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bietet ein ausgezeichnetes interdisziplinäres Umfeld. Es hat echt Spaß gemacht, ein Teil
davon gewesen zu sein und immer noch sein zu dürfen. Damit geht auch an die DFG für die
Finanzierung des SFB’s und somit auch meines Teilprojekts ein großer Dank! Alles in allem
werde ich immer sehr positiv auf die Zeit meiner Promotion zurückblicken – dies liegt vor
allem an den Menschen, mit denen ich zusammenarbeiten durfte. Vielen Dank Euch allen!

VIII



Contents

List of Figures XI

List of Tables XIII

Nomenclature XV

Abstract XVII

Zusammenfassung XXI

1 Introduction 1

1.1 Biomineralization and its engineering applications . . . . . . . . . . . . . . 2
1.2 Numerical modeling of biomineralization . . . . . . . . . . . . . . . . . . 6
1.3 Microfluidic investigations of biomineralization . . . . . . . . . . . . . . . 7
1.4 Objective and structure of the thesis . . . . . . . . . . . . . . . . . . . . . 9

2 Theoretical background 11

2.1 Porous media and their scales of consideration . . . . . . . . . . . . . . . . 11
2.2 Flow and transport in porous media . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Porous medium properties . . . . . . . . . . . . . . . . . . . . . . 14
2.2.2 Pore- and REV-scale description of flow in porous media . . . . . . 15
2.2.3 Transport processes in porous media . . . . . . . . . . . . . . . . . 17

2.3 Geochemical reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.1 Terms and definitions of chemical reactions . . . . . . . . . . . . . 19
2.3.2 Chemistry of calcium carbonate . . . . . . . . . . . . . . . . . . . 24
2.3.3 Induced calcium carbonate precipitation . . . . . . . . . . . . . . . 26

2.4 Determining permeability of porous media . . . . . . . . . . . . . . . . . . 28
2.4.1 Classical constitutive relationships for permeability . . . . . . . . . 29
2.4.2 Porosity-permeability relationships for altered porous media . . . . 31

IX



2.5 Micro�uidics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.5.1 Fabrication of micro�uidic cells . . . . . . . . . . . . . . . . . . . 33

2.5.2 Measurements and visualization . . . . . . . . . . . . . . . . . . . 35

3 Objectives and Summaries of the Contributions 37

4 Conclusions, Limitations and Outlook 43

Bibliography 49

A Publications 61

A.1 Contribution 1: Experimental Methods and Imaging for Enzymatically In-

duced Calcite Precipitation in a micro�uidic cell . . . . . . . . . . . . . . . 61

A.2 Contribution 2: Investigation of Crystal Growth in Enzymatically Induced

Calcite Precipitation by Micro-Fluidic Experimental Methods and Compari-

son with Mathematical Modeling . . . . . . . . . . . . . . . . . . . . . . . 75

A.3 Contribution 3: Spatiotemporal distribution of precipitates and mineral phase

transition during biomineralization affect porosity-permeability relationships 95

X



List of Figures

1.1 Naturally occuring biomineralization: a) and b) scleractinians (stony corals)

(reprinted from Drake et al. [2020]); c) stromatolites at Hamelin Pool, West-

ern Australia (reprinted from Allen [2016]) . . . . . . . . . . . . . . . . . 1

1.2 Engineering applications of biomineralization: a) Bio-brick made from hu-

man urine (reprinted from Lambert and Randall [2019] with permission of

Elsevier, copyrigth 2019); b) 3D printed bio-cemented spatial structure (reprinted

from Nething et al. [2020]); c) bio-cemented sand (reprinted from van Paassen

et al. [2010] with permission of the American Society of Civil Engineers,

Copyright 2010); d) Fracture sealing using MICP (reprinted with permission

from Cuthbert et al. [2013], Copyright 2013 American Chemical Society) . 4

2.1 Relevant scales in the context of engineered biomineralization in porous me-

dia. From left to right: CO2 injection into the subsurface with biomineralized

caprock (�eld scale); domain discretized into REV's with averaged quanti-

ties (REV scale); fully resolved pore geometry including various grains and

biominerals (pore scale); individual molecules representing precipitation and

dissolution (molecular scale). The scaling bar on the bottom roughly maps

the unit of length to the categorized spatial scales. . . . . . . . . . . . . . 13

2.2 REV concept on the example of calcium carbonate precipitataion in porous

media. Right: REV size, for an exemplary averaged quantity (after Weishaupt

[2020] and Helmig [1997]). . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Examplary plot according to the Michaelis-Menten equation (Equation 2.24)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4 Bjerrum plot of the diprotic carbonic acid;pKa;1 = 3:76 andpKa;2 = 10:38 25

XI



2.5 SEM images of calcium carbonate polymorphs: a) calcite; b) vaterite; c)

aragonite; d) amorphous calcium carbonate (ACC). a)-c) Reprinted from
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Abstract

Motivation: Biomineralization refers to microbially induced processes resulting in min-

eral formations. In addition to complex biomineral structures frequently formed by marine

organisms, like corals or mussels, microbial activities may also indirectly induce mineral-

ization. A famous example is the formation of stromatolites, which result from bio�lm ac-

tivities that locally alter the chemical and physical properties of the environment in favor of

carbonate precipitation. Recently, biomineralization gained attention as an engineering ap-

plication. Especially with the background of global warming and the objective to reduce CO2

emissions, biomineralization offers an innovative and sustainable alternative to the usage of

conventional Portland cement, whose production currently contributes signi�cantly to global

CO2 emissions. The most widely used method of biomineralization in engineering appli-

cations, is ureolytic calcium carbonate precipitation, which relies on the hydrolysis of urea

and the subsequent precipitation of calcium carbonate. The hydrolysis of urea at moderate

temperatures is relatively slow and therefore needs to be catalyzed by the enzyme urease to

be practical for applications. Urease can be extracted from plants, for example from ground

jack beans, and the process is consequently referred to as enzyme-induced calcium carbonate

precipitation (ECIP). Another method is microbially induced calcium carbonate precipita-

tion (MICP), which uses ureolytic bacteria that produce the enzyme in situ. EICP and MICP

applications allow for producing various construction materials, stabilizing soils, or creating

hydraulic barriers in the subsurface. The latter can be used, for example, to remediate leak-

ages at the top layer of gas storage reservoirs, or to contain contaminant plumes in aquifers.

Especially when remediating leakages in the subsurface, the most crucial parameter to be

controlled is its intrinsic permeability.

A valuable tool for predicting and planning �eld applications is the use of numerical simula-

tion at the scale of representative elementary volumes (REV). For that, the considered domain

is subdivided into several REV's, which do not resolve the pore space in detail, but represent

it by averaged parameters, such as the porosity and permeability. The porosity describes the

XVII



ratio of the pore space to the considered bulk volume, and the permeability quanti�es the

ease of �uid �ow through a porous medium. A change in porosity generally also affects

permeability. Therefore, for REV-scale simulations, constitutive relationships are utilized to

describe permeability as a function of porosity. There are several porosity-permeability re-

lationships in the literature, such as the Kozeny-Carman relationship, Verma-Pruess, or sim-

ple power-law relationships. These constitutive relationships can describe individual states

but usually do not include the underlying processes. Different boundary conditions during

biomineralization may in�uence the course of porosity-permeability relationships. However,

these relationships have not yet been adequately addressed.

Pore-scale simulations are, in principle, very well suited to investigate pore space changes

and their effects on permeability systematically. However, these simulations also rely on

simpli�cations and assumptions. Therefore, it is essential to conduct experimental studies

to investigate the complex processes during calcium carbonate precipitation in detail at the

pore scale. Recent studies have shown that micro�uidic methods are particularly suitable

for this purpose. However, previous micro�uidic studies have not explicitly addressed the

impact of biomineralization on hydraulic effects. Therefore, this work aims to identify rel-

evant phenomena at the pore scale to conclude on the REV-scale parameters, porosity and

permeability, and their relationship.

Contributions: This work comprises three publications. First, a suitable micro�uidic

setup and work�ow were developed in Weinhardt et al. [2021a] to study pore space changes

and the associated hydraulic effects reliably. This paper illustrated the bene�ts and insights of

combining optical microscopy and micro X-ray computed tomography (micro XRCT) with

hydraulic measurements in micro�uidic chips. The elaborated work�ow allowed for quanti-

tative analysis of the evolution of calcium carbonate precipitates in terms of their size, shape,

and spatial distribution. At the same time, their in�uence on differential pressure could be

observed as a measure of �ow resistance. Consequently, porosity and permeability changes

could be determined. Along with this paper, we published two data sets [Weinhardt et al.,

2021b, Vahid Dastjerdi et al., 2021] and set the basis for two other publications.

In the second publication [von Wolff et al., 2021], the simulation results of a pore-scale nu-

merical model, developed by Lars von Wolff, were compared to the experimental data of

the �rst paper [Weinhardt et al., 2021b]. We observed a good agreement between the exper-

imental data and the model results. The numerical studies complemented the experimental
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observations in allowing for accurate analysis of crystal growth as a function of local velocity

pro�les. In particular, we observed that crystal aggregates tend to grow toward the upstream

side, where the supply of reaction products is higher than on the downstream side. Crystal

growth during biomineralization under continuous in�ow is thus strongly dependent on the

locally varying velocities in a porous medium.

In the third publication [Weinhardt et al., 2022a], we conducted further micro�uidic experi-

ments based on the experimental setup and work�ow of the �rst contribution and published

another data set [Weinhardt et al., 2022b]. We used micro�uidic cells with a different, more

realistic pore structure and investigated the in�uence of different injection strategies. We

found that the development of preferential �ow paths during EICP application may depend

on the given boundary conditions. Constant in�ow rates can lead to the development of

preferential �ow paths and keep them open. Gradually reduced in�ow rates can mitigate

this effect. In addition, we concluded that the coexistence of multiple calcium carbonate

polymorphs and their transformations could in�uence the temporal evolution of porosity-

permeability relationships.
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Zusammenfassung

Motivation: Biomineralisierung bezeichnet den Prozess, bei dem Minerale durch Akti-

vitäten lebender Organismen gebildet werden. Neben komplexen biomineralischen Struktu-

ren, wie sie beispielsweise von Meeresorganismen wie Korallen oder Muscheln häu�g ge-

bildet werden, k̈onnen mikrobielle Aktiviẗaten auch zu einer ungerichteten Mineralisierung

führen. Dies ist beispielsweise der Fall bei der Bildung von Stromatolithen, bei der die Akti-

vitäten von Bio�lmen lokal die chemischen und physikalischen Eigenschaften zugunsten der

Kalkausf̈allung ver̈andern. Dar̈uber hinaus gewann Biomineralisierung als ingenieurtechni-

sche Anwendung in den letzten Jahren an Bedeutung. Insbesondere vor dem Hintergrund

der globalen Erẅarmung und der Zielsetzung, die CO2-Emissionen zu reduzieren, bietet die

Biomineralisierung eine innovative und nachhaltige Alternative zu konventionellem Port-

landzement, dessen Herstellung derzeit erheblich zu den globalen CO2-Emissionen beitr̈agt.

Im Hinblick auf ingenieurtechnische Anwendungen ist die am weitesten verbreitete Metho-

de die ureolytische Calciumcarbonatausfällung. Diese beruht auf der Hydrolyse von Harn-

stoff und der anschließenden Ausfällung von Calciumcarbonat. Die Hydrolyse von Harn-

stoff bei moderaten Temperaturen ist relativ langsam, kann aber durch das Enzym Urease

katalysiert werden, welches z.B. p�anzenbasiert, in Form von gemahlenen Jack-Bohnen hin-

zugegeben werden kann. Dies wird als enzymatisch induzierte Calciumcarbonatausfällung

(ECIP) bezeichnet. Eine weitere Methode ist die mikrobiell induzierte Calciumcarbonat-

ausf̈allung (MICP), bei der ureolytische Bakterien zum Einsatz kommen, die das Enzym

in situ produzieren. EICP und MICP Anwendungen können unter anderem zur Herstellung

von verschiedenen Baumaterialien, zur Stabilisierung von Böden, oder zur Verminderung

von Str̈omungen im Untergrund verwendet werden. Letzteres kann z.B. zur Erhöhung der

Dichtigkeit der Deckschicht von Gasspeicherreservoirs oder zur Eindämmung von Schad-

stofffahnen in Grundwasserleitern eingesetzt werden. Insbesondere bei der Sanierung von

Leckagen im Untergrund ist der wichtigste zu kontrollierende Parameter die intrinsische Per-

meabiliẗat.
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Ein nützliches Werkzeug zur Vorhersage und Planung von Feldanwendungen ist die nu-

merische Simulation auf der Skala repräsentativer Elementarvolumina (REV). Um ef�zi-

ent großskalige Anwendungen simulieren zu können, wird deshalb die Porenraumgeometrie

nicht im Detail aufgel̈ost, sondern miẗuber das REV gemittelten Parametern, wie der Poro-

sität und der Permeabilität beschrieben. Die Porosität beschreibt das Verhältnis von Poren-

raum zum Gesamtvolumen und die Permeabilität ist ein Maß f̈ur die Durchl̈assigkeit eines

porösen Mediums und kann somit als Reziprokwert des Fließwiderstands gesehen werden.

Eine Ver̈anderung der Porosität bringt im Allgemeinen auch eine Veränderung der Permea-

bilit ät mit sich. Deshalb haben sich für REV-skalige Simulationsanwendungen konstitutive

Beziehungen beẅahrt, mit denen die Permeabilität in Abḧangigkeit der Porosität beschrieben

werden kann. In der Literatur gibt es verschiedene Porositäts-Permeabiliẗats-Beziehungen,

wie zum Beispiel die Kozeny-Carman Beziehung, Verma-Pruess, oder einfachere Power-

Law Beziehungen. Diese konstitutiven Beziehungen können einzelne Zustände beschreiben,

jedoch werden in der Regel die zugrundeliegenden Prozesse nicht mit einbezogen. Beispiels-

weise k̈onnen unterschiedliche Randbedingungen während der Biomineralisierung den Ver-

lauf von Porosiẗats-Permeabiliẗats-Beziehungen beein�ussen. Diese Zusammenhänge sind

jedoch bisher noch nicht ausreichend untersucht worden.

Porenskalige Simulationen eignen sich grundsätzlich sehr gut, um Porenraumveränderungen

und deren Auswirkungen auf die Permeabilität systematisch zu untersuchen. Diese Simu-

lationen beruhen jedoch ebenfalls auf Vereinfachungen und Annahmen. Deshalb ist es un-

erlässlich, experimentelle Untersuchungen durchzuführen, um die komplexen Prozesse wäh-

rend der Calciumcarbonatausfällung im Detail und auf der Porenskala zu untersuchen. Jüng-

ste Studien haben gezeigt, dass die Methoden der Mikro�uidik hierfür besonders geeignet

sind. Die Auswirkungen der Biomineralisierung auf die hydraulischen Auswirkungen sind

jedoch in den bisherigen Arbeiten nicht ausreichend berücksichtigt worden. Ziel dieser Ar-

beit ist es deshalb, relevante Phänomene auf der Porenskala zu identi�zieren, um daraus

Rückschl̈usse auf die REV-skaligen Parameter, Porosität und die Permeabilität, und deren

Beziehung ziehen zu können.

Beitr •age: Diese Arbeit beinhaltet insgesamt drei Publikationen. Zunächst wurden in Wein-

hardt et al. [2021a] ein geeigneter mikro�uidischer Aufbau und Arbeitsablauf entwickelt,

um die Porenraumveränderung und die damit einhergehenden hydraulischen Auswirkungen

zuverl̈assig untersuchen zu können. In diesem Beitrag wurden die Vorteile und Erkenntnisse

verdeutlicht, die durch die Kombination von Lichtmikroskopie und mikro-Röntgencomputer-
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tomographie (micro XRCT) mit hydraulischen Messungen in mikro�uidischen Chips entste-

hen. Dies erm̈oglicht eine quantitative Analyse der Entwicklung von Calciumcarbonatkris-

tallen in Bezug auf ihre Größe, Form, und r̈aumliche Verteilung, ẅahrend ihr Ein�uss auf den

Differenzdruck als Maß des Durchströmungswiderstands beobachtet werden kann. Aus die-

sen Messdaten wiederum können die Porositäts- und Permeabiläts̈anderung bestimmt wer-

den. Mit diesem Beitrag wurde der Grundstein für die beiden weiteren Publikationen gelegt

sowie zwei Datens̈atze ver̈offentlicht [Weinhardt et al., 2021b, Vahid Dastjerdi et al., 2021].

In der zweiten Publikation [von Wolff et al., 2021] wurden die Simulationsergebnisse eines

porenskaligen numerischen Modells, entwickelt von Lars von Wolff, mit den experimentel-

len Daten aus dem ersten Beitrag [Weinhardt et al., 2021b] verglichen. Dabei wurde eine gute

Übereinstimmung zwischen den experimentellen Daten und den Modellergebnissen festge-

stellt. Die numerischen Untersuchungen ergänzten die experimentellen Beobachtungen da-

hingehend, dass sie genaue Analysen des Kristallwachstums in Abhängigkeit von lokalen

Geschwindigkeitspro�len erm̈oglichen. Insbesondere beobachteten wir, dass die Kristallag-

gregate tendenziell zur stromaufwärts gelegenen Seite hin wachsen, wo die Versorgung mit

Reaktionsprodukten höher ist, als auf der stromabwärts gelegenen Seite. Das Kristallwachs-

tum während der Biomineralisierung unter kontinuierlichem Zu�uss ist also stark von den

lokal variierenden Geschwindigkeiten in einem porösen Medium abḧangig.

Im Rahmen der dritten Publikation [Weinhardt et al., 2022a] wurden weitere mikro�uidi-

sche Experimente basierend auf dem experimentellen Aufbau und Arbeitsablauf des ersten

Beitrags durchgeführt und ein weiterer Datensatz veröffentlicht [Weinhardt et al., 2022b].

Dafür wurden mikro�uidische Zellen mit einer anderen, realistischeren Porenstruktur ver-

wendet und der Ein�uss unterschiedlicher Injektionsstrategien untersucht. Es hat sich her-

ausgestellt, dass die Entwicklung präferentieller Fließwege ẅahrend der EICP-Anwendung

von den vorgegebenen Randbedingungen abhängt. Konstante Zu�ussraten können zur Ent-

wicklung von pr̈aferentiellen Fließpfaden führen und diese offen halten. Durch eine schritt-

weise reduzierte Zu�ussrate, kann dieser Effekt abgeschwächt werden. Darüber hinaus wur-

de festgestellt, dass die Koexistenz von mehreren Calciumcarbonatpolymorphen und deren

Transformationen die zeitliche Entwicklung der Porositäts-Permeabiliẗats Beziehungen be-

ein�ussen k̈onnen.
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1 Introduction

Biomineralization refers to processes that lead to the formation of minerals generated by

living organisms [Ahlstrom, 2011]. The agglomeration of multiple crystals to complex struc-

tures is typical for biominerals. Complex biomineral structures are primarily known for

oceanic organisms such as corals or shells [Meier, 2017]. In such cases organisms pro-

duce minerals as part of their metabolism and control the mineralization process. In other

cases, microbial activity can induce mineralization by changing local physical and chemi-

cal conditions of the environment. In natural environments, popular examples would be the

formation of stromatolites. The activity of bio�lms locally alkalinizes the environment and

consequently causes the dissolved calcium carbonate to precipitate leading to the genesis of

these ancient stromatolites. Also in the human body, microbial activity can induce miner-

alization which potentially leads to severe diseases like infection- or kidney stones [Hobbs

et al., 2018, Espinosa-Ortiz et al., 2019]. As demonstrated, the study of biomineralization is

a broad �eld that draws attention to various scienti�c disciplines. Besides the occurrence in

natural environments, one can also use biomineralization for various civil and environmental

engineering applications.

Figure 1.1: Naturally occuring biomineralization: a) and b) scleractinians (stony corals) (reprinted
from Drake et al. [2020]); c) stromatolites at Hamelin Pool, Western Australia (reprinted
from Allen [2016])
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1.1 Biomineralization and its engineering applications

With the background of global warming and the overall aim of reducing CO2 emissions,

biomineralization offers the potential to supplement the use of conventional Portland cement,

which currently contributes signi�cantly to the global CO2 emissions [Nething et al., 2020,

Andrew, 2019]. For this purpose, ureolysis-induced calcium carbonate precipitation has been

extensively studied and proven to be useful for various engineering applications. It relies on

the hydrolysis of urea and the subsequent precipitation of calcium carbonate. The resulting

overall reaction equation is given in Equation 1.1, while further details are elaborated in

Section 2.3.3:

CO(NH2)2 + 2H2O+ Ca2+ �� *) �� 2NH+
4 + CaCO3# (1.1)

The hydrolysis of urea (CO(NH2)2) at moderate temperatures is relatively slow but can be

catalyzed by the enzyme urease. One way to achieve targeted precipitation at desired loca-

tions is to use the enzyme urease directly, for example, after extracting it from Jack Bean

meal. This is referred to as enzymatically induced calcium carbonate precipitation (EICP).

Another technique is to rely on microbes expressing the enzyme urease in situ at the desired

locations, which we refer to as microbially induced calcium carbonate precipitation (MICP).

The term biomineralization in the context of engineering application in this thesis refers

to these two techniques. A short overview of possible applications, categorized intocon-

struction material, ground improvements, environmental remediationandhydraulic control

is presented in the following.

Construction material

Very promising applications of ureolytic biomineralization can be found in the construction

sector. For example, it has been successfully applied for the fabrication of construction ma-

terial and reparation of buildings [Wu et al., 2021]. Research on the so-called bio-bricks is,

meanwhile, technically relatively mature. The company Biomason, founded in 2016, focuses

on bio-brick research and now offers various types of bio-bricks for the construction indus-

try. In addition, more research has been conducted to improve performance like compressive

strength, for instance, by adding �ber supplements [Li et al., 2020]. Other researchers fo-

cused on rather unconventional methods to improve cost-effectiveness and environmental

impact. For example, Lambert and Randall [2019] grew the world's �rst bio-brick from
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human urine instead of chemical urea in order to reduce the production costs [Wu et al.,

2021]. Furthermore, Nething et al. [2020] developed a 3D printing method allowing the

manufacturing of more complex spatial structures. For that, sand and urease active powder

were selectively deposited within a container. After supplying and draining the mineraliza-

tion solution, the solidi�cation of the sand was limited to the desired locations resulting in

a complex and geometrically stable structure [Nething et al., 2020]. Nevertheless, biomin-

eralization can be applied not only to the fabrication of new building materials but also to

repair existing materials, for example, by remediating cracks in concrete. As an alternative

to conventional methods of repairing cracks with sealants or adhesive chemicals, biominer-

alization has shown promising results in improving the durability of cementitious building

materials and restoration of stone monuments [Joshi et al., 2017]. An exciting and promis-

ing application is the concept of self-healing concrete. Bacterial cells, along with calcium

ions, nutrients, and other supplements, are added to the concrete mixture. The spores of the

bacteria survive in the solidi�ed concrete and get activated when rainwater enters potential

cracks in the concrete. The subsequent biomineralization �lls the occurring cracks in the

concrete. However, the necessary compounds could diminish the original strength of the ma-

terial. Therefore more efforts and investigations are needed to employ self-healing concrete

commercially [Lee and Park, 2018, Joshi et al., 2017].

Soil stabilization

The increased demand for infrastructure and building land engander suitable soil sites to

become increasingly scarce. Biomineralization has become increasingly relevant as a po-

tential alternative to chemical grouting in order to improve the soil strength and other prop-

erties [Terzis and Laloui, 2018, Rahman et al., 2020]. Similar to the construction material,

in the case of improving the soils for construction, the precipitated calcium carbonate acts

as a cement to bond loose material. It can be employed, for example, to mitigate fugitive

dust emissions, which is a signi�cant environmental issue in arid or semi-arid environments

[Hamdan and Kavazanjian, 2016]. Much effort has also been put into analyzing and optimiz-

ing the resulting mechanical properties using column and large-scale experiments [Whif�n

et al., 2007, van Paassen et al., 2010, Yasuhara et al., 2012, Al Qabany et al., 2012] and it

was reported that mineralogy, particle size distribution, shape, and texture can in�uence the

resulting strength of the treated soils [Umar et al., 2016]. With regards to sustainability and

cost ef�ciency, Rahman et al. [2020] analyzed the use of biomineralization for the applica-
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tions in pavement construction. They concluded that MICP at the current stage is neither a

cost-effective nor an environmentally friendly alternative to conventional methods, at least

for pavement constructions. However, regarding the increased interest in this technology and

efforts to improve it, it seems to have potential in their opinion [Rahman et al., 2020].

Figure 1.2: Engineering applications of biomineralization: a) Bio-brick made from human urine
(reprinted from Lambert and Randall [2019] with permission of Elsevier, copyrigth 2019);
b) 3D printed bio-cemented spatial structure (reprinted from Nething et al. [2020]); c) bio-
cemented sand (reprinted from van Paassen et al. [2010] with permission of the American
Society of Civil Engineers, Copyright 2010); d) Fracture sealing using MICP (reprinted
with permission from Cuthbert et al. [2013], Copyright 2013 American Chemical Society)

Environmental remediation

Besides improving the mechanical properties of porous material, biomineralization also of-

fers possibilities for environmental remediation applications, such as the immobilization of

radionuclides and metals [Phillips et al., 2013]. A possible alternative to conventional reme-

diation technologies, calcium carbonate-based co-precipitation of radionuclides like stron-

tium or toxic metals like copper and arsenic is an option for a long time immobilization

[Dejong et al., 2013, Pacheco et al., 2022, Rajasekar et al., 2021]. Proudfoot et al. [2022]

for instance, recently studied the feasibility of MICP treatment in mine waste piles to re-

duce metals and acid leaching. Their laboratory assessments show the general feasibility of

mitigating toxic metal releases into the environment.

Hydraulic control

Another promising application is to locally control and reduce the permeability of porous

media. Hydraulic barriers can be created in order to prevent leakages of contaminants into

aquifers [Phillips et al., 2013]. Cuthbert et al. [2013] applied MICP in order to reduce the
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permeability of fractured rocks. In a �eld experiment, they achieved a signi�cant reduction

in the transmissivity of a single fracture. Moreover, in geologically stored carbon dioxide,

mitigation strategies need to be considered to seal high permeable regions of the caprock

to ensure the site's long-term safety. Due to the low viscosity of the cementation solutions,

E/MICP treatment has the potential to be practical alternatives to conventional sealing tech-

nologies. Conventional sealing technologies often imply cement usage, resulting in higher

viscosities of the injected �uids. Higher viscosities can prevent adequate penetration of small

pore spaces and potentially hinder the proper sealing of microfractures [Phillips et al., 2013,

Dejong et al., 2013]. Furthermore, the unconventional oil and gas development implicates

the environmental risk of �uid leakage in the near-wellbore environment, where E/MICP

could be applied to remediate unintentional leakage pathways [Phillips et al., 2016, Cuth-

bert et al., 2013]. Recently Kirkland et al. [2021] demonstrated in a �eld-scale experiment

the successful application of MICP to remediate leaky wellbores. However, they pointed

out that long-term seal integrity in the context of CO2 storage scenarios still needs further

investigations.

Summary

The effect of the engineering application of biomineralization in porous material can be sum-

marized as follows. The induced calcium carbonate precipitation implies an alteration of the

pore space resulting in the bonding of loose material and a reduction of porosity. This conse-

quently affects mechanical and hydraulic properties like the Young modulus, shear modulus,

or compressive strength and the permeability of porous media. Obviously, in the application

of biomineralization in the construction sector, the mechanical properties are the key param-

eters to consider and optimize, while it is mainly the permeability for leakage mitigation

scenarios. However, when realizing any of those applications, the transport of the reactive

cementation solutions is strongly dependent on the changing permeability during the appli-

cation. Consequently, considering the change of porosity and permeability is crucial when

planning and conducting MICP or EICP treatments in any engineering application. There-

fore a fundamental process understanding regarding the relationship between porosity and

permeability is essential.
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1.2 Numerical modeling of biomineralization

Subsurface �ow and transport coupled to biogeochemical reactions relates extremely com-

plex processes which are still challenging to model [Koch et al., 2021]. Yet, for tasks like site

characterization, improvement of process understanding and sensitivities, feasibility studies,

risk assessment, or quanti�cation of uncertainties, numerical modeling is an essential tool

for planning and conducting �eld applications in the subsurface. Large-scale implementation

of such projects often imply involvement of different stakeholders and competitive interests,

which need to be communicated at the science-policy interface [Scheer et al., 2021]. Re-

cently, much effort has been put into the development of numerical models for calculating

and predicting �eld applications of M/EICP [van Wijngaarden et al., 2011, Ebigbo et al.,

2012, Hommel et al., 2015, Nassar et al., 2018, Cunningham et al., 2019]. For that purpose,

these models are required to be able to calculate large domains in the range of several meters

to kilometers. This implies averaging of pore-scale information into bulk properties, like

permeability and porosity described by the concept of a representative elementary volume

(REV) (see Section 2.1 for de�nitions). The focus of improving these REV-scale models has

been mainly on the kinetics of the biomineralization processes [Landa-Marbán et al., 2021,

Hommel et al., 2015, 2020]. In parallel to the development of the numerical models, nu-

merous experimental studies were performed in order to investigate kinetic parameters under

different conditions [Cuthbert et al., 2012, Lauchnor et al., 2015, Mitchell et al., 2019, Feder

et al., 2021]. Besides detailed information about chemical reaction kinetics, these REV-scale

models inherently rely on upscaled porosity-permeability relationships. Even though several

approaches are available in the literature to correlate the change of porosity to a correspond-

ing change of permeability, like Kozeny-Carman, Verma-Pruess, or simple power-law rela-

tionships (see Section 2.4 for their de�nitions), it remains unclear in what way exactly pore

space alteration in�uences the hydraulic response. For example, varying initial and operating

conditions could lead to differences in the corresponding relationships. In order to under-

stand and reveal the essential mechanisms leading to such variations, detailed knowledge

on the pore-scale is necessary [Hommel et al., 2018]. It is obvious and undeniable that the

REV-scale is the appropriate scale to model �eld-scale applications of MICP or EICP, where

computational demands can become a limiting factor. However, it is the pore-scale where the

morphological changes occur and from where we, consequently, need to derive new insights.

Also for that purpose, numerical simulation can be valuable. Numerical pore-scale and pore-

network models are very useful for a general process understanding in the context of pore
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space alterations and the resulting hydraulic effect [Zhang and Klapper, 2014, Qin et al.,

2016, Minto et al., 2019, Sabo and Beckingham, 2021, Jung and Meile, 2021]. They al-

low for a very systematic analysis of speci�c processes but still imply simpli�cations and

assumptions. Therefore, experimental investigations on the pore-scale are indispensable to

enhance our understanding of the relevant processes during biomineralization affecting the

porosity and permeability of a porous medium.

1.3 Micro
uidic investigations of biomineralization

During the last 35 to 40 years, micro�uidics has been increasingly utilized to study the be-

havior of �uids in porous structures in various research areas, including applications in life

science, chemistry, or �uid mechanics, to only name a few [Karadimitriou and Hassanizadeh,

2012]. This short review gives an overview of micro�uidic investigations during the past few

years that aimed at studying the behavior of biomineralization in the context of engineering

applications of EICP and MICP. The following studies were carried out right before or in

parallel to our work and used state-of-the-art micro�uidic cells either made out of glass or

Polydimethylsiloxane (PDMS) (see Section 2.5 for details).

Wang et al. [2019a] showed successfully the use of a micro�uidic chip made out of PDMS to

improve the understanding of MICP on the pore scale. With optical microscopy, they could

observe the bacteria distribution within the pore structure and monitor forming precipitates

in narrow pore throats and open pore bodies during a staged injection strategy. In two follow-

up studies [Wang et al., 2019b, 2021], they were able to observe the formation of irregularly

shaped precipitates which may subsequently dissolve and reprecipitate into regularly shaped

precipitates and argued with Ostwald ripening in the context of calcium carbonate precipita-

tion. According to the theory of Ostwald, ACC is the �rst phase to precipitate but is unstable

and consequently transforms into more stable polymorphs like calcite or vaterite (see Sec-

tion 2.3.2 for details on the chemistry of calcium carbonate). In Wang et al. [2022] they

identi�ed the injection strategy to be crucial for the resulting size of the precipitates. Lower

injection rates of the cementation solution led to larger crystals and with respect to their

motivation, to better soil improvements in terms of soil strength.

In the work of Zambare et al. [2020], the mineralogy of MICP was studied using single-

cell drop-based micro�uidics. A micro�uidic device made of PDMS was used to generate
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droplets containing single ureolytically active bacterial cells. Mineral precipitation was stud-

ied using Raman spectroscopy to differentiate polymorphs of calcium carbonate. They found

that the ratio of ACC to vaterite decreases over time, and from other experimental methods

like �uorescence microscopy and dispersive X-ray Spectroscopy (EDX), they inferred the

additional presence of calcite. This study generally con�rms the hypothesis of Wang et al.

[2019b, 2021] that polymorph transitions during MICP occur mainly from ACC to vaterite

and calcite.

Xiao et al. [2021] also investigated pore-scale characteristics during the process of MICP

using a micro�uidic cell with a homogeneous pore structure made out of PDMS. However,

in contrast to the studies mentioned above, Xiao et al. [2021] visualized the MICP process

under continuous �ow conditions. Injecting the bacterial suspension and the cementation so-

lution simultaneously from two separate inlets into the cell, they focused on the transversal

mixing of bacteria and chemicals across the pore structure. They found that precipitation

started in the lower part of the cell into which bacteria suspension was injected. While pre-

cipitation continues and the permeability is reduced locally, the �ow direction shifts, and

precipitation also occurs in the upper part of the cell. Due to the observation of partial clog-

ging, the formation and shifting of �ow channels, they hypothesized that the mixing of the

cementation solution and bacterial suspension increases as precipitation continues. More-

over, they observed irregularly shaped, rhombohedral, and spherical precipitates during their

experiments. From Raman spectroscopy analysis, they concluded that the irregular-shaped

precipitates are ACC, the rhombohedral are calcite, and the spherical ones are in the transi-

tion from vaterite to calcite. In a subsequent study, Xiao et al. [2022] additionally studied the

in�uence of the CaCl2 concentration in the cementation solutions on the transversal diffu-

sion at a quiescent state. Instead of the homogeneous pore structure consisting of uniformly

distributed pillars used in their previous study, they implemented sand grains into the micro-

model this time. They found that lower CaCl2 concentrations led to a more homogeneous

distribution of precipitates and concluded that increased CaCl2 hindered the bacterial diffu-

sion. Moreover, their observations indicate that the surface of the sand grain particles does

not offer preferential nucleation sites at the quiescent state.

Kim et al. [2020] used micromodels made out of borosilicate to investigate EICP during a

sequential injection of the reactive solutions. They analyzed the size distribution of the pre-

cipitates intending to estimate kinetic parameters and compared the results to a simpli�ed

kinetic model. For that, certain shapes have been assumed to derive the volume of the pre-

cipitates based on their 2D projections, captured during optical microscopy imaging. They
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showed that their comparison between the experimental results and their kinetic model was

signi�cantly affected by the assumed shape approximation of the precipitates.

In summary, there have been various studies regarding pore-scale phenomena of biomineral-

ization (MICP and EICP). The research goals range from fundamental process understanding,

kinetic aspects of the precipitation process, and mixing of the reactive solutions to the op-

timization of injection strategies concerning the enhancement of soil strength. One crucial

aspect that has been addressed in almost all these studies is the importance of the polymor-

phous nature of calcium carbonate, or more precisely, the coexistence of ACC, vaterite, and

calcite and their transformation from one into the other. However, none of these recent exper-

imental studies explicitly focused on the impacts on the hydraulic responses, more precisely

on the REV-scale parameter permeability. Therefore, the pore-scale effects of biomineraliza-

tion leading to a change of the REV-scale properties porosity and permeability are still not

fully understood yet.

1.4 Objective and structure of the thesis

From the previously described engineering applications of biomineralization, ranging from

construction material and soil stabilization to hydraulic control and environmental remedia-

tion, porosity and permeability alteration during the treatment is crucial to consider. While

REV-scale models are essential tools to support �eld applications, they rely on porosity-

permeability relationships. Recent studies have shown that micro�uidics is a suitable ex-

perimental technique for exploring pore-scale characteristics during the biomineralization

process. However, the effect of biomineralization on the hydraulic responses has still not

yet been fully understood. This current lack of knowledge motivated our work on porosity

and permeability alterations during biomineralization in porous media. Therefore, we aim to

observe and interpret phenomena on the pore-scale during mineral precipitation to conclude

on the REV-scale properties, porosity, and permeability.

In Chapter 2, the theoretical background for this work is outlined. This includes general

de�nitions of the considered scales in porous media, the fundamentals of �ow and transport

phenomena, and geochemical reactions. Moreover, various concepts for determining the

permeability of a porous medium are outlined, and an overview of micro�uidic methods is

given. Furthermore, the three contributions and their objectives are summarized in Chapter 3.
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The corresponding publications are provided in Appendix A-C. Finally, in Chapter 4, we

present our conclusions, limitations and perspectives for possible further research.



2 Theoretical background

This chapter provides an overview of the fundamentals for this work and serves as a general

theoretical framework, providing the relevant terms and de�nitions. This chapter is subdi-

vided into four sections: At �rst, porous media are de�ned, and the considered spatial scales

in the context of subsurface processes are given in Section 2.1. Secondly, Section 2.2 de-

scribes the background of �ow and transport in porous media, including the pertinent proper-

ties of a porous medium, the pore- and REV-scale description of �ow, and the relevant trans-

port mechanisms. Thirdly, geochemical fundamentals in the context of biomineralization are

given in Section 2.3. These include some basic terms and de�nitions of chemical reactions,

the chemistry of calcium carbonate, and the mechanisms of induced calcium carbonate pre-

cipitation. Subsequently, in Section 2.4, various approaches to determine the permeability

are outlined, ranging from the original experiments of Henry Darcy and classical constitu-

tive relationships and �nally to porosity-permeability relationships for altered porous media.

Finally, in Section 2.5, the background of micro�uidics as the science for investigating �uid

interactions in microchannels is provided, by giving an overview of different micromodel

fabrication methods and of measurement and visualization techniques.

2.1 Porous media and their scales of consideration

A porous medium is a solid material that includes void space. This is probably the most

intuitive and general de�nition of a porous medium and would include things like a hollow

cylinder or a solid block with a few isolated pores. In this work and �eld of research, we want

to de�ne a porous medium related to �uids �owing through it. For that, a better de�nition

would be to describe it as a solid matrix with connected void space (pore space) inside and a

relatively high speci�c surface [Bear, 1972]. Examples are �lter paper, sand �lters, sponges,

diapers, and even the canvases of oil paintings, to only name a few. The research presented
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here focuses on the geoengineering application of biomineralization which can be employed

but is not limited to subsurface processes, e.g., in soils, aquifers, or other geological forma-

tions. Such subsurface processes can be observed and studied on different spatial scales at

different levels of detail.

For geoengineering applications in the subsurface, we can categorize spatial scales into the

following categories [Hommel et al., 2018]:

• molecular scale: Pico- to nanometers

• pore scale: Micro- to millimeters

• REV scale(representative elementary volume-scale): Millimeters to meters

• �eld scale: Meters to kilometers

The most appropriate scale for analyzing processes is a matter of the necessary level of detail

and, consequently, depends on the process itself. However, there is always a trade-off be-

tween the level of detail and the size of the considered system. Figure 2.1 gives an overview

of the different spatial scales in the context of engineered biomineralization in porous me-

dia, ranging from pikometer (10� 12m) to kilometer (103m). Individual molecules and their

interactions can be described in exact detail on themolecular scale. Theoretically, most of

the relevant processes, like biomineralization or �uid �ow, can be explained and described

by molecular interactions. However, it is not expedient to describe such processes on the

molecular scale for most engineering applications. It is often more feasible to average over a

suf�cient number of similar molecules to analyze a more extensive system, assuming matter

is continuous in space and time. With this continuum approach, averaged quantities, like

temperature or density, can be de�ned. In the case of a porous medium, the pore geometry

is described by differentiating the solid matrix and the void space while resolving the exact

pore geometry. This microscopic consideration is referred to as thepore scale. When us-

ing the example of biomineralization, one can still describe the chemical reaction and the

corresponding pore space alteration, even though the molecules themself are averaged as a

continuum. The continuum description, of course, needs upscaling assumptions and conse-

quently reduces the level of detail. The next step would be to average over several pores

and solids within a porous medium, de�ned as a representative elementary volume (REV).

On theREV scalethe pore-scale properties, like the exact pore geometry, are represented

by average quantities of an REV, such as porosity and permeability (also see Section 2.2.1).

When it comes to geoengineering applications, for example, the remediation of leakages in



2.2 Flow and transport in porous media 13

Figure 2.1: Relevant scales in the context of engineered biomineralization in porous media. From
left to right: CO2 injection into the subsurface with biomineralized caprock (�eld scale);
domain discretized into REV's with averaged quantities (REV scale); fully resolved pore
geometry including various grains and biominerals (pore scale); individual molecules rep-
resenting precipitation and dissolution (molecular scale). The scaling bar on the bottom
roughly maps the unit of length to the categorized spatial scales.

the subsurface, the considered spatial domain comprises several meters or kilometers. In or-

der to describe these applications on the�eld scale, we can use numerical simulation tools

representing the subsurface subdivided into multiple REV's, as illustrated in Figure 2.1.

We have to keep in mind that choosing the spatial dimension of a scale is often an arbitrary

decision, and the transition between scales is �uent [Weishaupt, 2020]. However, this cate-

gorization of scales is essential when describing relevant processes - either resolve them in

detail or average them to effective quantities concomitant with a loss of accuracy. In this

work, we look at the pore scale, intending to draw conclusions for the description on the

REV scale.

2.2 Flow and transport in porous media

In this section, �ow and transport mechanisms in porous media are explained. At �rst, we

describe the relevant properties of a porous medium before outlining the pore- and REV-scale

descriptions of �ow in porous media and their mathematical formulations. Furthermore,

transport processes, namely diffusion, advection, and dispersion, are de�ned.
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2.2.1 Porous medium properties

As described in the previous section, the focus of this work is related to subsurface processes

where examples of porous media are soils, aquifers, or other geological formations. In the

context of biomineralization, we want to focus on the alternating pore space and the corre-

sponding �ow resistance of the porous medium. In terms of REV-scale parameters, this refers

to porosity and permeability. In Figure 2.2 a porous medium is schematically illustrated on

the pore and the REV scale: At the pore scale, the shapes of the grains and pores are fully re-

solved. The calcium carbonate precipitates evolve during the treatment of biomineralization

and thus lead to a change of the solid matrix and consequently reduce the pore space.

Considering a porous medium as an REV requires averaging of pore-scale characteristics

over a suf�ciently large domain and introducing averaged properties like porosity and perme-

ability. The correct size of the REV depends on the considered property. The size of an REV

should, on one hand, be large enough to average out microscopic inhomogeneities, and on

the other hand, be small enough to represent macroscopic inhomogeneities. In other words,

the REV should be homogeneous concerning the characteristic quantities, which should not

change signi�cantly when changing the size of the considered domain, as illustrated in Fig-

ure 2.2 on the right [Helmig, 1997]. One crucial quantity is the porosityf which is a dimen-

sionless number and de�ned as the fraction of volume of the poresVpore to the total volume

Vtotal of an REV:

f =
Vpore

Vtotal
(2.1)

Another important REV-scale property of a porous medium is the intrinsic permeability. It

is a measure of the ease of �uid �owing through a porous medium or the reciprocal of the

resistance of a porous medium to �uid �ow. In Darcy's law, permeability relates the pressure

gradient to the �ow velocity, which is more precisely described in the next section.
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