the specimen materials and a description of the
specimen preparation procedure, general testing procedure and an overview of how the strains are
evaluated (Chapters 8.2 and 8.3). Chapter 8.4 describes the results of different preliminary tests
which were necessary to perform as a basis for a proper understanding and evaluation of the
results of the actual C-M-experiments.

Chapters 8.5 to 8.8 describe four different series of C-M-experiments and their results in detail,
whereas they are grouped by the respective mechanical boundary conditions of Table 7-2:
Oedometer tests (Chapter 8.5), completely constrained tests (Chapter 8.6), isotropic compression
tests (Chapter 8.7) and so-called “flexible oedometer” tests where triaxial conditions could be
investigated (Chapter 8.8).

Finally, the structures of some selected specimens before and after the swelling experiments were
studied, which is described in Chapter 8.9, and the conclusions to the experiments presented in
this chapter are drawn in Chapter 8.10.

8.2. Characterization of specimen materials

Artificially created specimens consisting of anhydrite and aggregates were used for the major part
of the experiments concerning the investigation of the chemo-mechanical processes. This was
decided in order to reduce uncertainties caused by the inhomogeneous compositions and
structures of natural rock specimens, to guarantee reproducibility (by adhering to the same
specimen preparation and testing procedures) and to isolate the swelling process due to AGT from
that due to clay (which is often present in sulfatic rock as well) by using ideally inert aggregates.

Unless stated otherwise, the specimens consisted of 40% anhydrite powder and 60% of one of the
aggregates. This composition was determined based on a series of preliminary tests described in
Chapter 8.4.1 (so-called free swelling tests) where the influence of the types and amounts of
materials was investigated.

8.2.1. Anhydrite

Unless indicated otherwise, the anhydrite used in the tests was purchased from Sigma-Aldrich
(abbr. “SA”) with a certified purity of 99% and a particle size below 44 um (-325mesh).

As will be discussed in Chapter 8.4.3, different batches of anhydrite were supplied from SA and
then used in the experiments, whereas the swelling behaviors differed strongly in some cases. For
this reason, additional preliminary tests with anhydrite powders from other suppliers (ProChem,
abbr. “PC”, and Alfa Aesar, abbr. “AA”) were performed and compared to the results with SA.
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Further preliminary tests (see Chapter 8.4.2) were performed with powder milled from natural
blocks of nearly pure anhydrite (95-99%, cf. Chapter 5) and also compared to the results with SA.
The natural anhydrite stems from the stone-quarries in Bex (canton of Vaud) and Leissigen (canton
of Bern) and from bore-cores originating from the new Bézberg-Tunnel (canton of Aargau) whereas
the blocks were crushed, milled and sieved to create a powder to use in artificially created
specimens. The mineralogical compositions of some of the used rocks are listed in Table 5-1
(results from XRD analysis). Figure 8-1 shows the particle size distributions for the commercial
anhydrite (black dotted line) and the milled natural anhydrite (green and blue dashed lines), which
were measured with laserdiffractometry, where isopropanol was used as solvent (see Chapter 3.5).
As can be seen, the commercial anhydrite has a steeper particle size distribution with a grain size
of dy, =16um, while the natural rock was milled to grain sizes of d,, = 46....84um .

8.2.2. Aggregates

For the artificial specimens anhydrite powder was mixed with either kaolin (Polwhite™ E China
Clay, a high quality medium particle size kaolin produced from deposits in the south west of
England, with datasheets available from Richard Baker Harrison LTD, 2011 and Imerys
Performance & Filtration Minerals, 2008; abbr. “PW”), ground limestone (Nekafill® 15 from Kalk-
fabrik Netstal AG, 2015; abbr. “KM” for the German term “Kalkmehl”) or quartz flour (Sikron® from
Sibelco Benelux, 2009; abbr. “QM” for the German term “Quarzmehl’). The particle size
distributions of these aggregates are shown in Figure 8-1 (solid lines): While PW has nearly the
same particle size distribution as SA (dy, =18um for PW resp. 16um for SA), QM has far smaller
particles (do = 4um ) and KM has larger particles and is more poorly graded (dy, =140um ).

Kaolin has a very low swelling potential compared to other so-called swelling clays (e.g., mont-
morillonite, vermiculite etc.). On the one hand, its main component kaolinite (see Table 8-1) has no
significant negative structural charge, so that little or no water is adsorbed in the lattice. The cation
exchange capacity of PW was measured in the Clay Lab of ETH Zurich to be 3 -5 meg/ 100 g,
which corresponds well to the literature values of Weiss (1958), i.e., 1-10 meq/100 g for kaolinite
(as opposed to, e.g., montmorillonite, a swelling clay, which has a cation exchange capacity of 70—
120 meq/100 g according to Jasmund and Lagaly, 1993). On the other hand, kaolinite has a small
specific surface compared to swelling clays, i.e., the adsorption of water molecules due to surface
charge is negligible (the specific surface of kaolinite is 10—-30 m?/g while that of montmorillonite
amounts to 750-820 m?/g, cf., e.g. van Olphen and Fripiat, 1979, and Meunier, 2005). It should be
noted, however, that kaolin, like any fine powdered and compacted dry material, can swell upon
saturation due to reduction of suction pressure (cf., e.g. Thom et al., 2007, Pimentel, 2015). How-
ever, this swelling mechanism is much faster than the swelling caused by AGT and thus the two
swelling mechanisms can be distinguished from one another, as will be discussed in Chapter 8.3.3.

The average mineralogical composition of the kaolin (Table 8-1) was obtained with Rietveld
analysis. The density of the kaolin is 2.6 g/cm?® (Richard Baker Harrison LTD, 2011 and Imerys
Performance & Filtration Minerals, 2008).
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Table 8-1: XRD results of the kaolin, Polwhite E Chinaclay (weight%).

Specimen name 1/ Ms Kfs Kin PI Qtz

Kaolin 10 16 69 2 3

Key: Ill = lllite, Ms = Muscovite, Kfs = K-Feldspar, Kin = Kaolinite, Pl = Plagioclase, Qtz = Quartz

= 108 - Sigma Aldrich (SA 1)
(0]
=
% 80 - —— Kaolin (PW)
>
(]
uartz flour (QM
5 o0 @ @)
§ —— Limestone (KM)
O 40
— = Bex (milled)
20 — — Bozberg (milled)
0 — — Leissigen (milled)
0.1 1 10 100

Diameter [um]

Figure 8-1:  Particle size distribution of the used (granular) specimen materials; results obtained with laser-
diffractometry.

8.3. General procedure of the experiments

8.3.1. Specimen preparation

During specimen preparation, the anhydrite and the aggregate are weighed and mixed together
while adding about 10%—-15% of inert liquid (pure ethanol) in order to improve the compaction,
reduce formation of dust during compaction and to bind the powder, thus ensuring that the
compacted specimens did not crumble after compaction. The mixed material was then inserted in
a steel ring with a diameter of either 56 or 70 mm in 3-5 layers which were compacted slightly by
hand in between and when all material was inserted in the ring, the specimen was compacted
mechanically by cyclic loading with increasing axial pressure (0-2-0-20-2-80-0-100 MPa). It was
attempted to achieve high densities, comparable to the one of swelling rocks. With the high
compaction load of up to 100 MPa used, it was possible to create cylinders or cylindrical disks with
an average density of about 1.9 g/cm?.

Table 8-2 summarizes the specimen dimensions depending on the test type. In the case of the
preliminary free swelling tests (Chapter 8.4.1), the disks had a height of 20 mm and were pressed
out of the steel rings after compaction. For the tests in oedometers (Chapters 8.4.2, 8.4.3 and 8.5)
and complete constraint tests (Chapter 8.6) the disks (with a height of 20 or 25 mm) remained in
the oedometer rings they were compacted in. In the case of the isotropic compression tests
(Chapter 8.7), the specimens (specimen height of 40 mm and diameter of 57 mm) were compacted
in a steel cylinder, pressed out of the cylinder and inserted in a rubber membrane. In the case of
the so-called “flexible oedometer tests” (Figure 7-21d and Chapter 8.8) it was necessary to have
cylindrical specimens (specimen height of 40 mm and diameter 57 mm) fitted reasonably tight in
PVC cylinders. For this reason, the first specimens were compacted directly in PVC cylinders
(which were placed within steel cylinders during compaction), whereas for the later series the
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specimens were first compacted in separate steel cylinders from which they were pressed out and
inserted tightly into the PVC cylinders.

Table 8-2: Overview of specimen dimensions according to the type of test (unless indicated otherwise in the
respective chapters).

Test type height [mm] diameter [mm] radial confinement chapter(s)

during the experiments

Preliminary free swelling tests 20 70 rubber membrane 8.4.1
Oedometer tests 20 56.3 steel cylinder 8.4.2,84.3and 8.5
Complete constraint tests 20/25 56 /70 steel cylinder 8.6
Isotropic compression tests 40 56.7 rubber membrane 8.7
Flexible oedometer tests 40 56.7 PVC cylinder 8.8

After compaction, the specimens were air-dried for at least 24 hours in order for the ethanol to
evaporate. Based on the measured masses, the specimens may still have contained up to ca. 5%
of ethanol after air-drying. In order to achieve a more uniform and accelerated watering of the
specimens during the following tests, a small hole with a diameter of 1.1 mm was bored through
the center of the specimens (which corresponds to 0.04% of the total specimen area and has thus
no influence on the macroscopic swelling behavior). However, this was not possible with all
specimens, especially when the specimens were deemed too brittle to withstand boring (e.g., in
the cases where quartz flour or where finely milled SA was used for specimens with 40 mm height
which were pressed out of the steel rings). Figure 8-2 illustrates the described specimen
preparation procedure and shows examples for two compacted specimens (one in an oedometer
ring and one for a free swelling test).

The main properties of the specimens (height, porosity, dry mass, density and anhydrite content)
are summarized in the tables in Appendix J, whereas the porosity, density and the anhydrite content
were calculated from the measured values, i.e., from the specimen dimensions and the dry masses
of the components.

100 MPa

i

Figure 8-2: Specimen preparation procedure. From left to right: mixture of powders; powders in steel cylinder
under axial load (compaction); intact disk in steel ring after compaction (oedometer tests); intact disk
after removing from 70 mm steel ring (free swelling tests).
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8.3.2. Testing procedure

After air-drying upon compaction, all specimens were measured, weighed and installed in the
respective apparatuses. The specimens were then loaded in a dry state with a constant stress, until
the deformation settled. The specimens were then watered (if not indicated otherwise, water
saturated with respect to gypsum i.e., 15 mol/m® Ca and SQOa, was used), thus beginning the actual
swelling test, and the developing deformation and/or stress was measured.

The experiments were terminated by disconnecting the water supply, unloading the specimens and
extracting them from the respective apparatus. The specimens were measured and weighed
directly after extraction, then dried in an oven at 40 °C for at least 24 hours (i.e., until all pore water
dissipated). It was crucial to keep the temperature at maximum 40 °C, in order to prevent the
precipitated gypsum from dehydrating and forming bassanite (this problem is discussed in more
detail in Appendix ).

Upon drying, the specimens were weighed again, in order to determine the dry mass of each
specimen as well as its water content post test, and a representative part of each specimen was
broken or sawed off and ground to powder with a pestle and mortar. With the exception of some
preliminary tests, a powdered sample of each specimen was investigated with thermogravimetry
(“TGA”, Chapter 3.1) in order to indirectly determine the amount of precipitated gypsum (cf. Huber
et al., 2015, and Appendix I). In selected cases, microscopy, porosimetry or X-ray diffraction
analysis (“XRD”, Chapter 3.3) was performed additionally. It was seen that the results obtained via
TGA agree well with the XRD results (Huber et al., 2015, and Appendix I).

8.3.3. Evaluation of the strains

As will be seen in the following chapters, the measured deformations can be subdivided and
assigned to the different occurring processes. The schematic graph in Figure 8-3 depicts the total
measured deformation A#,. (here a heave is positive, a settlement is negative, see Equations
(7 - 13) and (7 - 14)) over time ¢ and gives an example for how the measured deformations were
evaluated.

The total deformation A4, is measured starting from the specimen height 4, after specimen
preparation. Before starting the actual swelling experiment (i.e., at a time ¢ <0 ), the specimens
were loaded in a dry state until the settlement A#,, subsided. At the end of dry loading, the
specimens have a height %, (which is the new starting height for the swelling strains). At =0, the
specimens are then watered, thus beginning the swelling test. All deformations measured from this
point on are denoted as “swelling” deformations, Ak, .

As mentioned above, these swelling deformations can be further subdivided: In nearly all cases, a
first rapid response to the wetting of the specimens was recorded due to physical swelling, indicated
here as the “initial” deformation A#%; (i.e., when the specimens change their height from 4, to 4, ,
see Figure 8-3).

In nearly all tests, the point indicating the height 4, could be well distinguished due to a prominent
change in the rate of the deformation. Depending on the applied axial load, some specimens
experienced a rapid heave (as shown figuratively in Figure 8-3), while some exhibited an abrupt
settlement. The reasons for these different responses depend on the testing conditions and are
thus discussed later for the respective experiments. It was seen (cf. also Pimentel, 2015) that these
initial deformations A%, can be explained on the one hand with mechanical processes, Ah,.., (such
as reduction of negative pore water pressures during water uptake or overcoming friction between
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the specimen and its confining walls upon wetting, as will be described, e.g., in Chapter 8.5), on
the other hand due osmotic swelling of clay (A, ). Therefore,

+Ah (8-1)

clay

Ah, = Ahmech
whereas Ah,.., and Ah,, are indicated qualitatively in Figure 8-3, but their amounts cannot be
distinguished from one another in the experiments. Due to the fact that this phase (i.e., before
reaching the specimen height #;) occurs fast in comparison to the remainder of the test (at the
most within half a day), and that no gypsum was detected in specimens that swelled for a few
hours, AGT is negligible during the initial deformation A#; . Since the primary aim is to investigate
the swelling behavior due to AGT, the strains of interest were therefore calculated by considering
the heave from this point on (i.e., Ah,r starting from the height 4, ). This was only possible due to
the sequential nature of the different processes, as will be seen in later chapters, where the swelling
processes were distinguished from one another (e.g., Chapter 8.5.2, where swelling of specimens
without anhydrite was investigated and Chapter 11, where AGT was prohibited by performing the
swelling tests at higher temperatures). Furthermore, this gives a more accurate sense of the
deformation due to AGT, since the initial deformations, A#%;, were not the same in all cases (as will
be seen and discussed in further detail later). The swelling deformations due to AGT are caused
on the one hand by the change in solid volume of anhydrite and gypsum (A#,,, ), which can be
calculated based on the stoichiometry of the reaction and the different densities of anhydrite and
gypsum (see Equation (2 - 12)), on the other hand by the change of the pore volume (A% ).
Therefore,

Al =AMl +Ah, (8-2)

Vic

In summary, the total deformation of the specimen amounts to:

Ahmtul = Ahdry + Ah.\'well = Ahdry + (Ahl + AhAGT ) = Ahdry + ((Ahma‘h + Ahz'lay ) + (AhV,1 G + AhP )) (8 i 3)
= A
< hang
< . —— Total swelling
Ahp
-7 — — Swelling due to change in solid volumes (A—G)
Pie Ahpgr
”
~ < 7
P AhAVA‘G Ahgwel
P ”~
h /= Physical swelling
Ahclay
Mechanical swelling
hpn’or | N Ah|
Ahdry E_ | Ahmech time
T hb vy v v Dry settlement
t=0

Figure 8-3:  Subdivision of the measured deformation A#h,.. based on the occurring processes: dry loading
(Aha., ), mechanical swelling ( Ah,... ), swelling due to clay ( Ah.., ), due to change in solid volume

(Ahy,, ) and in pore volume (Ahp). b pior » ho, by a@nd h., denote the respective specimen heights at
the marked points of the deformation curve.
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The strains are then defined as follows:

Ah
Total strains E ot = 2L (8-4)
hprior
Swelling strains Enowell = % (8-5)
0
Strains due to AGT Epe sor = NZ’GT (8-6)
7

Note that at very small loads (e.g., 3 kPa) the deformations due to dry loading of the specimens
were not measured (the dial gauge is mounted after the piston is placed on the specimen as can
be seen later in Figure 8-8, i.e., the dry settlement occurred before the axial measurements begin),
and therefore it is not possible to distinguish between the total deformations and the swelling
deformations, thus 4,,.,, = hy resp. Al = Mow s Earswet = Eax.totat -

The same considerations as described here for the axial deformations and strains can also made
for the deformations and strains in radial direction.

8.4. Preliminary tests

8.4.1. Preliminary tests I: Free axial swelling tests

a. Aim and procedure

Multiple free swelling tests (with no axial load) were performed with the aim of gaining experience
with the specimen preparation procedure, trying out various mixtures for the specimens and
comparing their swelling behavior.

If not indicated otherwise, the specimens were prepared as described in Chapter 8.3 with anhydrite
from Sigma Aldrich and either kaolin, limestone or quartz flour (see Table J-1 in Appendix J).

The kaolin specimens could easily be extracted from the cylinder after compaction. The same
accounts for the limestone specimens, although they had the tendency to break slightly at the
edges or perpendicular to the direction in which they were compacted. However, the quartz flour
proved to generate problems when attempting to extract the specimens from the apparatus after
compacting. It was not possible to create intact, unconfined specimens with the same procedure
as described above. Therefore mixtures containing quartz flour could only be used for testing when
the compacted specimens were left within the steel ring and were not tested further in the
preliminary free swelling tests presented here, but were used for some of the oedometer tests
described later (see Chapter 8.5).

During these preliminary tests, most specimens were radially surrounded by a Teflon band
(allowing an axial deformation without friction) and slightly confined by a neoprene membrane
(thickness of ca. 2 mm and diameter of 70 mm), as indicated in Figure 8-4. The rubber membranes
provided sufficient radial support in order to prevent the specimens from crumbling during the test,
but did not prohibit radial expansion. Some specimens were radially completely confined by stiff
steel cylinders (i.e., in oedometers with diameters of 56 mm or 70 mm), and had a slight axial load
of 3 kPa. Each specimen was inserted in a separate container (cylinders made of acrylic glass with
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a stainless steel base) and covered with demineralized or saturated water (with an ionic
concentration equal to the equilibrium concentration of gypsum, i.e., c, ¢ =15mol/m*), while the
occurring axial deformation was measured with a dial gauge.

(1 Specimen
(2 Filter plate
(3 Filter paper
(@ Steel base
(5 Distance holder & leveller (acrylic glass)
20 mm (® Radial support (neoprene membrane and teflon band)
@) O-rings (rubber)

® Cylinder (acrylic glass)

@ Lid (acrylic glass)
10 Dial gauge

(4]

= . >!

70.0 mm

Figure 8-4: Cross-section through an apparatus for free swelling tests.

b. Results

Eight specimens were produced with varying mixtures of kaolin and anhydrite, five specimens with
only kaolin, four specimens with mixtures of limestone and anhydrite, and two specimens with only
limestone.

Table 8-3 summarizes all specimens containing kaolin, their testing conditions and reached strains.
The swelling strain curves over time are shown in Figure 8-5. Analogue, the information on the
specimens containing limestone is given in Table 8-4 and the results from the free swelling tests
are presented in Figure 8-6. Further information on the specimen properties can be found in
Appendix J (Table J-1), whereas the composition of the specimens post test was only determined
for two specimens containing limestone within the scope of these preliminary tests (in order to
investigate whether AGT occurred at all).
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Table 8-3: Overview of the preliminary tests with mixtures containing anhydrite (SA) and kaolin (PW).

Specimen Composition Specimen preparation Radial confinement Fluid Max. swelling

strain gax,sweir [%]

PTO1 SA 60% PW 40% mixed with ethanol, rubber membrane saturated water 85
air-dried
PT02 SA 60% PW 40% (Ca, SO) 75
PTO3 SA 40% PW 60% 80
PTO04 SA 40% PW 60% 77
PTO5 SA 20% PW 80% 66
PT06 SA 20% PW 80% 66
PTO7 PW 100% 23
PTO8 PW 100% mixed with ethanol, 28
test started immediately
PT09 PW 100% mixed with 50% ethanol 22
and 50% demineralized
water, air-dried
PT10 PW 100% mixed with ethanol, demineralized water 33
air-dried
PT11 PW 100% ethanol 8
PT12 SA 20% PW 80% steel cylinder saturated water 73
(D=70mm , o, =3kPa ) (Ca, SOy)
PT13 SA 20% PW 80% steel cylinder saturated water 60
(D=53mm,o, =3kPa) (Ca, SO,), water
supply via pipette
Table 8-4: Overview of the preliminary tests with mixtures containing anhydrite (SA) and limestone (KM).
Specimen Composition Specimen preparation Radial confinement Fluid Max. swelling
strain gax,sweit [%]
PT14 SA 60% KM 40% mixed with ethanol, rubber membrane saturated water 9
air-dried
PT15 SA 40% KM 60% (Ca, SO 14
PT16 SA 20% KM 80% 18
PT17 KM 100% 17
PT18 KM 100% demineralized water 18
PT19 SA 20% KM 80% steel cylinder saturated water 1

(D=70mm , o, =3kPa) (Ca, SO,)
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Figure 8-5:  Swelling strain curves of preliminary tests (specimens containing kaolin); see also Table 8-3.
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Figure 8-6: Swelling strain curves of preliminary tests (specimens containing limestone); see also Table 8-4.

c. Discussion

In general, a first rapid heave directly after watering the specimens can be observed. The strains
then either increased almost linearly until reaching a maximal value or remained nearly constant
after the initial heave (see Figure 8-5 and Figure 8-6).

The specimens containing both kaolin (PW) and anhydrite (SA) all behaved similarly (Figure 8-5):
At first, they exhibited a rapid increase in strain followed by a more or less linear increase over the
first ca. 7 days, then slowing down and reaching a maximal value. The linear increase in strain
occurs due to AGT. This becomes evident when comparing the strains of the specimens with
anhydrite (specimens PT01-PT06 and PT12, PT13 in Table 8-3 and Figure 8-5) to those without
any anhydrite (PTO7-PT11, which did not exhibit any further swelling strain after the initial heave).

The first rapid increase in strain also occurred in the case of the limestone specimens, with
the exception of PT19. It is assumed that this first increase occurs on the one hand due to water
uptake and reduction of negative pore water pressure which also leads to a reduction of the
effective stress and thus to immediate strains (referred to here as “mechanical strains”), on the
other hand possibly also due to some slight swelling of clay (in the case of the specimens mixed
with kaolin), cf. Chapter 8.3.3. These first deformations immediately after watering (denoted as A#,
in Figure 8-3) also occurred with specimens containing no anhydrite and are therefore independent
of the AGT processes. The only specimen which did not exhibit any swelling due to hydration effects
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was the specimen PT19 with 20% anhydrite and 80% pulverized limestone in a steel cylinder,
where a slight axial load (ca. 3 kPa) may have been sufficient to restrict said strain. However, such
a slight axial load did not suppress the hydration strain in the case of the kaolin specimens in a
steel cylinder.

It was also investigated whether the rapid initial strain changes by varying the testing conditions
with specimens containing 100% kaolin: one specimen (PT10) was tested with demineralized water
instead of saturated water, another (PT08) was inserted directly after compaction (no drying), a
third (PT11) was tested with ethanol instead of water, and a fourth (PT09) was mixed with some
water in addition to the ethanol before compaction (so the clay platelets may already bind some
water before the test starts). The last (PT09) did not show different results compared to PT07,
which followed the original procedure (i.e., mixing the material with ethanol, air-drying the specimen
after compaction and using saturated water for the test). However, performing the test immediately
after compaction (PTO08) or using demineralized water (PT10) lead to even higher initial rapid
strains, while performing the test with ethanol instead of water (PT11) reduced the initial rapid
strains significantly.

When comparing the results in Figure 8-5 to those in Figure 8-6 it becomes apparent that a
specimen consisting of a matrix of crushed limestone does not produce the same strains due to
AGT as a specimen with kaolin does. With limestone, no swelling strain occurred after the first rapid
strains, even though most of the anhydrite had transformed to gypsum (as was investigated for two
specimens, PT14 and PT15, AGT progressed to ca. ¢=75%, see Table J-1 in Appendix J). In
order to find a possible explanation for this behavior, the pore space of the specimens was
investigated more closely. The limestone specimens were expected to have bigger pores compared
to the kaolin specimens, since the particle size of the crushed limestone is larger than that of the
kaolin (cf. Figure 8-1). The larger pores could allow for gypsum to precipitate only within the pore
space, thus leading to no additional swelling strain after the initial heave due to water uptake and
reduction of negative pore water pressure. For this reason porosimetry and microscopic in-
vestigations (see Chapters 8.9.1 and 8.9.2) were performed on a limestone specimen prior to any
wetting (i.e., initial state prior to swelling test) as well as on one of the specimens presented in the
results of this chapter (PT15). As will be shown later in Chapter 8.9.1, the limestone specimens
have only slightly larger pores in their initial state compared to the kaolin specimens, while the total
pore volume and the porosity are smaller. After the swelling test, the smaller pores of the limestone
specimens seem to disappear, while at the same time the total pore volume increases and the
porosity decreases (see Figure 8-51 and Figure 8-52 in Chapter 8.9.1). This leads to the conclusion
that many small pores have been filled with gypsum while larger pores were created where
anhydrite dissolved. However, optical analysis of the structure of a specimen (see microscopic
investigations, Chapter 8.9.2) also showed some clearly defined clusters of gypsum needles.

It is assumed that gypsum also precipitated within the pores in the case of the limestone specimen
in the steel ring (PT19), which did not exhibit any initial heave. In the case of the specimens
containing 100% limestone (PT17 and PT18), the strains even begin to reduce again after the initial
heave.

Figure 8-7 shows the reached swelling strain versus the initial anhydrite content of the specimen.
It becomes apparent that with only 20% anhydrite in the specimen, already significant strains occur
in the case of the specimens containing kaolin. Under these conditions, an increase in the amount
of anhydrite in the specimen to 60% only produces an additional strain of about 10%.

123



Part Ill: Coupled chemo-mechanical processes (C-M)

Following these preliminary tests it was decided to use specimens of a mixture of 40% anhydrite
(SA) and 60% kaolin (PW) for the main part of the following tests. Kaolin was chosen as aggregate
because the specimen preparation had a higher success rate compared to the quartz flour
specimens, which were more brittle. Limestone was discarded because of lack of swelling strains
due to AGT. Since all variations of compositions (SA / PW) showed similar results, the ratio (40%
SA, 60% PW) was chosen considering that natural specimens containing anhydrite (e.g., cores
from the Belchen Tunnel) showed typical values of 40%—60% anhydrite. Additionally, the choice of
40% anhydrite instead of 60% helps to spare resources.

2 100
& 80 8
o
o ¢ Specimens containing kaolin (PW)
60 <o
40 ¢ Specimens containing limestone (KM)
.
.
0 I ? T T
0 20 40 60 % Anhydrite in sample

Figure 8-7:  Max. swelling strain vs. anhydrite content.

8.4.2. Preliminary tests Il: Comparison milled natural anhydrite —
commercial anhydrite

a. Aim and procedure

In order to establish how well the commercial anhydrite represents natural anhydrite, a series of
oedometer tests with an axial load of 3 kPa was performed with mixtures of 40% anhydrite (either
from Sigma Aldrich “SA 17, with a max. grain size of 40 um, or from Bex, B6zberg or Leissigen, see
Chapter 8.2.1, which were milled to powders with max. grain sizes 50 um resp. 80 um) and
60% kaolin.

The specimen preparation occurred as described in Chapter 8.3, whereas the specimens remained
in the oedometer rings after compaction, were inserted into an oedometer cell (see sketch in
Figure 8-8), loaded only with a piston (ca. 0.7 kg, i.e., 3 kPa) and connected to a water supply, thus
initiating the swelling process. The developing heave (A# ) of the specimens was measured with a
dial gauge.
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Figure 8-8:  Basic setup of an oedometer cell (cross section).

b. Results

The results of the swelling strain tests are shown in the graph in Figure 8-9. The black curves show
the results for the specimens containing commercial anhydrite (SA).

TGA post test revealed that nearly all of the commercial anhydrite was transformed to gypsum. In
the case of the milled natural anhydrite, however, only about 40-60% of the anhydrite had
transformed at the point of extraction (i.e., the AGT process progressed to ¢=40% —60% according
to Equation (7 - 12), see Figure 8-10), even though the specimens were subjected to water for
nearly the same duration and reached similar values for the swelling strains.

The specimen properties and results from these tests can be found in Table J-2 in Appendix J.

80 40% Anhydrite Bex < 50um
60% Kaolin
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—0—40% Anhydrite Leissigen < 50um
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—e— 40% Anhydrite Leissigen < 80um
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60% Kaolin

b & T T 1
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Figure 8-9: Time development of total swelling strains for o, = 3kPa : comparison between mixtures containing
natural and commercial anhydrite (note: the dashed segment indicates a longer period of time where
the axial deformation was not measured and the curve ending with a triangle represents the
SA-specimen 15_0 that had a slightly higher density than the others, i.e., 2.3 g/cm® as opposed to
ca. 1.9 g/cmd).
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Figure 8-10:  Total swelling strains vs. degree of completion of anhydrite to gypsum transformation (see Equation
(7 -12)) for .. =3kPa (preliminary tests in oedometers).

c. Discussion

The specimens containing commercial anhydrite “SA 1” (represented by the black curves in
Figure 8-9) produced in general similar swelling strains as the specimens containing natural
anhydrite. However, the latter seem to not have reached the maximum swelling strain at the point
of extraction (i.e., after ca. 30 resp. 60 days, when the experiments were terminated), since the
swelling strains still appear to be increasing and AGT was only completed to about 4 =40% —60%
(see Figure 8-10). Furthermore, the shapes of the curves are slightly different: While the specimens
containing commercial anhydrite SA 1 show a rather constant rate and reach a plateau fairly
abruptly, the specimens containing natural anhydrite show a more continuous decrease of the
swelling rate and do not seem to have reached a steady state within the duration of the
experiments. With the one exception of the specimen 15_0 (curve ending with a triangle), the end
values of the commercial anhydrite-curves lie generally lower than those expected with natural
anhydrite, had the tests gone on longer.

The difference between the swelling behavior of natural anhydrite and SA 1 can be explained with
the different maximum grain size of the anhydrite in the specimens: A larger grain size of the
anhydrite particles (and therefore a smaller specific surface) slows the AGT process down and thus
causes retardation in the swelling behavior, cf. Chapter 2.4 and Serafeimidis and Anagnostou
(2012b). This also becomes evident, when regarding the curves with natural anhydrite milled
< 50 um as opposed to the specimens with anhydrite < 80 um: The rates of the specimens
containing larger particles are smaller during the observed period of time (Figure 8-9) and even
though they were tested with a longer duration (20-30 days longer), AGT had progressed less
(Figure 8-10).

The influence of the grain sizes was also discussed by Rauh and Thuro (2007) (cf. Chapter 1.4.7),
where they crushed natural anhydritic rock to various grain sizes as well, mixed it with quartz flour
and performed powder swelling tests similar to the ones described here, whereas their specimens
had a lower density than those presented here, i.e., 1.5 g/cm® and generally larger grain sizes (from
10 um to 6 mm). They observed higher swelling strains after 1.5 years with specimens where finer
anhydrite was used. However, they do not show the development of the swelling strain over time
and it is not clear, to which extent AGT progressed.
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The scatter concerning the value of maximal swelling strain reached by the specimens was seen
to be dependent on their density (see Figure 8-11). Even though the same specimen preparation
procedure was strictly followed, the density of the specimens still varied to some extent. The
specimens containing natural anhydrite had densities between 1.99 and 2.13 g/cm?3, and the
specimens containing commercial anhydrite SA 1 had densities between 1.86 and 1.94 g/cm3, with
the one exception of specimen 15_0 with 2.29 g/cm?3, which showed the highest amount of swelling
strain (corresponding to the black curve ending with a triangle in Figure 8-9).
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A Specimen 15_0 (SA1, higher density)
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Figure 8-11:  Maximal swelling strain vs. dry density prior to the experiments.

8.4.3. Preliminary tests lll: Comparison different commercial anhydrite powders

a. Problem, aim and procedure

Roughly two years after beginning with the swelling experiments described here (Chapter 8),
anhydrite needed to be re-stocked from Sigma Aldrich. At that point, the same batch (SA 1 as also
used for the first two series of preliminary tests, Chapters 8.4.1 and 8.4.2) could not be resupplied.
Two (apparently equal) products were then ordered from Sigma Aldrich (referred to here as batches
“SA 2" and “SA 3”), with the same purity and very similar particle size distributions (as will be seen
below in Figure 8-14, left). However, the swelling behavior with oedometer tests at 3 kPa differed
from the first batch, as can be seen in Figure 8-12 (note that the black curves are the same as
already shown in Figure 8-9).

Batches SA 2 and SA 3 (represented by the yellow and blue curves) showed at first a slow, then a
rapid increase in strain which subsides fairly quickly (“S-shaped” curves) but reach generally slightly
higher strains than SA 1. The only exceptions are the specimen 15_0 (SA 1 with a higher density,
as described in the previous chapter) and one specimen with SA 3, which (for so far inexplicable
reasons) did not swell at all due to AGT. However, upon repetition, SA 3 led to a similar swelling
behavior as SA 2.
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Figure 8-12:  Swelling tests with anhydrite batches “SA 1”, “SA 2” and “SA 3” from Sigma Aldrich.

When it was seen that the commercial anhydrites did not lead to similar swelling curves, further
suppliers of anhydrite were considered: Alfa Aesar (“AA”) and ProChem (“PC”). Furthermore, SA 2
and SA 3 were milled, in order to accelerate the swelling process. The swelling behaviors of these
powders were then compared to one another with swelling tests in oedometers with an axial load
of 3kPa (as in Chapter 8.4.2). With all anhydrite powders, the same specimen preparation
procedure was followed as described in Chapter 8.3.

In order to determine the cause for the different swelling behaviors, the properties of these
anhydrite powders were analyzed and compared more in depth (see Chapter 3 for a description of
the analytical testing techniques):

- due to the known fact that smaller anhydrite particles dissolve faster, the particle size
distributions were analyzed via laserdiffractometry;

- since the hydration rate is dependent also on the density and on the specific surface area
of the anhydrite grains, the densities of the anhydrites were determined via pycnometry,
and their specific surface area were determined via BET;

- in order to verify that the purity of the powders is as indicated by the suppliers, their purity
was verified via X-ray diffraction analysis, where also the crystallite size was determined.

Furthermore the change in conductivity was observed when dissolving 4 g/l of the powders in
demineralized water (similar procedure as described in Chapter 4) and thus the kinetics of the AGT
process could be qualitatively compared for the different powders in pure water.

b. Results

The usage of different anhydrite sources delivered the swelling strains depicted in Figure 8-13. The
black, yellow and blue curves represent specimens with anhydrite from Sigma Aldrich and are the
same as in Figure 8-12. As mentioned above, the batches SA 2 and SA 3 from Sigma Aldrich
showed a slower swelling behavior compared to SA 1. However, by milling these batches in a ball
mill for ca. 2 hours, the rate of the swelling strain could be increased (dashed lines). The anhydrite
purchased from PC (green curves) showed an even slower swelling behavior than SA 2 and SA 3,
while the AA-anhydrite did not produce any swelling strain at all during the observed period of time
(red curves). Note that AA and PC were not further milled. TGA results on these specimens after
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swelling showed nearly no gypsum in the cases of the AA specimens and the first SA3 specimen
(max. 2 gr of gypsum, i.e., AGT was progressed to solely $=3% ), while all other specimens shown
in Figure 8-13 exhibited AGT to at least $=90% . All specimen properties before and after swelling
can be found in Table J-2 in Appendix J.

80

Eax,swell [cyO]

80 100 120 140 160 180
time [d]
— SA1 SA2 — SA3 SA 2 milled ---- SA 3 milled — PC — AA

Figure 8-13:  Swelling strain over time for different commercial anhydrite powders.

X-ray diffraction analysis, pycnometry and BET measurements on the anhydrite powders delivered
the results in Table 8-5. It can be seen that all anhydrite powders have a purity of at least 98.9%
(note that only in the case of AA, also dolomite and calcite were detected; the amounts are,
however, considered negligibly small to have any influence on the chemical reactions of AGT and
are thus not further discussed here). The isotropic crystallite size of the powders varies between
92 (SA 1) and 154 nm (PC). The densities of the grains all lie between 2.82 and 2.89 g/cm3, which
is slightly lower than the otherwise assumed density for anhydrite in this work (i.e., 2.96 g/cm?3).
Here too, SA 1 showed the lowest value whereas PC showed the highest. The specific surface
area was not measured for all powders, but the existing results lie within a relatively small range
between the values of 3.66 and 5.67 m?/g, whereas SA 1 showed the biggest specific surface area.

The results from laserdiffractometry (see Figure 8-14, left) have shown that the anhydrite powder
from Alfa Aesar has slightly bigger particles (red curves), the powders from ProChem and Sigma
Aldrich SA 2 and SA 3 show very similar particle size distributions while SA 1 (black curves) has
slightly smaller particles. The additionally milled SA 2 powder shifted the particle size distribution
curve to the left in the lower area, indicating a strong increase in small particles compared to the
original curves (as was to be expected from the milling process).

Dissolving 4 g/l of the anhydrite powders in demineralized water and measuring the conductivity of
the solutions delivered the results in Figure 8-14, right. It can be seen that SA 1 (black curves)
reaches a higher peak in shorter time compared to the other powders, which indicates faster,
immediate anhydrite dissolution. Furthermore, they decrease faster than the curves representing
the other powders, which suggests that AGT is completed faster. This can also be seen for the
case of the dashed yellow curve representing the milled SA 2 powder, when comparing it to the
original powder (solid yellow curve).
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Table 8-5: XRD, pycnometry and BET results of the anhydrite powders ([wt%] = weight percentage).

Specimen name SA1 SA2 SA 2, milled SA3 PC AA
XRD
Anhydrite [wt%] 99.35 (+0.16)  99.37 (£0.16) 99.36 (+0.16)  99.22 (+0.19)  99.7 (+0.08) 98.9 (+0.28)
Celestine [wt%] 0.19 (+0.09) 0.21 (+0.09) 0.30 (+0.12) 0.25 (+0.14) 0.29 (+0.08) 0.26 (+0.13)
Quartz [wt%)] 0.46 (+0.13) 0.41 (£0.12) 0.34 (£0.11) 0.53 (+0.13)
Dolomite [wt%] 0.48 (+0.14)
Calcite [wt%] 0.36 (+0.17)
Crystallite size (iso.) [nm] 92 99 93 (£5) 129 154 (+13) 128 (+9)
Pycnometry
Density [g/cm?] 2.823 2.879 2.876 2.880 2.889 2.884
BET
Spec. surf. area [m?/g] 5.668 4.591 3.666 3.997
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Figure 8-14:  Left: laserdiffractometry results; right: conductivity measurements for the different commercial an-
hydrite powders.

c. Discussion

No investigated factor alone was able to explain the retardation or complete absence of swelling
strain that some specimens have shown in Figure 8-13. All anhydrite powders have proven to have
a purity of at least 98.9%.

When comparing the swelling strains (Figure 8-13) to the conductivity measurements (Figure 8-14,
right) it can be seen that in both cases the black curves (SA 1) show the most rapid AGT reactions,
while the yellow (SA 2), blue(SA 3) and green (PC) curves indicate slower AGT. However, while in
the conductivity results the yellow, blue, green and red curves develop very similarly (Figure 8-14,
right), the swelling strains vary from slightly slower (yellow and blue curves, SA2 and SA 3 in
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Figure 8-13), to very slow strains (green curves, PC) to no strains at all (red curves, AA). Thus the
conductivity measurements could confirm faster AGT in the case of SA 1, which corresponds to
the swelling strains, but do however also indicate AGT to occur in the case of AA, which did not
show any swelling strain at all (cf. Figure 8-13).

While the particle size distributions all lie within a similar range, the results from laserdiffractometry
(Figure 8-14, left) indicate that of the unaltered powders SA 1 has the narrowest particle size
distribution, (with des <20 um) while AA has the widest particle size distribution (des < 55 pm).
Naturally, the milled SA 2 powder shows more fine particles and thus an even wider distribution.
Based on these results the following general statement can be made concerning the swelling
behavior: the smaller the maximum grain size, the faster swelling seems to occur. However, when
comparing only SA 2 and SA 3 with PC, the particle size distribution gives no indication as to why
PC swells much slower.

When looking at the crystallite size, grain density and specific surface area of the grains and
comparing them to the swelling strains it can be generally said that the rates of the strains tend to
be higher with smaller crystallite size, smaller density and larger specific surface area. However,
here too, none of the properties suffice to explain why, e.g., AA did not swell at all (for example,
these values are similar for SA 3 and AA, while PC has an even bigger crystallite size and a higher
density). Concerning the grain density it appears that all values lie between those of two different
phases of anhydrite, as described in Chapter 2.1 (cf. Wirsching, 2000): Anhydrite Il (“soluble”
anhydrite, which is metastable in dry air; grain density of 2.58 g/cm?) and Anhydrite Il (which can
be — depending on the formation temperature — All-s / slowly soluble anhydrite, All-u / insoluble
anhydrite or All-E / “Estrichgips” with a grain density of 2.93-2.97g/cm?). It is therefore conceivable
that the anhydrite powders consist of a mixture of these phases, whereas SA 1 contains the most
amount of Anhydrite Il1.

In order to accelerate the swelling behavior and thus shorten the duration of the swelling tests
described in the following chapters, it was decided to continue using anhydrite from Sigma Aldrich
(i.e., batches SA 2 and SA 3), however milling the powders prior to specimen preparation.

8.4.4. Preliminary tests IV: Determination of Young’s modulus and Poisson ratio

a. Aim and procedure

As seen in the constitutive model (Chapter 7.1) as well as in the thought experiments (Chap-
ter 7.3.4), it is necessary to know the Young’'s modulus and the Poisson ratio of the specimens in
order to evaluate most experiments (depending on the boundary conditions). For this reason a
triaxial test was performed with a powdered and compressed specimen (with a diameter of 70 mm
and a height of 140 mm). Since it was not possible to compress a specimen with such a height as
a whole (a minimum relationship of height:diameter equal to 2:1 is recommended for triaxial tests
according to the ASTM standards; e.g., ASTM International, 2004 and 2007b), four specimens with
a height of 35 mm each were compressed and stacked within the triaxial cell in order to obtain a
representative specimen with a height of 140 mm.

The triaxial test is performed under dry conditions, in order to avoid swelling during the test. Four
loading steps are executed, where the specimen is first loaded isotropically up to each of the four
pre-defined stress levels (1 MPa — 2 MPa — 4 MPa — 8 MPa). At each stress level, the radial stress
is held constant while the axial load is increased until the measured deformation reached an axial
strain of ca. 0.2%, then reduced again to the last isotropic stress state. The specimen is then
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reloaded deviatorically, until the shear strength is mobilized, at which point the specimen is
unloaded to the last isotropic stress. Then the specimen is reloaded again isotropically to the next
stress level and the same procedure repeated.

The deformations were measured on the one hand within the cell, close to the specimen (“internal
measurements” with a magnetostrictive position sensor for the axial displacements and an
extensometer which measures the displacements as a digital encoder moves along a magnetic
strip for the change in circumference; referred to here as “chain extensometer”), on the other hand,
“external measurements” were taken, where the position of the piston (which indicates the axial
deformation of the specimen), as well as the change in oil volume being pressed in and out of the
cell (from which the changes in volume of the specimen can be calculated) was measured.

Additionally, a dry specimen (specimen preparation as described in Chapter 8.3) was stepwise
loaded and unloaded in a conventional oedometer up to 3.2 MPa, then wetted with ethanol and
unloaded to 0.8 MPa and reloaded to 3.2 MPa, in order to observe the difference between a dry
and a saturated specimen. The stress-strain relationships during loading, unloading and reloading
were used for a further estimate for the Young’'s modulus of such specimens, in addition to the
triaxial test results.

b. Results

The stress-strain path of the specimen during the triaxial test is shown in Figure 8-15, left. Each
load step began by increasing the axial stress while measuring the deformations. After 0.1-0.2%
axial strain, the axial stress was reduced and increased again (i.e., unloading and reloading the
specimen), as indicated by the red arrows in Figure 8-15, left. As can be seen, the unloading and
reloading paths occur at a steeper slope than the “first” loading (whereas it needs to be noted that
during specimen preparation the specimens were already compressed with a far higher axial stress
of 100 MPa). Therefore, the deformation of the specimens is not completely elastic.

The Young’'s modulus is determined from the slope of the elastic deformation, i.e., the unloading
and reloading paths indicated by the red arrows in Figure 8-15. In order to model the entire
deformation of the specimens, however, the Young’s modulus is most likely too high. It may be
conceivable to use the deformation modulus, determined by the slopes of the green secants of the
first loading paths at each stress level. For both cases, the respective moduli are shown as a
function of the radial stress in Figure 8-15, right.

In both diagrams, the results are shown based on the internal measurements (dotted lines) as well
as the external measurements (solid lines). Since the experiments in this research generally did
not undergo cyclic loading, the values obtained via the secants are taken further into account for
the estimation of the Young’s modulus.

The maximally reached axial stress (before shearing occurred), i.e., the peak stress, is shown in
dependence of the radial stress in Figure 8-16, left. From this, the Mohr-Coulomb failure criterion
can be concluded (see dashed linearization in Figure 8-16), since axial loading at each radial stress
level occurred until shearing began. Therefore, an angle of friction of 25° and a cohesion of 2 MPa
can be determined for the powdered compressed specimens in their dry state (i.e., prior to any
swelling experiments).

In order to obtain a value for the Poisson ratio as well as the angle of dilatancy, the volumetric
strain vs. the axial strain is regarded (see right diagram in Figure 8-16). Both parameters can then
be determined as a function of the slope of the axial-volumetric strain curve (Vermeer and de Borst,
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1984). Here, merely one set of measurements was used (the external measurements taken during
load step 4), since all other sets of measurements were either faulty (the chain extensometer was
probably insufficiently pre-stressed and did not measure properly at lower stresses) or indicated a
Poisson ratio near or even below 0. Hence, the maximal determined Poisson ratio v based on
these measurements was ca. 0.26 while the angle of dilatancy y is estimated to 2.3°.
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level 4 (8 MPa) and approximations for the determination of the Poisson ratio v and angle of

dilatancy v .

Additionally, a powdered specimen in an oedometer cell was stepwise loaded and unloaded, thus
leading to the (axial) stress-strain relationship in Figure 8-17, left.
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Here too, the moduli are estimated based on the “first” loading path (note that this too is a reloading
path, since the specimens were compacted previously with an axial load of 100 MPa), as well as
the unloading and reloading paths, indicated by the red dashed lines in Figure 8-17, left:

E=£.W (8-7)
Ag -V

(cf., e.g. Lang et al., 2007).

In this case it is not possible to determine the Poisson ratio from the experiments. Therefore, v is
varied from its extreme cases, i.e., 0 (no deformation perpendicular to the imposed deformation) to
0.5 (completely incompressible resp. constant volume) in Figure 8-17, right, and we obtain the
range of 0—220 MPa for the Young’s modulus.
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Figure 8-17:  Results from an oedometer test on a compacted powdered specimen. Left: stress-strain path; right:
estimation of deformation and elastic moduli (based on the results from the left diagram) for various
Poisson ratios.

c. Discussion

The ftriaxial tests deliver a rather high estimation for the Young’s modulus of a powdered,
compacted and dry specimen. However, since the highest stresses used in the experiments in this
work were ca. 3.5 MPa (see Chapter 8.6), the values obtained with the triaxial test are assumed to
indicate an upper threshold. Furthermore, it needs to be considered that the Young’s modulus can
change severely (i.e., up to a factor of 10 lower) when a specimen is wetted, as Pimentel (1996)
has investigated experimentally. It was seen during the experiments described here that the
specimens become very soft after swelling (especially with low stresses acting on the specimens),
and thus the Young’s modulus is assumed to decrease (the Young’s modulus of very soft clay can
be below 5 MPa). However, in cases with high stresses acting on the specimens (and where very
little or no increase in total volume was observed), the specimens remained very intact and dense,
thus likely maintaining a high Young’s modulus after contact with water.

Through simple unloading and reloading of a specimen in an oedometer cell, far lower values for
the Young’'s modulus were estimated, which correspond better with literature values for clays.
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Based on these aspects, a general range of 1-200 MPa is considered for the Young’'s modulus of
the powdered and compressed specimens in a saturated state.

From the triaxial test a maximal Poisson ratio of 0.26 was estimated. This lies within literature
values of unsaturated clays (0.1 to 0.3, cf,, e.g., Bowles, 1996). For saturated clays, however, the
Poisson ratio can increase to 0.4 to 0.5. It is therefore strongly assumed that the estimated value
of 0.26 indicates a lower threshold value for the Poisson ratio of these specimens.

8.5. Oedometer tests

8.5.1. Aim and procedure

A total of nearly 70 oedometer tests were performed with various axial loads and with different test
durations in order to investigate the swelling stress / swelling strain behavior during AGT. The
experiments can be grouped into two series, based on the aim of the experiments:

In the first series of oedometer tests (Chapter 8.5.2) the aim was to determine the influence of axial
stress on the maximal strain by measuring the deformation (and thus the swelling strain) of
specimens under various constant axial stresses until the strains reach a steady state. These
experiments were performed with specimens consisting of anhydrite and kaolin as well as anhydrite
and quartz flour.

With the second series of oedometer tests the relationship between the swelling strain and the
change in mass of anhydrite in the specimens over time was to be established (i.e., to determine
the coupling parameter y, c.f. Equation (7 - 11) resp. (7 - 47)). For this purpose oedometer ex-
periments were performed, where specimens of anhydrite and kaolin were subjected to a specific
axial stress (3 kPa or 800 kPa) and then extracted after different test durations, before the swelling
strain reached a steady state (see Chapter 8.5.3).

The anhydrite used for all tests stem from Sigma Aldrich (i.e., SA 1, SA 2, SA 3 and milled versions
of the latter two powders). The basic set up of the oedometer tests is the same as in Chapter 8.4.2,
resp. Figure 8-8, whereas now higher loads are applied (up to 3200 kPa).

8.5.2. Results of the first series (various axial loads — swelling until strain reaches
steady state)

In the first series of oedometer tests with anhydrite and kaolin axial stresses between 3 kPa and
3200 kPa were applied. For the series with anhydrite and quartz flour the axial stresses ranged
from 3 kPa to 800 kPa. Two additional oedometer tests were performed at 3 kPa and 400 kPa on
specimens containing 100% kaolin, in order to compare the swelling strains with and without AGT.
For each axial load at least one oedometer test was conducted until the swelling strain reached a
steady state and thus the final strain was measured.

The results from the oedometer tests are presented in Figure 8-18 and Figure 8-19, which show
the measured swelling strain over time for the anhydrite/kaolin specimens and the anhydrite/quartz
flour specimens, respectively, until the swelling strain reached a steady state for all the axial
stresses investigated. The swelling strains obtained with an axial load of 3 kPa were taken from
the experiments described in Chapters 8.4.2 and 8.4.3, i.e., the black and grey curves shown in
Figure 8-18 are the same as the SA 1, SA 2 and SA 3 curves already shown in Figure 8-9 and
Figure 8-13.
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Part Ill: Coupled chemo-mechanical processes (C-M)

At an axial stress of 3200 kPa no swelling strain could be observed over the entire duration of the
test with a specimen containing SA 1 and kaolin; for the specimens containing SA 1 and quartz
flour this was the case at an axial stress of 800 kPa (the durations of both of these tests was ca.

80 days).

At 3 kPa and at 800 kPa multiple tests were repeated with the anhydrite/kaolin specimens and
some scatter in the results was observed (e.g., the final swelling strain of the specimens containing
kaolin which were loaded with 800 kPa varied from 6% to 10%).

The red dot-dashed curves in Figure 8-18 indicate the swelling behavior of the specimens
containing only kaolin, which also exhibited a rapid initial strain (see Chapter 8.3.3) during the first
couple of hours due to wetting of the specimen and reduction of the negative pore pressure (similar
to the other curves). It can be seen that this rapid initial strain is significant especially for low axial

stresses.
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Figure 8-18: Results of oedometer tests up to a steady state for mixtures with anhydrite and kaolin. Note that all
black and grey curves were loaded axially with 3 kPa.
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Figure 8-19:  Results of oedometer tests up to a steady state for mixtures with anhydrite and quartz flour.
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Figure 8-20 shows the final strain that was reached at each test versus the corresponding axial
stress in a semilogarithmic diagram. These results indicate a linear relationship between the final
swelling strains and the logarithm of the axial stress for both types of specimens at axial stresses
above 3 kPa.

Based on the TGA results post test, all specimens contained a high content of gypsum except in
the case of the anhydrite/kaolin specimen that was loaded with 3200 kPa and did not swell at all
(but even settled slightly). This is shown in Figure 8-21, where the masses of anhydrite prior and
post test as well as the mass of gypsum post test (per unit volume) are mapped against the applied
axial stresses for each specimen. The values m, .. are obtained directly from the initial measured
geometry and mass of the specimen, while m, ., and m.., were determined indirectly via TGA.

Note that mg.., is lower than m, ., and tends to be smaller with lower axial loads, while the
amount of transformed anhydrite (9 ) is nearly the same for all tests (see Table J-2 and Table J-3
in Appendix J). This is due to the fact that m is defined as the ratio between the mass of the
constituent i (i.e., anhydrite or gypsum) and the total volume of the specimen (Equation (2 - 11)).
Prior to the tests, the specimens have nearly the same volume, and thus the values for m, .., all
lie between 0.7 and 0.8 g/cm? in the case of the kaolin specimens, and at about 0.6 g/cm? in the
case of the quartz flour specimens. However, since the specimens loaded with a smaller axial
stress exhibited higher strains, the total volume of the specimens increased far more than in the
cases were the specimens were loaded with higher axial stresses. Therefore, mg .., is smaller at
lower stresses, even though the same amount of anhydrite has transformed to gypsum.

80
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°
®
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Figure 8-20:  Final swelling strain vs. corresponding axially applied stress.
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Figure 8-21: Masses per unit volume of anhydrite (prior and post test) as well as gypsum (post test) versus applied
axial stress for the first series of oedometer tests. Left: anhydrite/kaolin specimens, right: anhydrite/
quartz flour specimens.

Based on the volumes of transformed anhydrite and gypsum (which is calculated from the
respective masses) as well as the measured specimen volume prior to swelling, it is possible to
determine component &,, . of the strains which is caused by a change in solid volume (cf. Chap-
ter 8.3.3):

Ahy, AV (8-8)
VO

The change in solid volume, AV, is calculated by considering the mass balance and the densities
of anhydrite and gypsum (see Equation (2 - 17)).

The respective amounts of strains due to change in solid volume are shown in Figure 8-22 in red
for the same strains previously shown in Figure 8-20. As can be seen, and as was expected due
to the nearly full conversion of anhydrite to gypsum in most cases, the calculated strains due to an
increase in solid volume is independent of the applied stress. Above a certain stress, they exceed
the measured swelling strains (in the case of anhydrite/kaolin specimens above roughly 480 kPa;
in the case of anhydrite/quartz flour specimens above roughly 80 kPa). This leads to conclude that
the pore volume of the specimens increases at lower stresses, and decreases at higher stresses.
Furthermore, more gypsum precipitates in the pores in the case of the anhydrite/quartz flour
specimens, as opposed to the anhydrite/kaolin specimens, due to the fact that the change in solid
volume causes similar strains, but the measured swelling strain differs in the two cases.
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Figure 8-22:  Final measured swelling strains and calculated strains due to change in solid volume vs. axially
applied stress. Left: anhydrite/kaolin specimens, right: anhydrite/quartz flour specimens.

8.5.3. Results of the second series (axial loads of 3kPa and 800kPa —
swelling until various degrees of AGT)

Figure 8-23 shows the swelling strain over time for additional oedometer tests performed with
anhydrite and kaolin specimens at o, =3 kPa and 800 kPa, but where the specimens were
extracted before the strains reached a steady state. The points of extraction are indicated by the
crosses (“x”).

g % Cax = 3 kPa = Gax = 800 kPa
] % 2 %
W X [

T 1 T T 1

60 80 0 20 40 60 80

time [d] time [d]

—— steady state reached (SA 1) —— steady state not reached (SA1)
steady state reached (SA 2, SA 3) —— steady state not reached (SA 2, SA 3)

x  point of extraction

Figure 8-23: Results of oedometer tests up to various swelling strains. Left: results from tests with an axial stress
of 3 kPa; right: 800 kPa.

The main goal of these tests performed up to various strains was to determine a relationship
between the swelling strain and the change in mass of anhydrite. Therefore, the strains due to dry
loading and mechanical resp. clay swelling that occurs in the first hours of wetting the specimens
were subtracted from the total strains according to Chapter 8.3.3, and thus the strains shown
Figure 8-24 consider solely strains due to AGT ( Eux, 401 ).
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In nearly all cases, a clear change in the rate of the swelling strains can be seen in the curves about
half a day after wetting and those values were therefore taken as the initial strains as described in
Chapter 8.3.3 (i.e., due to physical swelling). In the case of the specimens loaded axially with 3 kPa,
the initial strains were therefore estimated to be 8—-18%. However, in the case of 800kPa axial load,
some specimens also exhibited small initial strains (up to 0.4%), while other specimens settled
slightly upon wetting (down to -0.6%, see Figure 8-23, right). It is assumed that in the cases where
settlements occurred, some residual stress from compaction (friction) existed between the
specimens and the oedometer rings. It may be that these specimens were not completely pressed
to the bottom steel plate of the oedometer due to dry loading from the beginning on and the friction
between specimen and steel ring sufficed to withstand the axial dry load. Upon wetting, however,
the friction between the specimens and the steel rings is overcome (at least partially) and thus the
specimens settle further. This could explain, why certain specimens settle (especially at loads of
800 kPa and higher), while other specimens exhibit a rapid heave within the first few hours after
wetting. Therefore, the settlements are considered analogue to the mechanical strains indicated in
Figure 8-3, since they occur independently of AGT.

—= 60 = 12 +
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steady state reached (SA 2, SA 3) —— steady state not reached (SA 2, SA 3)

x  point of extraction

Figure 8-24:  Strains due to AGT (i.e., occurring after the first ca. 10 hours of wetting). Left: results from tests with
an axial stress of 3 kPa; right: 800 kPa.

The amount of anhydrite in each specimen post test (m,.... ) versus the reached swelling strain due
to AGT at the point of extraction is shown in Figure 8-25. The values for m,.,, in Figure 8-25 are
back-calculated based on the results from TGA (see Chapter 3.1 and Appendix I).

140



8. Executed C-M-experiments

— 60 = 12 4
&, Gax = 3 kPa &, Gax = 800 kPa
— =
< 50 4® < 10
& 4}? 3
<o
€ 1 e ©
b ALY 8 °
* (o4
*
30 ® RS 6 °
20 - ¢ % 4
10 < 2 - <
N (o4
0 . . —&oo— 0 . . — O
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
ma [g/cm?3] ma [g/cm?3]

€ Maenq (Steady state reached) <& Maenq (Steady state not reached) & my, (initial mass of anhydrite

at specimen height h))

Figure 8-25:  Swelling strains due to AGT vs. residual anhydrite mass of the kaolin specimens. Left: 3 kPa axial
stress; right: 800 kPa axial stress.

In order to investigate whether the mass of anhydrite changes similarly with increasing swelling
strain for different axial stresses, three additional oedometer tests were performed with 7 kPa,
20 kPa and 65 kPa axial load, until roughly 50—-60% of the previously reached maximal swelling
strain at steady state was measured (see red swelling strain curves in Figure 8-26a). The
corresponding curves that reached steady state (black swelling strain curves in Figure 8-26a) are
taken from Figure 8-18.

In Figure 8-26b and c, the results are then compared with the results already shown in Figure 8-20
and Figure 8-21. It can be seen that corresponding experiments performed with 3 kPa and 800 kPa
which reached 50-60% of the respective steady state strains (light red symbols in Figure 8-26b
and c), contained less anhydrite post test, compared to the three additionally performed tests
(indicated by the dark red circles). Thus it is not possible to assume that the mass of anhydrite
changes proportionally to the relative strain for all stresses.
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Figure 8-26: (a) Swelling strains vs. time for an axial stress of 7, 20 and 65 kPa. (b) Swelling strains at steady
state (red and black diamonds) and at 50-60% of the steady state strains (red circles) vs. stress.
(c) Masses per unit volume (prior and post swelling) for all kaolin specimens, including those where
steady state was not reached. The light red and dark red symbols in all diagrams indicate the same
specimens.

8.5.4. Discussion

Concerning the influence of axial stress on the swelling strain, it becomes clear from Figure 8-18
to Figure 8-20 that a limiting stress exists, above which no swelling strain occurs . It was seen that
no swelling occurred when an axial stress of 3200 kPa was applied to the anhydrite/kaolin
specimens and when 800 kPa was applied to the anhydrite/quartz flour specimens. In both cases
the specimens even settled. However, one major difference between the two specimens was that
AGT was progressed to 9 =87% in the quartz specimen but only to 9 = 6% in the kaolin specimen
(cf. Table J-3 in Appendix J and Figure 8-21, where the mass of anhydrite in the specimen prior
and post test at 3200 kPa was nearly identical). It is unsure, whether the specimen was in a state
of equilibrium or whether AGT may have occurred further had the experiment gone longer.

The model presented by Serafeimidis et al. (2015) results in a higher confining pressure; speci-
fically, as shown in Appendix G, the macroscopic swelling pressure after Serafeimidis et al. (2015)
amounts to 5.4-13 MPa, whereas the crystallization pressure alone amounts to 16—41 MPa.
Possible reasons for this discrepancy are: the soft matrix of the samples used in the experiments
(thermodynamic equilibrium may not be reached before all the anhydrite is transformed to gypsum);
the differences between model and experiments concerning the geometric and loading conditions
(see Appendix G).
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It can be seen from the first series of tests (Chapter 8.5.2) that the rate at which the specimens
swell decreases with increasing axial load, which corresponds to the observations made by
Kirschke et al. (1991), cf. Chapter 1.4.4. Furthermore, a semilogarithmic relationship seems to exist
between the axial strains and the axial stresses for both types of specimens, starting from a minimal
axial stress of o, =3kPa :

e=a—b-logo (8-9)
The parameters a and b are dependent on the maximal swelling strain (at minimal stress, denoted
as &, in Figure 1-3), and the maximal stress when strains are completely prohibited (denoted as
Omax I Figure 1-3):
(8-10)

a=¢,+b-logo,

b= & (8-11)
log O-max - ]Og O-O

The semilogarithmic approximations shown in Figure 8-20 deliver the following parameters listed
in Table 8-6 for the specimens containing anhydrite and kaolin resp. quartz flour:

Table 8-6: Parameters for the semilogarithmic relationships (see Equation (8 - 9)) for the approximations of
the data shown in Figure 8-20.
parameter anhydrite and kaolin anhydrite and quartz flour

&[] 0.56 0.31
oy [kPa] 3 3

Omax [KP] 2543 445

a 0.65 0.38

b 0.19 0.14

The extent of the swelling strains and the maximal stress needed to suppress the strains differ from
one mixture to the other. A reason for this is that the quartz specimens had higher initial porosities
compared to the kaolin specimens (ca. 0.45 vs. ca. 0.30, see Appendix J) while the anhydrite
volume fractions are lower (i.e., 0.2 vs. 0.25) and therefore most likely a proportionally larger
amount of gypsum precipitated in the pores of the quartz specimens (see also Figure 8-22). The
differences in specimen properties are due to the material properties; the harder grains of the quartz
flour (Mohs hardness of 7 and grain strength of several GPa) allow for less compaction during
specimen preparation whereas the platelets of the kaolin (Mohs hardness of 2-3) and anhydrite
(Mohs hardness of 3—4) are expected to have a far lower grain strength (specific values not found
in literature) and can be crushed during compaction.

The results of the tests conducted up to various stages of completion (Figure 8-25) reveal that a
correlation exists between the change in the mass of anhydrite and the swelling strain. It seems
that the relationship (denoted by y in Equation (7 - 43)) is linear especially during the first stages
of swelling, i.e., until about half the anhydrite is dissolved (cf. Figure 8-25). In the case of 800 kPa
axial load the swelling strain then appears to stagnate while further anhydrite dissolves and gypsum
precipitates. One possible explanation is that after a first swelling of the specimen the gypsum
precipitates mainly in its pores, which may have expanded or been newly created.
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Two general functions are considered to represent the relationship between the swelling strains

and mass change of anhydrite:

Linear approximation (a): c=a +a, m, (8-12)

Polynomial approximation (b): g=b b -m,+b-m} (8-13)

The approximations are shown in Figure 8-27, where the parameters from Equations (8 - 12) and
(8 - 13) were chosen with the least square method and are listed in Table 8-7.

Table 8-7 also indicates the coefficients of determination R? between the data and the two assumed
approximations. In the case of 800 kPa axial load, a polynomial function (b) represents the data
better than a linear function (a), whereas in the case of 3 kPa both approximations fit similarly well.

Table 8-7: Parameters used for the approximation of the data.
Eux aGT Eavacr
(3 kPa) (800kPa)
Linear a [-] 0.43 0.115
approximation
a, [cm®g] -0.62 -0.147
(@)
R[] 0.96 0.91
Polynomial by [1] 0.40 0.093
approximation
b, [em¥/g] -0.23 0
(b)
by [(cm®g)? -0.52 -0.160
R[] 0.96 0.95
— 60 = 12 4
S, Gax = 3 kPa S Gax = 800 kPa

10 2
0 T T T 0 T T T
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
mx [g/lcm?] ma [glcm?]
® Maend & my (initial mass of anhydrite —— Approximation a —— Approximation b
at specimen height h)) (linear) (polynomial)

Figure 8-27:  Approximations for the relationship between the axial swelling strains due to AGT and the change in
mass of anhydrite. Left: 3 kPa axial stress, right: 800 kPa axial stress.

With these relationships, it is now possible to determine y as a function of m, from Equation
(7 - 43) while considering the sign conventions from Equations (7 - 13) and (7 - 14). Note that .,
and y.., cannot be determined since the change in radial stress is unknown.
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Oe oe i
Approximation b: y=—2.p =——=tL. p =—(b+b,-2:m,) p, (8-15)

om,, om,

x is thus shown as a function of the mass of anhydrite in Figure 8-28. For the linear approximation,
y is constant and can roughly be expressed as a function of m,, and the maximally reached
strains &,. 467, With the corresponding amount of remaining anhydrite, 7. (e, .cr=cu i) -

Approximation a: r=-a,-p, = F G max P, (8-16)

m,,— mA,end(g

ax,AGT =€ ax, AGT, max )

It becomes obvious that , is dependent on the axial stress applied, since it is dependent on the

inclination of the approximations in Figure 8-27 and the value for , at 800 kPa axial stress is far

lower than that at 3 kPa.
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Figure 8-28:  y as a function of m, for the two approximations shown in Figure 8-27. Left: 3 kPa axial stress,
right: 800 kPa axial stress.

Further investigations concerning the structures of the specimens were performed on selected
anhydrite/kaolin specimens. Microscopic analysis and porosimetry was done on the specimen that
did not swell (at 3200 kPa), one that did swell until steady state (at 800 kPa) and one where the
swelling strain did not reach a steady state (at 800 kPa). The results are presented and discussed
in Chapter 8.9.

8.6. Complete constraint tests

8.6.1. Aim and procedure

With the aim of gaining additional information on the stress dependency of y, it is further of interest
to obtain a relationship between the axial stress and change in mass of anhydrite. These
investigations are performed with specimens as described in Chapter 8.3 (i.e., with a ratio of 40%
anhydrite to 60% kaolin) under nearly completely constrained boundary conditions, as shown
schematically in Figure 7-21b. Similar to the oedometer tests, different batches of anhydrite from
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Sigma Aldrich were used. Four specimens were prepared in oedometer rings with an inner diameter
of 70 mm and a height of about 25.5 mm (specimen mass 200 g), while eight specimens were
prepared in the same oedometer cells described in Chapter 8.4.2., i.e., with a diameter of 56 mm
and a height of about 20.5 mm (specimen mass 100 g). The specimen properties can be found in
Table J-4 in Appendix J.

For these experiments, four apparatuses as described in Pimentel and Anagnostou (2010) were
designed and built (see Figure 8-29), in which the specimens in steel rings (e.g., oedometer cells
as shown in Figure 8-8) are inserted and watered. In axial direction the deformation is restricted
and the developing axial pressure is measured.

The apparatuses consist of a stiff reaction frame with four columns, as shown in Figure 8-29. In
this case, the specimen ((1) in Figure 8-29, here with a diameter of 70 mm) in a steel cylinder (2)
is inserted in a vessel consisting of a metallic plate (3) and an acrylic cylinder (4). It is sealed
hermetically with a lid containing O-rings and a small opening with a removable plug (5), which
enables water to be added at the beginning of a test and withdrawn during a test for analysis of the
water chemism. The specimen is embedded between two sintered metal filter plates (6), followed
by perforated steel plates (7) for a more uniform watering of the specimen as well as spherical steel
plates (8) in order to compensate for potentially eccentric swelling deformations. The deformation
of the specimen is measured with two digital dial gauges (9), which are attached as close to the
specimen as possible. In axial direction the deformation is constrained with a piston cylinder (10)
and the axial stress is obtained via measuring the oil pressure in the piston cylinder with a high
precision digital manometer (LEO 5 by Keller AG, Switzerland, with an accuracy of 0.05%) which
is also able to measure the temperature (11). The accuracy of the measurement obtained with a
manometer in relation to the actual stress acting on a specimen was verified with an electrical load
cell which was installed in the frame. All metallic components in contact with water were
manufactured with corrosion-resistant steel.

In the case of the specimens with a diameter of 56 mm, the components (2)-(7) are replaced with
an oedometer as shown in Figure 8-8.

The specimen is inserted in a dry state and a small axial stress is applied (o, 0.1 MPa) via olil
pressure. The valve (12) is then closed and the axial deformation as well as the oil pressure is
measured and digitally recorded. When the stresses and strains cease to change, the vessel is
filled with water (saturated with respect to gypsum), thus completely immersing the specimen and
beginning the actual test.

For the evaluation of the tests, the boundary conditions are considered to be complete constraint,
since the apparatus is very stiff and oil can be considered to be incompressible for the expected
pressure ranges (based on the oedometer tests from Chapter 8.5, the maximal stress was expected
to be ca. 3.2 MPa). Nevertheless, a slight deformation was still unavoidable. However, this
apparatus offers the possibility of increasing the oil pressure externally (and thus compensating the
deformation) and of running not only deformation controlled tests but also load controlled tests by
connecting an electronically controlled actuator or an external dead load to the piston cylinder, as
described by Pimentel and Anagnostou (2013) (which was not done in the scope of the experiments
presented here).

In order to determine the relationship between the change in mass of anhydrite and the resulting
axial swelling stress, the experiments were terminated (i.e., the specimens were extracted) at
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different points in time and after reaching different values of axial swelling stress. The amount of
precipitated gypsum was determined via TGA, as described in Chapter 8.3.2.

(™ Specimen

@ Steel cylinder

(3 Steel base

@ Acrylic cylinder

® PVC Lid with removable plug
(® Filter plates

@ Perforated steel plates
Spherical steel plates
© Dial gauges

@0 Piston cylinder

@ Manometer

42 Qil inlet

< 270mm ——>

Figure 8-29: Apparatus for complete constraint tests (after Pimentel and Anagnostou, 2013). Left: Photograph,
right: conceptual sketch (not to scale).

8.6.2. Results

The obtained stresses and minor swelling strains (< 3% resp. 2% when regarding the strains solely
due to AGT) of the experiments are shown on the left hand side in Figure 8-30 and Figure 8-31.
With these tests, the axial deformation due to dry loading was not always possible to be measured
accurately (during the first application of the load up to ca. 0.1 MPa the spherical plates tended to
shift until the pressure was high enough to firmly lock all elements), and therefore the heights of
the specimens at the time of wetting are taken equal to the original specimen heights. This is not
deemed problematic, since in this case (a) the strains are of secondary interest and (b) with the
oedometer tests it was already seen that the dry settlement measured at such comparably small
loads was often much smaller than the following deformations due to wetting.

The results show that the stress which this type of artificial samples produce under constrained
axial deformation can reach 3.5 MPa and thus exceeds the 3.2 MPa that were assumed to be a
limiting stress based on the results from the oedometer tests (Chapter 8.5). Furthermore, since
some minor strains could not be prohibited in these experiments and were not compensated during
the experiments, it is very likely that the actual maximal stress (at strictly zero strain) is even higher
than 3.5 MPa, which was measured here.

Similar to the strains in the oedometer tests of Chapter 8.5, in the case of SA1 (black curves in
Figure 8-30) the stress increases rapidly at first, then linearly for about 50 days at which point the
stress rate begins to decrease. In their tests on rock samples from the Freudensteintunnel, Kirschke
et al. (1991) (cf. Chapter 1.4.4) have also often seen a rapid increase in swelling stresses at first,
followed by a later increase in stress due to AGT and therefore state that a distinction between the
physical and chemical swelling processes is possible.
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The specimen containing SA2 showed a slower development of the stress (see yellow curve in
Figure 8-30) than in the case of SA1 specimens. By milling the SA2 and SA3 powders (orange and
blue curves), it was possible to accelerate the development of the stresses in most cases. It needs
to be noted that it is uncertain for one of the specimens (CC_4_01, grey) whether SA2 alone was
used or whether it was mixed with some anhydrite of the first batch, SA1. As can be seen from the
specimens that were submitted to the experiment the longest, CC_2_ 01 (black) and CC_4_01
(grey), the swelling stress continues to increase even after more than one year and slowly appears
to reduce again after ca. 500 days, whereas the same value of swelling stress was reached in both

cases. In the case of the specimen with the slowest stress rate, CC_4 02 (blue) the stress is still
increasing nearly linearly at 500 days.
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Figure 8-30: Results from complete constraint tests: stress vs. time (left) and mass of anhydrite per unit volume
(right). The sizes of the symbols indicate the two specimen diameters used.
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Figure 8-31:

Results from complete constraint tests: strains due to AGT vs. time (left) and mass of anhydrite per
unit volume (right).

The fluctuations in the measurements were seen to correlate exactly with even the slightest
changes in temperature. In spite of performing the tests in a climate room where the temperature
is controlled, accidental temperature changes occurred. This can be seen in Figure 8-32, where
the stress developments and the average temperature measured by the manometers are shown

148



8. Executed C-M-experiments

contemporaneously for each apparatus: At first the apparatuses CC_1 (black) and CC_2 (yellow)
were in use, and after one year two additional apparatuses CC_3 (blue) and CC_4 (grey) were built
in order to increase the productivity. The correlation between the fluctuations in the measurements
and the temperature is especially noticeable, when the temperature dropped by 1-1.5 °C at roughly
350 days and 700 days, as well as at 1370 days, where the temperature even increased to 23 °C
before dropping to 13 °C (red boxes in Figure 8-32, which occurred most likely due to a malfunction
of the air conditioning system in the building). The last fluctuation was also noticeable in the
deformations (blue curves in Figure 8-31). Other than those three incidents, the average measured
temperature fluctuated between 20.4 °C and 21.8 °C for the entire duration of the tests (4.1 years).

Upon extraction of the specimens, the mass of residual anhydrite m, .., was determined via back-
calculation from TGA. The results are presented in Figure 8-30, right, where the maximally reached
swelling stresses (grey circles) as well as the last measured swelling stresses at the points of
extraction (white circles) are plotted as a function of m, .., . An overview of the specimen properties
and test results is given in Table J-4 in Appendix J.
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Figure 8-32: Complete constraint tests: development of stresses (top) and contemporaneous average temper-
ature measured (bottom).

8.6.3. Discussion

The complete constraint tests revealed that a slightly higher swelling stress than 3.2 MPa can be
reached, as was previously assumed based on the results of Chapter 8.5. Even though the longest
test duration was nearly two years and the swelling stresses ceased to increase (even began to
decrease slightly again), AGT was still not completed (at most to $=80%, see Table J-4 in
Appendix J). Furthermore, the swelling stress increased far slower when the batches SA2 and SA3
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Part Ill: Coupled chemo-mechanical processes (C-M)

were used and it is not certain, whether the same maximal stress would be reached as when SA1
was used.

It was observed that (for a so far unknown reason) the slight swelling strains that occurred and
could not be avoided (see Figure 8-31) were tendentially higher in the case of milled specimens.
This may be the reason for their apparent stagnation of swelling stress at smaller values.

With the exception of three specimens, it was seen that — independent of the used batch of
anhydrite — the reached swelling stress correlates nearly linearly with m, ., (Figure 8-30 right). It
needs to be noted, however, that it is uncertain how the remaining anhydrite would influence the
swelling stress, considering that the stresses began to decrease slightly after a duration of 500 days
in the cases of CC_2 01 and CC_4 01, even though at least 0.15 g/cm?® of anhydrite remained in
the specimens (see Table J-4 in Appendix J). Based on the slope of the curves in Figure 8-30, left,
the residual anhydrite is not expected to cause further swelling stresses.

Nevertheless, the axial stresses in Figure 8-30 are best approximated by the general (linear)
function given in Equation (8 - 17):

Linear approximation: o, =a +a, m, (8-17)

However, the (minor) axial strains due to AGT appeared to develop unsystematically and seem to
be independent of the amount of transformed anhydrite (no dependence on the change in mass of

anhydrite can be seen, see Figure 8-33, right). Therefore, the strains are approximated by a
constant in this case (i.e., ¢...cr = a; ), Specifically by the mean value of the last strains measured.

The approximations are shown in Figure 8-33, whereas the parameters in Table 8-8 were used.
(The specimen where the most strains were measured, i.e., 1.8%, was excluded from the
determination of the approximation with linear regression.)

Table 8-8: Parameters used for the approximation of the experimental data.
O-ax‘mtal gax‘AGT
Linear a 4.5 [MPa] 0.0072 [-]
approximation
a; -5.7 [MPa-cm®/g] 0
R 0.92 [] 0

For the boundary conditions of the complete constraint tests, the equations for y, resp. y.. and
Za » @re given in Equations (7 - 40) to (7 - 42). However, since the radial stress could not be
measured in steel rings or standard oedometer cells as used here, merely the combined parameter
x can be determined (Equation (7 - 42)), whereas the small change in axial strain measured is
considered negligible (i.e., the derivative of axial strains with respect to the mass of anhydrite
equals zero). Equations (7 - 42) and (8 - 17) lead thus to the following expression for y (illustrated
in the graph on the left in Figure 8-33):

o¢,,  (+v)(1-2v)oo', ~ _ (l+v)(1-2v) (8- 18)

l:%.pf‘ E(1-v) om, Pa=" E(1-v) aon P
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Similar to the linear approximation in the case of the oedometer tests (cf. Equation (8 - 16)), the
parameter a,,_ (and thus y) can be expressed as a function of m,., and, e.g., the maximally
measured swelling stress and the corresponding remaining amount of anhydrite.

o

Clz —_ ax, total,max (8 - 19)

mA,O - mA,end(o—

ax,total =9 ax, total,max )

It is evident that if a linear function is assumed for o, =f(mA) in Equation (8 - 18), » will be a
constant for any given Young’s modulus and Poisson ratio.

The influence of £ and v on y is shown in Figure 8-34. It becomes obvious that y decreases
with increasing Poisson ratio and with increasing Young’s Modulus ( y is linearly dependent on
1/E ). This may also explain, why y was lower with the 800 kPa oedometer tests compared to the
3 kPa tests (cf. Figure 8-28): the more the specimen expands (especially at lower axial stresses)
the softer it becomes, thus its Young’s modulus reduces.
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Figure 8-33:  Complete constraint tests: approximation of the data.

x [

v=0
v=0.25
- == v=05

T T T T 1TrrrJ — T T T rrrrf 1

1 10 100
E [MPa]

Figure 8-34: Complete constraint tests: influence of E and v on y (y=0 for v=0.).
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8.7. Isotropic compression tests

8.7.1. Aim and procedure

Isotropic compression tests were performed with the boundary conditions in Figure 7-21a, in order
to obtain a relationship between solely the axial/radial strains and the change in mass of
anhydrite/gypsum, while keeping the surrounding stresses constant. The advantage of this test is
that y.. and .., can be determined individually (cf. Equations (7 - 35) and (7 - 36)).

For this, three triaxial cells were built, in which the specimen is loaded isotropically by a surrounding
oil pressure, supplied with water (saturated with respect to gypsum) and the axial and radial deform-
ations measured. The apparatus is sketched in Figure 8-35. The specimen ((1) in Figure 8-35) is
positioned between two metallic sintered filter plates (2) and centered on top of a socket with the
same diameter (which is a component of the steel base (3)). In order to measure the axial
deformation as close to the specimen as possible, a steel cylinder (4) is positioned on top of the
upper filter plate to which extensometers ((5), which measure the displacements as a digital
encoder moves along a magnetic strip in vertical direction) can be attached on two sides of the
specimen. The setup consisting of the specimen, filter plates, bottom steel socket and upper steel
cylinder are covered by a rubber membrane which is tightly attached with O-rings (6). In the present
tests, the water infiltrated the specimen from the bottom (7) and was held at a stationary level once
it reached the outlet (8) on top. In order to measure the radial deformation of the specimen, a chain
extensometer ((9), cf. Chapter 8.4.4) is attached around the rubber membrane at mid-height of the
specimen. The oil within the cell (10) is connected to an external piston cylinder (11) and the oil
pressure is defined by the dead weights (12) placed on the piston and can be measured with a
manometer (13) attached to the oil supply pipe (14). As a redundant measurement to determine
the volume change of the specimen, the axial displacement of the piston is measured with a dial
gauge (15), from which the change of oil volume in the cell can be calculated.

The specimens (with the standard mixture of 40%SA and 60%PW) were prepared as described in
Chapter 8.3.1, with a diameter of 56.7 mm and a height of ca. 40 mm, i.e., a larger height than in
the case of the oedometer tests. This height was chosen in order to avoid the influence of friction
between the specimen and the filter plates and guarantee homogeneous deformations in the region
of the chain extensometer at mid-height of the specimen and thus increase the accuracy of the
measured radial deformation. The specimen properties are listed in Table J-5 in Appendix J.

The testing procedure is as described in Chapter 8.3.2, whereas each test was to be performed
under constant stress (i.e., the weights were not changed during the experiments; as will be seen,
however, the oil pressure and thus the stress acting on the specimens fluctuates slightly during the
experiments). The experiments were terminated at different points in time and after reaching
different values of swelling strains, in order to determine the development of the strains due to the
mass change of anhydrite. As described in Chapter 8.3.2, the amount of precipitated gypsum was
obtained via TGA from which the remaining mass of anhydrite can be determined.

152



8. Executed C-M-experiments
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Figure 8-35:  Isotropic compression tests: conceptual sketch of apparatus (sketch not to scale).

Figure 8-36: Isotropic compression tests: Photographs of the apparatus (left: isotropic compression cell from the
outside, right: inside of the cell).

8.7.2. Results

The swelling strains in axial and radial directions as well as the volumetric swelling strain are shown
in the left diagrams in Figure 8-37. On the right hand side, the reached strains are illustrated as a
function of the amount of anhydrite remaining in the specimens post test (determined indirectly via
TGA). Most specimens were tested with an isotropic stress of ca. 250 kPa, whereas four specimens
(indicated by the green diamonds in Figure 8-37) were tested with ca. 110, 140, 360 and 450 kPa.

Since the strains developing solely due to AGT are of interest (&...¢r s £ra.uor ), the strains due to
dry loading and within the first ca. 10 h after wetting were subtracted (see Chapter 8.3.3; the de-
formations due to dry loading and wetting can be found in Table J-5 in Appendix J).

In addition to the axial and radial strains, the volumetric strains were calculated via Equation (8 - 20)
and are depicted as well in Figure 8-37 (bottom row). The volumetric strains can in principle also
be determined via the piston heave (see Figure 8-39c), from which the volume of the displaced oil
can be calculated; however, for reasons described below, the measurements were seen to be too
inaccurate for the evaluation of the volumetric strains.
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2
ax,swell ch,swellgwd,swell - gux,swellgmd,swe// (8 - 21 )

2
= 1 - (1 + gax,.vwell ) : (1 + grad,.vwell ) = _gVol,swell

Note that since the strains in radial direction may not have occurred evenly but more in the shape
of a barrel (at the top and bottom boundaries the specimen was more confined due to friction with
the filter plates and the O-rings on the rubber membranes), the volumetric strains (depicted in the
bottom diagrams in Figure 8-37) may be slightly over-estimated.

The influence of the applied stress on the maximally reached swelling strains is shown in Fig-
ure 8-38. However, as seen in Figure 8-37, most axial strains and nearly all radial strains did not
reach a steady state.
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Figure 8-38: Reached strains vs. average oil pressure measured (i.e., axial. and radial stresses).

The main specimen properties prior and post test, as well as the testing conditions are summarized
in Table J-5 in Appendix J.

It needs to be noted that the stresses acting on the specimens did not always remain constant. It
was seen that the oil pressure varied on the one hand due to slightly changing temperatures, as
well as due to the friction of the piston (stick slip). The temperatures, measured oil pressures and
the piston heave during the tests are shown in Figure 8-39 for each isotropic compression cell
(labelled as yellow, blue and white) over the entire duration of the experiments. It is noticeable that
the different manometers registered slightly different temperatures (even though they were situated
next to one another). Some manometers needed to be updated after a while and were replaced
during the experimental series, which caused abrupt differences in the recorded temperatures, de-
noted by the red arrows in Figure 8-39a (e.g., after ca. 150 days, when the second “blue” test was
completed and the third one was started, the blue manometer was replaced, which explains the
increase in temperature marked “1” in the Figure). However, the “usual” individual fluctuations dur-
ing the tests lie within 1 °C and suffice to explain the slight fluctuations of the stresses. In two cases

155



Part Ill: Coupled chemo-mechanical processes (C-M)

(denoted by “2” in Figure 8-39a) the blue resp. yellow manometers recorded some outliers, which
were, however, not recorded by the other manometers and did not lead to any significant changes
of the stresses and are therefore negligible. Only in one case (“3” in Figure 8-39a) all manometers
recorded strong fluctuations of the temperature which were also visible in the stress and piston
heave of all specimens (cf. also the temperature fluctuation during the complete constraint tests,
see Chapter 8.6.2). In the case of the white apparatus, where the stress was intended to be
ca. 80 kPa during the second test, the stress increased within a month to ca. 260 kPa (see “4” in
Figure 8-39b and c). This occurred due to the fact that the piston heave reached its limit unnoticed
after its rate had increased in the weeks before, thus allowing the oil pressure to build up. After
releasing some oil and readjusting the piston, the experiment was resumed with the original stress.

Due to the fluctuations in the oil pressure, the average measured stresses (as depicted in Fig-
ure 8-38) differed slightly from the target values (which are indicated in Figure 8-39b). Both values
are listed for each experiment in Table J-5 in Appendix J.
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Figure 8-39: (a) Temperature, (b) oil pressure and (c) piston heave during isotropic compression tests.
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8.7.3. Discussion

The swelling strains differed strongly from one another in the rates at which they developed, as
well as in the value of the maximal swelling strains observed, as can be seen in the left diagrams
in Figure 8-37. One factor for the different behaviors is — as in the previous experiments — the type
of anhydrite powder used. For example, the only specimen where SA 2 was used in its original
state (i.e., not milled, see yellow curves in Figure 8-37) showed nearly no swelling strain in axial
direction and very slight radial swelling strain after 61 days, at which point the specimen was ex-
tracted. However, the different batches of anhydrite do not account for most of the varying behav-
iors. It was seen that some specimens swelled more pronounced in axial direction and only slightly
in radial direction, and vice versa. One specimen (B 04 in Figure 8-37) even began to reduce its
diameter after roughly 70 days again, while the axial swelling strain increased abruptly. No expla-
nation was found for the irregular swelling behavior of the specimens. (Note that all specimens
were compact and well intact post test and showed a slight barrel-like shape, whereas small inden-
tations were noticeable where the measuring chain was positioned.)

Nonetheless, as can be seen in Figure 8-40, left, the axial swelling strains of the specimens loaded
with 250 kPa still showed a nearly linear relationship to the mass of anhydrite per unit volume
remaining in the specimens.

As was seen in Chapter 7.3.4 (Equations (7 - 35) and (7 - 36)), the parameters 4. and y,, can
be determined solely based on the derivative of the swelling strains over the mass of anhydrite and
are independent of the Young’s modulus and Poisson ratio. Although the oil pressure was seen to
fluctuate slightly, the stresses are assumed to be constants for the evaluation of y, and .. .
Furthermore, the pore water pressure is taken constant and the specimen is watered after the
isotropic pressure is applied, thus no elastic strains occur during swelling.

All specimens tested at 250 kPa were used to obtain an approximation of the relationship between
swelling strains and the mass of anhydrite post test in Figure 8-40. The following linear function is
considered to represent the relationships between both swelling strains and the mass change of

anhydrite:
Linear approximation: e=a +a, m, (8-22)

For the approximations shown in Figure 8-40, the equation above was used in combination with
the parameters listed in Table 8-9.
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Figure 8-40: Relationship between axial (left) resp. radial (right) strain due to AGT and the final mass of anhydrite
in the specimens based on the experimental results with 250 kPa isotropic stress.

157



Part Ill: Coupled chemo-mechanical processes (C-M)

Table 8-9: Parameters used for the approximation of data.
Eax,AGT Erad , AGT
Linear approxima- a; [-] 0.117 0.022
tion
a, [em®/g] -0.16 -0.028
R’ [] 0.97 0.59

From the approximations, it is now possible to determine 4. and y,, based on Equations (7 - 35)
and (7 - 36), while bearing in mind that ¢,, = £, 4or aNd €. = —&.a.46r (S€€ Equations (7 - 13) and
(7 - 14)). Since the relationships between &, and m, resp. ¢,., and m, are approximated to be
linear, y. and y.. are constants (see Equations (8 - 23) and (8 - 24)). The combined parameter
x is, however, dependent on the Poisson ratio, as can be seen in Figure 8-41.

o€ i
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Zosa =505 P ==y, Py = 008 (8 -24)
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Os,, v 0&,, oy (8 - 25)
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Figure 8-41: Parameter y as a function of v.

A linear approximation appears to be a good fit in the case of the axial strains and therefore the
value y, is assumed to be plausible. Here too, as was the case for the oedometer tests
(cf. Equation (8 - 16)), a,., andthus g, can be written as a function of m,,, the maximally reached
strains and the corresponding amount of remaining anhydrite. The radial strains, however, show
strongly varying results where the best linear fit delivers a coefficient of determination of R? = 0.59.
Therefore, this also leads to a somewhat unreliable evaluation of y.., and y = f(v). Nevertheless,
all values for the coupling parameters y.., 7.. and y lie within the range of 0.08-0.63. It needs
to be born in mind, however, that these results apply solely for a constant axial and radial stress of
roughly 250 kPa.
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As can be seen in Figure 8-38, the maximal values of the axial strain seem to be linearly dependent
on the logarithm of the applied stress (similar to the case of the oedometer tests, see Chapter
8.5.2). However, for the radial strain this does not seem to be the case. It can therefore be assumed
that . and y increase with decreasing stress.

8.8. Flexible oedometer tests

8.8.1. Aim and procedure

As stated in Chapter 7.3, additional experiments were necessary where the radial stress can be
measured during swelling. Such boundary conditions could be met with an experiment in a triaxial
apparatus as shown schematically in Figure 7-20. However, due to the high number of experiments
required and the long duration of the tests, it was not possible to occupy a rather expensive stand-
ard triaxial apparatus over such a long period of time or to build several triaxial cells. As a compa-
rably inexpensive solution, so-called “flexible oedometer” experiments were designed which fulfill
the boundary conditions of Figure 7-21d, where the radial deformation of the cylinder surrounding
the specimen is measured and the developing radial stress can be determined via the stiffness of
the cylinder (i.e., the “flexible” cylinder can be modeled with springs). In order for the cylinders to
be reasonably stiff, but still allowing a small measurable radial deformation, PVC was chosen as
material (see Figure 8-42), with a thickness of 3.3 mm so that the expected deformation of the
cylinder remains elastic. Prior to the actual tests the cylinders were calibrated, i.e., the characteristic
curve between radial deformation and internal liquid pressure on the cylinders was determined
experimentally (see Chapter 8.8.2).

For the swelling experiments, a constant axial stress is applied via a standard reaction frame used
for consolidation tests (see Figure 8-42, right), while the axial strain is measured via a dial gauge
during swelling (similar to the standard oedometer tests). The radial deformation of the PVC cylin-
der is measured during swelling with a digital high-precision chain extensometer (cf. Chap-
ter 8.4.4), which was fastened to the cylinder either with O-rings or with springs.

The specimens were prepared as in the case of the isotropic compression tests, with the same
dimensions (diameter of 56.7 mm and height of 40 mm), again in order to guarantee homogeneous
deformations of the specimens and the PVC cylinders in the region of the chain extensometers and
thus increase the accuracy of the measured radial deformation. The specimens were compacted
analogue to the specimen preparation described in Chapter 8.3. Hereby, eight specimens were
compacted directly within the PVC cylinders (in order to ensure that the specimens are tight within
the cylinders), whereas the latter were inserted into a steel cylinder for radial support to prohibit
deformations of the PVC cylinders already during compaction. This however, led to a certain (un-
known) initial radial stress acting on the specimens (pre-stress). For this reason, all other speci-
mens were compacted outside the PVC cylinders, i.e., they were compacted within steel cylinders
of nearly the same diameter, then pressed out and inserted tightly in the PVC cylinders after com-
paction.

During the experiments, the specimens were first loaded with 0.8 MPa or 1.6 MPa in a dry state,
then watered with water saturated with respect to gypsum, thus beginning the swelling test.
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Figure 8-42:  Apparatus for the flexible oedometer tests.

The relation between the change in mass of anhydrite and the changes in axial strain, radial strain
and radial stress ( y.., x..« and y)is given in Equations (7 - 51) to (7 - 53). The radial stresses
and strains of the specimen are connected to the measured change in circumference ocC,,, (on the
outside of the cylinder) via the stiffness E., , Poisson ratio v,,, and inner and outer radii 7, , » of the
cylinder (the derivations can be found in Appendix H). Therefore:

_{85@( +2_v_ E, .(raz _,,’_2) GCMJ'PA (8 - 26)

“ \om, E 4m-r’-r, om,

1

Ho_1 A (1-v), (-7 8-27
Hraa = 5m:l A - r, ((1 ~Vor ) + ,,;_2 ’ (1 + Ve ) - E Ecyl ’ ’;2 Py ( )
O , v _1 r oc, 8-28
lz{am/q+(1_V)'47z_‘ra.((l_vcy1)+’,}2'(1+V9yl)j‘am;lJ.pA ( )

As in the previous experiments, and according to Chapter 8.3.2, the coupling parameters were
determined by extracting the specimens after different swelling durations and the remaining mass
of anhydrite was determined via TGA.

8.8.2. Calibration of the PVC cylinders

The characteristic curve of the PVC cylinders was obtained by applying water pressure on the
inside of the cylinders and measuring their outer radial deformation. The dimensions of the PVC
cylinder (inner diameter and wall thickness) were chosen so that the oedometer behaves elastically
for the expected radial pressure range and that a sufficient radial deformation occurs to enable an
accurate measurement.

Since the specimens consist of uniformly distributed grains, an isotropic behavior was expected
prior to the swelling experiments, i.e., the swelling strains were anticipated to occur mainly in the
direction of the lowest stress. Two hypotheses for crystal growth exist which support this
assumption: (i) crystal growth only in the direction of the smallest stress (Durney, 1976) or, (ii),
crystal growth in all directions, the extent of which is inverse proportional to the stresses
(Lecampion, 2010). Therefore, and due to the stiffness of the PVC cylinder, the radial stress was
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expected to increase until it reaches the value of the axial stress. From that point on, swelling would
then be more pronounced in axial than in radial direction. For this reason, a first series of eight
calibration tests were performed up to 1 MPa. It was later seen that the radial deformations and
thus the radial stresses can reach higher values (as will be seen in Chapter 8.8.3), and thus a
further series of three calibration tests were performed. Furthermore, different attachment methods
of the chain extensometer were considered during the second series (two O-rings, four O-rings or
two springs). As will be explained later (Chapter 8.8.4), the attachment method was changed during
the course of the experiments from rubber O-rings to steel springs, since the O-rings experienced
a loss of plasticizers after a while.

The results from the first series (calibration tests on eight cylinders) are shown in Figure 8-43, left.
All cylinders deformed nearly identically under the inner radial (water-)pressure, and while they
showed a slight hysteresis, no plastic deformation occurred. From these tests it was seen that a
linear relationship exists between the radial stress and the deformation of the cylinders up to an
inner pressure of 1 MPa (approximated by the yellow line in Figure 8-43).

The later tests up to 2.5 resp. 3 MPa show on the one hand that a slightly higher inner pressure
was needed before any change in circumference was recorded (especially in the cases where the
chain extensometer was attached with 4 O-rings or 2 springs), on the other hand that a slight
softening of the cylinders occurs with increasing radial stress above ca. 1.6 MPa. These results are
shown in the right diagram in Figure 8-43, whereas the original 8 calibrations from the first series
and their linear approximation are the same as in the left diagram.

Note that PVC1 with 4 O-rings (after having used it previously with 2 O-rings, solid green line in
Figure 8-43, right) kept on deforming when the load was increased from 2.5 to 3 MPa (dashed
green line). The point marked with a diamond does not correspond to a steady state value (as was
the case for each point of the other curves), because the pressure was reduced while the cylinder
was still expanding (yielding). Upon unloading, plastic deformations of 0.4 mm were observed.
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Figure 8-43:  Calibration of PVC cylinders. Left: original calibration up to 1 MPa with 8 PVC cylinders. Right: ad-
ditional three later calibrations up to 2.5 resp. 3 MPa.

For the analysis of the “flexible oedometer” tests, a linear approximation based on the first 8 cali-
brations was used (yellow line in Figure 8-43), while bearing in mind that lower inner pressures
(resp. when measuring changes in circumference up to about 0.8 mm) may be slightly under-
estimated, while higher inner pressures slightly overestimated, since the inclination of the approxi-
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mation runs steeper than the later three calibration tests with PVC1 (green curves) and PVC2 (dark
red curve). During the swelling tests described in Chapter 8.8.3, the average maximal change in
circumference was 0.7 mm; at most 1.4 mm (including the deformation during dry loading).

The radial stress can be formulated as a function of the change in circumference by considering
the PVC cylinders as thick-walled cylinders and using the approximation to the calibration curves
in Figure 8-43. The PVC cylinders have the following properties:

Average inner radius (measured): r, =28.3mm
Average outer radius (measured): 7, =31.6mm
Young’s modulus (manufacturer’s data): E,; =3000MPa

From Appendix H, where the deformation of a thick-walled cylinder due to an inner radial pressure
is derived, we have the following equation for the relationship between the change in circumference
of the cylinder and the inner radial stress:

_AC, By (1 -17) (8 - 29)

dr-r’-r,

1

de

Comparing this equation with the calibration curves, two adjustments need to be made in order to
obtain a good fit (i.e., the yellow line in Figure 8-43):

Young’s modulus (estimated from calibration tests): Eotcar. =3350MPa
“Fitting” pressure, after which the change in circumference increases linearly: oo =0.09MPa
The radial stress can therefore be determined as follows:

AC, E, o (1 =17) (8 - 30)
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The radial strains of the specimen can be calculated from the radial pressure and the (outer) de-
formation of the cylinder (see Appendix H), assuming that r,..ime. =7 :
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8.8.3. Results of the swelling tests

Figure 8-44 and Figure 8-45 show the axial and radial swelling strains due to AGT over time on the
left hand side. These strains begin on average 10 h after wetting, and were determined according
to Chapter 8.3.3, from the point % on (cf. Figure 8-3), whereas /, was assessed for each specimen
individually. The deformations up to this point are listed in Table J-6 in Appendix J for each speci-
men. The total axial strains due to dry loading and physical swelling at the point % were
-1.27% on average (-2.43 to -0.09%, i.e., an axial settlement occurred) and the radial strains were
0.16% (0.03 to 0.26%, i.e., the specimens expanded radially).

For the radial stresses, however, both cases are shown: Figure 8-46 depicts the radial stresses
including the stresses from dry loading and from watering (physical swelling); in Figure 8-47, the
initial stresses from dry loading and physical swelling are subtracted, and thus solely the stress
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increase due to AGT is shown (i.e., from point % in Figure 8-3 on; analogue to the strains shown
in Figure 8-44 and Figure 8-45). Note that the radial stress and radial strain are both determined
via the change in circumference of the PVC cylinder and are thus linearly coupled to one another
due to the elastic behavior of the cylinder. Therefore, the curves &,., 46r and oc..cr Show the
same course.

On the right-hand side of Figure 8-44 to Figure 8-47, the reached swelling strains and stresses at
the end of each test are shown in dependence of the mass of anhydrite in the respective specimens
post test (which was determined via TGA).

An overview of the main specimen properties prior and post test, as well as the testing conditions
and results is given in Table J-6 in Appendix J.
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Figure 8-44: Left: axial strains due to AGT vs. time; right: axial strains due to AGT vs. mass of anhydrite per unit
volume.
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Figure 8-45: Left: radial strains due to AGT vs. time; right: radial strains due to AGT vs. mass of anhydrite per

unit volume.
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Figure 8-47:  Left: radial stresses due to AGT vs. time; right: radial stresses due to AGT vs. mass of anhydrite per
unit volume.

8.8.4. Discussion

It becomes apparent that — although the first calibrations of the PVC cylinders showed reproducible
results (see Figure 8-43) — the actual “flexible oedometer’-experiments deliver varying results, both
in radial and axial direction. One significant factor was the usage of different anhydrite powders, as
already described in Chapter 8.4.3., which is why some specimens took longer to swell. Similar to
the experiments in the previous chapters, the specimens containing SA1 swelled far faster than the
specimen containing SA2 (yellow curves in Figure 8-44 to Figure 8-47). By using milled SA2 and
SA3 powders, the swelling process could be accelerated, in the case of milled SA2 to nearly the
swelling rate of SA1.

The applied axial stress influenced mainly the axial strains, i.e., at an applied stress of 1.6 MPa
smaller strains were measured compared to the specimens loaded with 0.8 MPa. In radial direction,
however, no dependency was seen to exist between the applied axial stress and the radial re-
sponse (i.e., stresses and strains). Due to the imposed boundary conditions (i.e., the stiffness of
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the PVC cylinders and constant axial load), the radial strains were lower than the axial strains, and
the radial stresses even exceeded the value of the axial stresses, contrary to the expectations (see
Chapter 8.8.2). This observation supports the hypothesis of Lecampion (2010) rather than the hy-
pothesis of Durney (1976; cf. Chapter 8.8.2).

It was seen that some specimens delivered higher axial strains while others swelled more in radial
direction (compare, for example, the specimens 1_5 and 2_4 in Figure 8-44 and Figure 8-45: Both
were tested for a similar duration and contained the same amount of anhydrite post test, i.e., the
degree of AGT was $=68% in both cases as can be seen in Table J-6 in the appendix. However,
2_4 exhibited a higher axial swelling strain, 1_5 a higher radial swelling strain).

Furthermore, especially the specimen 4_2 (which was loaded at 1600 kPa and was tested the
longest up to 600 d) shows a fairly irregular behavior when looking at the results for the radial
swelling strains and stresses, while the axial strains exhibited a stronger settlement compared to
most other specimens. The reason for the irregularities in radial direction lie in the attachment of
the chain extensometer: The chain extensometer was held to the PVC cylinders with rubber
O-rings, which developed fine fissures after a while (due to loss of plasticizers), thus causing a
slight loosening of the chain extensometer. When this was discovered, the O-rings for the sub-
sequent experiments were replaced by steel springs (cf. Chapter 8.8.2).

Nevertheless, a general tendency for the mechanical responses in axial and radial direction due to
change in mass of anhydrite can be seen. This is shown by the linear approximations in Fig-
ure 8-48, where only the specimens tested with ¢, =0.8MPa are considered, as more data was
gathered compared to o, =1.6MPa . Based on the observations made with the few experiments
performed with 1.6 MPa axial load (see Figure 8-44 to Figure 8-47), the radial strains (and thus the
stresses) appear to develop similarly as for 0.8 MPa, whereas the axial strains reach lower values.

The following general linear function is used again to represent both the relationship between the
swelling strains or the swelling stress and the mass change of anhydrite:

Linear approximation: gresp.o=a, +a, m, (8-32)
The approximations are shown in Figure 8-48 and the parameters in Equation (8 - 32) were chosen
as listed in Table 8-10. Note that in the diagram on the right in Figure 8-48 solely the stresses due
to AGT are considered (cf. Chapter 8.3.3). These values were deemed more plausible than the
total stresses for the establishment of the relationship between m,.,, and o,., , due to the fact that
this way the average mass of anhydrite prior to AGT (i.e., average m , ) corresponds to the origin
of the approximation (which makes sense physically). If the total stresses were used instead, the
mass of anhydrite per unit volume at the origin of the approximation (i.e., at a radial stress of 0 MPa)
would be higher than the mass of anhydrite prior to the experiment, which is not realistic.

Table 8-10:  Parameters used for the approximation of data.

Eax,4GT Erad , AGT O'rad , AGT
Linear a 0.053 [-] 0.0057 [-] 1.97 [MPa]
approximation
a; -0.069 [cm®/g] -0.0073 [cm®/g] -2.56 [MPa-cm®/g]
R’ [-] 0.79 0.92 0.91
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Figure 8-48: Possible relationships between axial/radial swelling strain resp. radial swelling stress and the final

mass of anhydrite per unit volume in the specimens based on the experimental results with 0.8 MPa
axial stress.

The outlier 2_1 in Figure 8-48, left (.. .cr VS. m,) was a specimen which was compacted directly
in the PVC cylinder. Possibly, a high radial stress was already produced during compaction so that
the specimen then swelled more in axial direction than in radial direction. The outlier 4_4 consisted
of milled SA3. As can be seen in Figure 8-44, the samples containing SA3 produced generally
lower axial strains; the reason for this is so far not known.

By determining the volumetric swelling strains according to Equation (8 - 21) it can be seen that
although the radial swelling strains are far smaller than the axial strains (cf. Figure 8-44 and Fig-
ure 8-45), the volumetric swelling strains lie on a slightly more distinct line (i.e., deliver a slightly

better coefficient of determination) than the axial or radial strains alone, as can be seen in Fig-
ure 8-49.
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Figure 8-49:

drite per unit volume.

Left: volumetric strains due to AGT vs. time; right: volumetric strains due to AGT vs. mass of anhy-

From the relationships between the swelling strains resp. the radial swelling stress and the change
in mass of anhydrite (as shown in Figure 8-48), the parameters .., y... and y can be estimated
by using Equations (7 - 51) to (7 - 53) in combination with Equation (8 - 32) and the constants from
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Table 8-10, bearing in mind that &, = -, 4or and &, = —&,.0.46r according to Equations (7 - 13)
and (7 - 14):

agax 2V ao—md 2V (8 - 33)
= —4 ——- = — 4+ —- .
/}-/wc [amA E amA J pA ( aZ,Euv E az‘arml j pA
_ agmd (1 B V) ao_md _ (1 B V) (8 = 34)
lmd - ( amA E amA pA - az,é‘md E az’fﬂ'ad pA
2v os,, v Os,, 2v (8 - 35)
= + — = — 4+ . =| — _ .
X = Xax (1_V)/Ymd (amA (1—1/) amA \J P ( @, (1_‘/) D6, J Pai

Note that 4, and .., are dependent on both the Young’s modulus and the Poisson ratio, while y»
is dependent on the Poisson ratio and independent of the Young’s modulus (as already seen in
Equations (7 - 51) to (7 - 53)). This is considered in Figure 8-50, where the results for the coupling
parameters obtained with the flexible oedometer tests are shown. It can be seen that the values for
7. and y,., vary strongly depending on the Poisson ratio and Young’s modulus of the specimen
(which can also change during swelling, as the specimen softens slightly, cf. Chapter 8.4.4). How-
ever, y obtained with these experiments was seen to lie in a similar range as with the oedometer
tests at 0.8 MPa (see Figure 8-28), where a value of 0.4 resp. 0 to 0.8 (depending on the approxi-
mation chosen) was obtained.
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Figure 8-50: Parameters y.. (left), y.« (middle) and y (right) as a function of the Young’s modulus for three
different values of the Poisson ratio.

It needs to be considered that these results are based on a constant axial stress of 0.8 MPa and
are likely to vary depending on the applied axial stress, as was already seen with the oedometer
tests in Chapter 8.5.3. For a corresponding evaluation of the few experiments performed at
1.6 MPa, the assumptions are made for the axial strain that, (i), the approximation of the data (grey
symbols in Figure 8-44 to Figure 8-47) is linear as well and, (ii), a., 16urc =0.5 a1, 0smra a@nd
Ay, 16mra = 0.5 a2, 0sura (the higher axial stress led to smaller axial strains, and the origin of the
approximation at the average m,, is maintained), while the development of the radial strains and
stresses remain the same as for 0.8 MPa. Therefore, we get:
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Xaviompa = Xavosmpa — 05 Ay e, " Pa® Xaxo8Mpa — 0.1 (8-36)
Xrad 1 .6mPa = X rad,08MPa (8 - 37)
Xiswra = Xosupa =038 5~ P4 = Xosups —0-1 (8-38)

Consequently, while z,,, may remain the same, y, and y become smaller with increasing stress.

8.9. Investigations of specimen structures

8.9.1. Porosimetry

The change in the structures of the specimens during swelling is accompanied by a change in
porosity and pore size distribution. In order to gain information on these changes (i.e., compare the
pore size distribution of a specimen post swelling test to its initial state) and verify whether the
porosities determined indirectly via the grain densities, geometries and masses of the specimens
are accurate, some selected specimens were analyzed with Mercury Intrusion Porosimetry (MIP,
cf. Chapter 3.4).

MIP was performed on three specimens from oedometer tests after swelling (specimen Oe_6_2,
loaded with 3200 kPa, where no swelling was observed; two loaded with 800 kPa after various
stages of swelling, i.e., Oe_5_ 3 where AGT progressed to 27% and Oe_5_ 2, where AGT pro-
gressed to 85%, see Chapter 8.5 and Table J-3), and on the specimen PT15 of the preliminary free
swelling tests performed with limestone (which showed no swelling due to AGT, cf. Chapter 8.4.1).
Additionally, a specimen containing anhydrite and kaolin (40% SA and 60% PW) as well as a spec-
imen containing anhydrite and limestone (40% SA and 60% KM) were prepared according to the
standard specimen preparation procedure (Chapter 8.3.1), and represent therefore reference spec-
imens for the state prior to swelling. Upon specimen preparation, the specimens were broken in
order to obtain smaller samples for MIP. Of each specimen, at least two samples were taken and
investigated with MIP.

Figure 8-51 shows the pore size distributions obtained with MIP, while the porosities and total pore
volumes (also obtained with MIP) are presented in Figure 8-52. The respective degree of AGT of
each specimen is given by the $-values as defined in Equation (7 - 12) and which were obtained
via TGA (see Appendix I).
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Figure 8-51:  Pore size distributions for anhydrite / kaolin specimens from oedometer tests (left) and anhydrite /
limestone specimens from preliminary free swelling tests (right).
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Figure 8-52:  Porosity (left axis / white circles) and total pore volume (right axis / black squares) of anhydrite /

kaolin specimens from oedometer tests and anhydrite / limestone specimens from preliminary free
swelling tests.

From Figure 8-51, right, it becomes apparent that the pore size distribution of the limestone speci-
men changed significantly after the specimen was subjected to water for 46 days, while the oedo-
meter specimens containing kaolin did not change as much (Figure 8-51, left). With the latter, the
specimen loaded with 3200 kPa (9 = 6% ) appeared not to have changed at all (the green curves
nearly overlap with those of a specimen prior to swelling, shown in black), while a specimen loaded
with 800 kPa tends to gain more larger pores during AGT (the pore size distribution shifts to the
right with increasing values of 4, see yellow and red curves: dso increases from 1.1:107 to 2.5-10
”m). In the case of the limestone specimen, the initial state prior to swelling (grey curves in Fig-
ure 8-51, right) is very similar to that of a kaolin specimen, however subjecting the specimen to
water seems to create a large amount of bigger pores (the pore size distribution changes its shape
entirely and shifts to the right; for example, dso changes by two orders of magnitude from 1.5:10°7
to 105 m).
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When looking at the porosities and total pore volumes (Figure 8-52), while keeping the swelling
strain curves from Figure 8-18 and Figure 8-23 in mind, the following interpretations can be made
concerning the anhydrite / kaolin specimens: At the beginning of swelling, gypsum precipitation
appears to increase the total pore volume and porosity of the specimens. Eventually, gypsum pre-
cipitates within the pores and does not cause any further swelling strain, i.e., the swelling strain
reaches a steady state and the pore volume and the porosity decrease again (see Figure 8-52, for
the specimens tested at 800 kPa: At $=27% the values are higher than those of the specimen
prior to swelling, whereas at $=85% the values are lower). With the specimen that was loaded
with 3200 kPa a decrease in the total pore volume and porosity can be observed compared to the
state prior to swelling, which can be accounted to the settlement the specimen experienced, since
nearly no gypsum was found in the specimen post test.

Although the total pore volume of the limestone specimens increases from prior test to post test,
the porosity decreases and — as mentioned above — the pore size distribution shifts drastically to
the right. It is assumed that the initial heave created large pores, even cracks, however due to
gypsum precipitation within the specimen, the ratio of total pore volume to total volume (i.e., the
porosity) decreases.

The smaller circles in Figure 8-52 depict furthermore the porosities determined from the measured
dimensions of the specimens and their masses (also listed in Table J-1 and Table J-3 in Appen-
dix J). It can be seen that these values lie close to the measurements performed with MIP (larger
circles) in most cases and are thus considered to satisfactorily accurate. It is, therefore, assumed
that the porosities of all other specimens calculated from the measurements prior and post test
(see Appendix J) are reasonable.

8.9.2. Microscopy

Additionally, the change in structure of the specimens due to AGT (e.g., change of pore volume or
aperture of cracks as well as the distribution and shape of the growing gypsum crystals) was in-
vestigated via microscopy on selected specimens. (Note that due to the arduousness of the micro-
scopic techniques, it was not possible to investigate all tested specimens on a microscopic scale
within the framework of this research project.) In the following, these investigations are grouped by
the types of tests the specimens stem from. Table 8-11 gives an overview of all specimens inves-
tigated and the respective techniques used (cf. Chapter 3.2).
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Table 8-11:  Overview of performed microscopic investigations.

Original experiment Specimen name Specimen description Sample type Microscopic investiga-
tions
Free swelling tests PT15 (SA40 KM60) 40% Anhydrite Fragment Optical microscope,
(Chapter 8.4.1) 60% Limestone SEM & EDX
g=75% Embedded (Epoxy)  SEM & EDX
and polished
SA40 KM60 prior 40% Anhydrite Embedded (Epoxy) SEM & EDX
60% Limestone and polished
Prior, 9 =0%
Oedometer tests Oe_5_2 (800kPa) 40% Anhydrite Fragment SEM
o .
(Chapter 8.5) 60% Kaolin Polished Optical microscope, thin
800 kPa, 9 =85% sections, SEM & EDX
Oe_6_2 (3200kPa) 40% Anhydrite Fragment SEM
o .
60% Kaolin Polished Optical microscope, thin
3200 kPa, § = 6% sections, SEM & EDX
Oe_5_4 (800kPa) 40% Anhydrite Polished SEM & EDX
60% Kaolin
800 kPa, 9 =37%
Oe_7_2 (1600kPa) 40% Anhydrite Fragment SEM

60% Kaolin
1600 kPa, 9 =84%

a. Free swelling tests

Since the specimens containing limestone did not swell during the preliminary tests (Chapter 8.4.1),
even though TGA revealed that AGT progressed to ¢=75%, it was of interest to see where the
gypsum precipitated. In an additional step, it was investigated how the specimen structure changed
compared to the state prior to the swelling test.

Figure 8-53 shows close up images of two fragments broken off of the SA40 KM60 specimen post
test, one plane perpendicular to the direction the specimen was compacted, one parallel. In the
plane perpendicular to compaction, clear clusters of crystals are visible (such as the one marked
with an arrow in the right image), while in the plane parallel to compaction small cracks are visible
(such as the one marked with an arrow in the left image). Figure 8-54 shows BSE images of the
plane perpendicular to compaction. The nodular crystals visible in these images are strongly as-
sumed to be gypsum. The gypsum appears to have precipitated in clear “clusters” of needles,
however the needles are also found evenly spread over the entire specimen. A further section of
this specimen (Figure 8-55) was investigated with EDX by point analyses, to identify the elements
occurring in the specimen at different locations (see Table 8-12). Since the particle size of the used
anhydrite is smaller than 44 um (cf. Chapter 8.2.1), it is strongly assumed that the longer monoclinic
nodules (i.e., > 100 um) which indicated a sulfur content with EDX analyses are gypsum crystals
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(point B), while there are still some remaining orthorhombic anhydrite crystals (e.g., point A) in the
specimen as well. Furthermore, spots were identified that were nearly free of sulfur, which are
assumed to be mainly limestone (point C). These findings are in good accordance with the findings
from TGA analysis that about 75% of the anhydrite had been transformed to gypsum. Based solely
on the crystal size, limestone cannot be clearly identified, since the particle size distribution of
limestone is well graded in its original state (particle sizes from 1 to 200 um see Figure 8-1) and it
may at least partially have dissolved and precipitated again during the swelling test.

Figure 8-53: Images of the fragment sample of the specimen PT15 (SA40 KM60) post free swelling test, taken
with an optical stereo microscope. Left: plane parallel to the direction of compaction, right: plane
perpendicular to the direction of compaction.
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mag| curr | det HPW WD | mag| curr det HFW WD 500 ym ——
50x 4.4 nA| DualBSD|2.98 mm 14.7 mm 100x 4.4 nA DualBSD 1,49 mm 144 mm SA40-KMBO fracture Nr. 1

mag cur  det || HFW = WD | ——— ——— W mag eur  det | HFW | WD 100
200 x 4.4 nA DualBSD 746 ym 14.7 mm 400 4.4 nA DualBSD 373 ym 14.7 mm SA40-KME0 fracture Nr. 1

Figure 8-54: BSE images of the fragment (indicated on the top right) of the specimen PT15 (SA40 KM60) post
free swelling test.

ag | curr det |
200x 4.4 nA DualBSD 746 ym 121 mm SA40-KME0 _fracture Nr_1

Figure 8-55:  Point analyses of PT15 (SA40 KM60) fragment post free swelling test (cf. Table 8-12).
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Table 8-12:  Point analyses of PT15 (SA40 KM60) fragment post free swelling (cf. Figure 8-55).

Point S Ca C o Interpretation
[wt%] [At%] [wt%]  [At%] [wt%] [At%] [wt%]  [At%]

A 23.41 19.24 48.14  31.65 4.11 9.02 2434  40.09 CaSO,

B 19.42 13.74 3531 19.99 4.43 8.38 40.84 57.90 CaS042H,0

C 2.75 2.29 67.64  45.04 5.94 13.19 23.67 39.48 CaCOs

[wt%] = weight percentage, [At%] = atomic percentage

In order to investigate the distribution of calcium sulfate in the specimen more closely, a piece of
the same specimen was embedded in epoxy and its surface polished (see Figure 8-56, right). The
sample was investigated with SEM (BSE images in Figure 8-56) in combination with EDX, where
the main occurring elements on the surface of the sample are mapped in Figure 8-57. Figure 8-58
shows another section of that same sample at a closer scale.

The same was done for a sample of the specimen SA40 KM60 prior to swelling (i.e., prior to contact
with water). The SEM images are shown in Figure 8-59 and the EDX mapping is given in Fig-
ure 8-60 (same scale as Figure 8-58).

mag curr | det | HFW | WD —1mm mag| curr | det || HFW | WD ————— 500 jim ———
S,

50 x 4.4 nA DualBSD 298 mm 14.7 mm SA40-KM60 Nr. 1 100 x 4.4 nA DualBSD 1.49 mm 14.9 mm

det | HFW | WD 300 yim 7 ag | e et THEWC || WD)
200 % 4.4 nA DualBSD!| 748 pm 149 mm SA4O-KMBO N 1 400 % 4.4 nA DualBSD| 373 ym 148 mm

Figure 8-56: BSE images of the polished sample (shown right) of the specimen PT15 (SA40 KM60) post free
swelling test.
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Figure 8-57: EDX mapping of the different elements of the polished sample of the specimen PT15 (SA40 KM60)
post free swelling test. Note: the width of an image corresponds to ca. 800 um; S = sulfur, Ca =
calcium, C = carbon, O = oxygen, Si = silicon and the black areas in the mappings indicate the areas
where the respective element was not detected.

Figure 8-58: EDX mapping of the polished sample of the specimen PT15 (SA40 KM60) post free swelling test.
Note: the width of an image corresponds to ca. 400 um.
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“ mag)cur | det [ HFW | WD
| 500x 4.4 A DSIBSD 188.um 141 mm

Figure 8-59: BSE images of the polished sample (shown right) of the specimen SA40 KM60 prior to swelling.

Figure 8-60: EDX mapping of the polished sample of the specimen SA40 KM60 prior to swelling. Note: the width
of an image corresponds to ca. 400 um.

The comparison of the specimen post swelling to that prior to swelling leads to the following obser-
vations: Prior to wetting, the sulfate seems to be finely distributed in the specimen, while larger
inclusions of limestone particles exist, as exemplarily indicated by the red outline in Figure 8-60.
This conclusion is drawn based on the fact that the same areas showing “holes” in the sulfur map-
ping, show higher calcium contents in the calcium mapping, thus most likely representing limestone
particles. However, in the specimen post test the appearance is reversed: Here it seems that the
sulfate (now mainly in the form of gypsum) is clustered and surrounded by the limestone (see the
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clearly defined main occurrence of sulfur in Figure 8-57 and Figure 8-58, an example of which is
given by the red outline in Figure 8-57).

These observations correspond well to the expectations of an originally homogeneous specimen
(with the anhydrite finely distributed within the specimen) after specimen preparation and the ten-
dency to the formation of “clusters” of needles during gypsum precipitation due to the preferential
precipitation on bigger gypsum crystals (Ostwald ripening phenomenon, cf. Brezesinski and Mogel,
1993, or Scherer, 2002, according to which small crystals dissolve and redeposit onto larger crys-
tals). The spaces where the anhydrite dissolved remain as pore spaces post test (black patches in
the top left images of Figure 8-57 and Figure 8-58 and corresponding higher amount of carbon, an
example of which is given by the green outline in Figure 8-57).

b. Oedometer tests

As listed in Table 8-11, four specimens from the oedometer tests described in Chapter 8.5 were
investigated microscopically post test. First, three specimens which were loaded with different axial
stresses and seemed to have reached steady state were investigated and compared to one an-
other, in order to observe the influence of the axial stress on the structure and pore space of the
specimens:

- Oe_5_2 which was loaded with 800 kPa and reached ¢,, ,or =10% and $=85%
- Oe_7_2 which was loaded with 1600 kPa and reached ¢, ,or = 6% and $=84%
- Oe_6_2 which was loaded with 3200 kPa and did not swell (¢, _cr =0% and 3=6%)

Additionally, a specimen which swelled but did not reach steady state, and thus has a composition
between those of Oe_5 2/0Oe_7 2 and Oe_6_2 with respect to anhydrite and gypsum was inves-
tigated:

- Oe_5_4 which was loaded with 800 kPa and reached ¢, ,r =7% and $=37%

Further specimen properties and the testing conditions for these specimens can be found in Ta-
ble J-3 in Appendix J.

In a first step, the surfaces of fragments of the three specimens that reached steady state under
the above mentioned different loads (Oe_5 2, Oe 6 2 and Oe_7_2) were investigated with SEM
(see Chapter 3.2). The images (SE and BSE) are shown in Figure 8-61, Figure 8-62 and Fig-
ure 8-63. In the latter two cases no clear image was obtained under low vacuum (which was the
usual procedure), and, therefore, the samples needed to be coated with gold in order to investigate
them under high vacuum. This does, however, not affect the sample structure and thus the signal
from the BSE, while the signal from the SE is enhanced by the gold coating.

In Oe_5_2 (800 kPa, Figure 8-61) one can clearly see clusters of precipitated gypsum (probably in
a crack of the specimen). In Oe_7_2 (1600 kPa, Figure 8-62) a single crystal was found (which is
assumed to be anhydrite, based on the orthorhombic shape of the crystal and its size being smaller
than 40 um; the crystal is marked with an arrow in Figure 8-62). In Oe_6_2 (3200 kPa, Figure 8-63)
neither anhydrite nor gypsum was distinguishable from the rest (i.e., no crystals could be identified).

When comparing the images of these three specimens, one can observe that there is a difference
in the structure of the specimens: A lower axial load during the test leads to more, larger pores
(caused by the crystal growth of gypsum needles), while the specimens exhibiting less or no swell-
ing at all have a more homogeneous, compact matrix with less cracks.
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LFD i

Figure 8-61:  SE and BSE images of Oe_5_2 (800kPa).
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Figure 8-62: SE and BSE images of Oe_7_2 (1600kPa), coated with gold.

Figure 8-63: SE and BSE images of Oe_6_2 (3200kPa), coated with gold.
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In order to investigate the structural and compositional differences between the specimen Oe_5_2,
containing far more gypsum than anhydrite (800 kPa axial stress and $=85% ), and the specimen
Oe_6_2 containing nearly no gypsum (3200 kPa axial stress and $=6% ) optically more in depth,
fragments of these specimens were embedded in epoxy and polished (see Figure 8-64). These
polished surfaces were then investigated with an optical stereo microscope (Figure 8-65) and with
SEM and EDX, and ultimately thin sections were made from them and investigated with a transmit-
ted light microscope in polarized light mode.

A close up investigation of the polished surfaces with an optical microscope shows a clear differ-
ence in structure as well. As already anticipated from the previous SEM investigations, the speci-
men Oe_6_2 (Figure 8-65, right), which was subjected to higher pressure during the test and
showed no signs of swelling, seems more homogeneous than Oe_5 2 (Figure 8-65, left), which
experienced swelling and appears far more “weathered”. The former also shows more rounded
pores which are more easily identifiable (examples of which are indicated with “P” in Figure 8-65)
as well as some very distinct white spots of (probably) clusters of anhydrite (“A”; the sizes of the
clusters are up to roughly 500 um, whereas the anhydrite powder had a maximal grainsize of
44 um, see Figure 8-1). The latter (Oe_5_2) shows unevenly shaped pores and cracks, which in
some cases are also assumed to contain gypsum crystals (“G”).

SEM and EDX investigations of the polished surfaces lead to the images in Figure 8-66. It can be
seen that the specimen Oe_6_2 shows more lighter components compared to Oe_5_2 which indi-
cate a higher content of elements of higher atomic number (anhydrite, CaSO4, is therefore a lighter
shade of grey in BSE images compared to gypsum, CaS04:2H20), i.e., Oe_6_2 appears to have
a higher content of anhydrite compared to gypsum, as was to be expected. However, anhydrite
and gypsum cannot be distinguished more precisely (i.e., quantitatively) from one another with
SEM and EDX, since they both contain the same elements (cf. sulfur mapping in Figure 8-66).

Figure 8-64: Embedded and polished specimens Oe_5_2 (800 kPa, left) and Oe_6_2 (3200 kPa, right).
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Figure 8-65: Embedded and polished samples from specimens Oe_5_2 (800 kPa, leff) and Oe_6_2 (3200 kPa,
right).
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Figure 8-66: BSE images of embedded and polished samples from specimens Oe_5 2 (800 kPa, left) and
Oe_6_2 (3200 kPa, right) and EDX mapping of sulfur.

In order to compare the two cases shown in Figure 8-66 with a specimen where AGT was partially
progressed (as mentioned above, i.e., an “intermediary” specimen between Oe_5 2 and Oe_6_2),
a fragment from the oedometer specimen Oe_5 4 (800kPa, $=37% ) was embedded and polished
as well and observed with SEM and EDX (Figure 8-67). However, on a similar scale as used in
Figure 8-66, the distribution of sulfur within the specimen appears very homogeneous (see Fig-
ure 8-67 bottom row), and no conclusions can be drawn regarding the distinction and distribution
of anhydrite and gypsum within the specimen.
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Figure 8-67: BSE images of embedded and polished sample of specimen Oe_5 4 (800 kPa, AGT 37%) and EDX
mapping of sulfur.

Furthermore, the thin sections obtained from the specimens Oe_5 2 and Oe_6_2 were analyzed
with a transmitted light microscope in polarized light mode. The comparison of two images in Fig-
ure 8-68 shows that the right image (Oe_6_2) is composed of anhydrite crystals which can be
distinguished by the higher birefringence. In the left image, gypsum crystals are observed as they
have lower birefringence compared to anhydrite (Nesse, 1986).

Figure 8-68: Images obtained from light microscopy in polarized light mode on thin sections of Oe_5_2 (800 kPa,
left) and Oe_6_2 (3200 kPa, right).
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c. Discussion

The applied microscopic techniques allow an insight into the structures of the specimens and the
distribution of anhydrite and gypsum within them.

In the case of the tests with limestone, a clear change in the structure and distribution of the ele-
ments within the specimens was observed prior and post free swelling test, even though no swelling
strain occurred due to AGT. At first, larger clusters of limestone can be found within a homogenous,
sulfatic (i.e., anhydritic) matrix, whereas post wetting clusters of sulfates (now gypsum) are found.
Based on the results from porosimetry, the wetted specimen contains more large pores than prior
to wetting. It appears that during anhydrite dissolution and gypsum precipitation a re-distribution of
the components and of the pore space occurred, while the total volume of the specimen remained
the same. The limestone may have created a “cementation” of the specimen when it was wetted
(post test the specimen was very hard and intact in comparison to the specimens containing kaolin),
which sufficed in strength for gypsum to precipitate preferentially in the pore space and first cracks
which were created upon wetting (i.e., during the initial heave) rather than further expanding the
specimen.

Also in the case of the tests with kaolin, it could be seen that gypsum tends to form within pore
spaces and creates clusters of needles. At lower axial stress (800 kPa) the structure of the speci-
men contains more, larger pores and appears more weathered compared to a specimen that was
loaded with a higher stress (e.g., at 3200 kPa), though the change in pore size distribution prior to
post test was less pronounced than in the case of the limestone specimens.

Concerning the composition of the specimens, the microscopic investigations were seen to give
reliable qualitative information on the distribution of the sulfates in the specimens. With SEM the
anhydrite may be qualitatively distinguished from gypsum in some cases by comparing the shades
of grey. In a thin section image investigated with a transmitted light microscope, anhydrite and
gypsum can be distinguished from one another by higher birefringence. With these methods it was
seen that the anhydrite / kaolin specimen tested at 800 kPa contained far more gypsum as opposed
to the specimen tested at 3200 kPa (which is consistent with the TGA results).

As mentioned above, only the described selection of specimens was investigated with microscopy.
A more extensive and systematic series of microscopic investigations, where a large number of
specimens are observed and compared with one another, was not performed within the scope of
this thesis.

8.10. Summary and conclusions

The series of experiments described in this chapter are the first systematic investigations performed
in a laboratory with the aim of obtaining a connection between the chemical reactions, specifically
the change in mass of anhydrite, and the mechanical response due to the reactions, specifically
the stresses and strains. For this, swelling tests under a variety of boundary conditions were per-
formed.

Based on several preliminary swelling tests, it was decided to work with artificially created speci-
mens containing 40% anhydrite and 60% kaolin. However, the results were seen to differ strongly
from one another based on the source of the anhydrite: With usage of certain types, the swelling
process took longer or did not even begin (see Chapter 8.4.3). By performing different analyses of
the powders, it was generally seen, that the crystallite size, grain density and specific surface area
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of the grains appeared to influence the velocity of the swelling processes. However, the decisive
reason for the different behaviors could so far not be determined.

Through simple oedometer tests with varying axial stresses, a clear semilogarithmic relationship
could be established between the applied stresses and the developed axial strain — similar to the
swelling law known to exist for clays (“Grob’s law”; Grob, 1972, cf. Chapter 1.2). A dependency of
the axial stresses on swelling strains was also seen for sulfatic specimens, e.g., by Sahores (1962),
Kirschke (1996) or Pimentel and Anagnostou (2013).

The experiments with varying axial stresses also revealed that the duration of the swelling process
is stress-dependent (i.e., at higher axial stresses the specimens took longer to reach an equi-
librium), which was already seen by a number of authors (see Chapter 1.4).

The coupling parameters y, resp. y.. and y,. as defined in Chapter 7.1, were determined for four
different types of mechanical boundary conditions. In all cases it was seen that the developing
strains or stresses and the simultaneously reducing mass of anhydrite can be approximated by a
linear relationship. Therefore, y can be assumed to be constant for any given set of boundary
conditions. However, in some cases y, y. and y.. are strongly dependent on the elasticity pa-
rameters (Poisson ratio, Young’s modulus). These values can change during swelling, especially
in the case of high swelling strains at low stresses (cf. Pimentel, 1996). This can also be seen in
the overview given in Figure 8-69, where all parameters obtained with the experiments described
in this chapter are shown: Of the experiments with constant axial stresses, y is bigger for smaller
axial stresses (e.g., the oedometer tests with 3 kPa axial stress revealed the highest value for y,
while the oedometer tests and flexible oedometer tests with 800 kPa axial stress revealed the low-
est values). In the case of the complete constraint tests, where the axial stress was not constant,
z is smaller when the specimen is stiffer (which is also likely to change during the test and the
increase in axial stress). It is only possible to further distinguish between y, y. and .. if the
radial stresses are constant or can be measured, as was the case for the isotropic compression
tests and the flexible oedometer tests.
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Figure 8-69: Overview of all results for y , y. and y.. as a function of the Young’s modulus and Poisson ratio
(when not independent of them, based on the individual mechanical boundary conditions).
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It needs to be noted that in the cases where y appears to be independent of £ and/or v, this is
only due to the fact that certain boundary conditions are constant in those individual cases (e.g.,
the axial stress or radial strain) and thus the respective equations to solve y, y.. and .., lose the
terms containing £ and/ or v . As mentioned before, a lower stress acting on the specimen sim-
ultaneously decreases the stiffness of the swelling specimen (i.e., £) and — due to higher swelling
strains — increases y .

In order to visualize a comparison of all experimental results from Chapters 8.5 to 8.8, the volumet-
ric strains and mean stresses are calculated for each experiment. Hereby it is assumed for the
cases of the oedometer tests and complete constraint tests that the radial stress is equal to the
axial stress (and thus also the mean stress), since the radial stress could not be determined during
those experiments. The volumetric strains of the over 100 experiments in total are shown in de-
pendence of the corresponding mean stresses in Figure 8-70. Furthermore, the shade of the sym-
bols indicates the residual mass of anhydrite in each specimen at the point of extraction.

Two characteristics are noticeable in Figure 8-70, which would require further, longer experiments:

For one, the specimens loaded with mean stresses of 7 and 20 kPa show lower strains than ex-
pected when looking at the maximal strains reached at other stresses. A repetition of tests at lower
stresses (i.e., below 65 kPa) with the same mixtures is necessary in order to confirm that the semi-
logarithmic relationship between the maximal strains and the applied stresses is accurate (as ap-
pears to be the case when looking at the specimens loaded with 3 kPa and 65 kPa and above).

Furthermore, it becomes apparent that more residual anhydrite per unit volume remains within the
specimens post test in the case of higher stresses (as opposed to lower stresses). On the one
hand, the definition of m,.,, itself can cause a slight difference, since it is dependent on the spec-
imen volume (Equation (2 - 11)) which is naturally higher when larger strains occur (and thus m, .
is smaller, even if the same net mass of anhydrite is in the specimen). On the other hand it was
seen that the AGT process was in fact slightly less progressed at higher stresses. This leads to the
question, whether the specimens were extracted too soon, for example in the case of the oedom-
eter test with 3.2 MPa axial stress (which was extracted after 80 days) AGT may still have occurred,
or whether an equilibrium was reached, e.g., in the case of the complete constraint tests, where-
upon AGT does not take place any further. Further tests should be considered at higher stresses
and with longer durations, in order to investigate whether the AGT process can be completed in
those cases.
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Figure 8-70:  V