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Abstract 
A stone consolidation treatment helps restore a degraded substrate’s physical and mechanical 
properties. The treatment efficiency of newly engineered consolidants needs to be assessed on 
specimens in the laboratory before being applied on-site. Therefore, the substrate is prepared by 
inducing certain deterioration phenomena in them. Microcracks in the fabric are decay patterns 
that are frequently found on-site. They can be induced through thermal treatment as heat gener-
ates stresses in minerals as they undergo volumetric changes. Therefore, the focus of this study 
is on two topics, (i) thermal treatment of natural stones to artificially age the substrate, and (ii) the 
quality and compatibility of newly engineered stone consolidants. Four natural stones, from the 
European heritage, three carbonates and one silicate, as well as four newly consolidants were 
used in this study. The consolidants are made up of two nano-TiO2 modified alkoxysilanes and 
two colloidal suspensions, nanosilica and nanozirconia. 

Thermal treatemnt causes chemo-mineralogical and petro-physical changes. In-situ X-ray diffrac-
tion (XRD) and ζ-potential as determined from streaming current and streaming potential meas-
urements were used to characterise the chemo-mineralogical changes on the surface of flat solid 
stones. Phase evolution with temperature was analysed using in-situ XRD, while modifications of 
ζ were used to investigate variations in materials surface and condition. Optical light and scanning 
electron microscopy, porometric data, ultrasonic pulse velocity and colour measurements were 
used to examine the physical changes.  

Various test methods were used to determine the efficiency and compatibility of stone consoli-
dants. This topic was further subdivided into three topics: (i) standardised or commonly used 
techniques to examine a treatment’s performance, (ii) neutron imaging for evaluating laboratory 
ageing and treatment application with stone consolidants, and (iii) analysis of the distribution 
depth of stone consolidants applied on-site. The treatment efficiency was evaluated by scanning 
electron microscopy, mercury intrusion porosimetry, colour impact and their effect on dynamic 
modulus of elasticity, splitting tensile- and flexural strengths, capillary water absorption and water 
vapour permeability. Capillary water absorption and ultrasonic pulse velocity was used to cross-
validate neutron imaging. Scanning electron microscopy and image analysis were used to deter-
mine the distribution depth, which was combined with an analytical model that is based on a one-
dimensional version of Fick’s second law. Drilling resistance measurements were also performed 
on-site, as well as Young’s modulus and splitting tensile strength tests on laboratory-treated spec-
imens. 

The findings show that the onset and degree of thermal decomposition of dense and porous car-
bonates vary as shown by in-situ XRD. This work shows that nonequilibrium and time-dependent 
changes in ζ are associated with the reactivity of porous calcite surfaces. Specifically, in nonequi-
librium ζ can be positive and negative and surface roughness influences ζ because it contributes 
to the dissolution. Thermal treatment changes ζ from negative to positive and when calcium hy-
droxide on calcite surfaces is present, calcium hydroxide governs ζ. To properly determine ζ when 
assessed by streaming potential, corrections are needed to account for the effect of pore conduc-
tivity. And, when ζ of mixed materials is analysed, their contribution to the overall determined ζ 
can be singled out. 

The effectiveness and compatibility of newly engineered stone consolidants were determined by 
the textural and microstructural characteristics of the stone, such as the presence of 
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homogeneously distributed kaolinite that was preferentially penetrated. Furthermore, the kinetics 
of the gel-forming reaction took longer than expected, which explains why certain material prop-
erties change over time. This leads to falsified treatment evaluations. Furthermore, when the 
stone comes in contact with water during an incomplete polymerisation, water trapping, and pore-
clogging are possible as shown by neutron imaging. Wide-ranging adsorption of water and anom-
alous water distributions and kinetics can result from the use of certain application techniques 
such as brushing and poultice. Finally, the distribution depth of cured consolidants on-site was 
successfully described by the analytical model and verified about image analysis. Additionally, 
drilling resistance performed on-site agreed with the depth distribution of cured consolidants as 
analysed by image analysis and the applied model. Because of this study, the consolidant could 
be better interpreted as a function of the sample’s depth, which was always a gradient. The ex-
ponential decline from the stones’ surface to its inner core was shown to be more pronounced for 
the nano-particle-based consolidants than for reactive alkoxysilane.  

Many aspects of stone conservation research are still poorly understood, and extensive research 
in specific areas of this conservation action is needed. Overall, this thesis aided research in the 
area of analysis of distribution depths of consolidations applied on-site, evaluation of treatment 
performances of newly engineered consolidants, and the effects of treatment application and cur-
ing durations when (reactive) consolidants are applied. The thesis also showed how streaming 
potential techniques can be used to investigate the reactivity of natural stone surfaces in both 
pristine and thermally treated conditions. 
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Kurzfassung 
Natürlich gealterte Baugesteine weisen ein entfestigtes Gefüge auf, weswegen oftmals Festi-
gungsmaßnahmen zur Wiederherstellung der physikalischen und mechanischen Materialeigen-
schaften erforderlich sind. Neu entwickelte Steinfestiger müssen vor der Anwendung am Original 
im Labor auf ihre Wirksamkeit überprüft werden. Dafür ist zunächst eine künstliche Alterung der 
Laborprüfkörper notwendig, um gängige, im natürlichen Gesteinsgefüge beobachtbare Scha-
densphänomene nachzuahmen. Als besonders geeignet für die künstliche Alterung erwiesen sich 
thermisch induzierte Gefügeveränderungen, wobei Mikrorisse auf Grund thermischer Beanspru-
chungen entstehen. 

Die vorliegende Arbeit beschäftigt sich mit zwei Themengebieten: (i) mit thermisch induzierten 
Gefügeveränderungen an Baugesteinen zum Zweck der künstlichen Alterung und (ii) mit der 
Wirksamkeit neu entwickelter Steinfestiger. Als Substrate dienten ein Quarzsandstein und drei 
karbonatische Baugesteine. Die Wirksamkeit von Steinfestigern wurde anhand von zwei Nano-
TiO2-modifizierten Alkoxysilanen sowie zwei kolloidalen Nano-SiO2 und Nano-ZrO2 Suspensio-
nen evaluiert.  

Thermisch induzierte Gefügeveränderungen können in chemo-mineralogische und petro-physi-
kalische Veränderungen unterschieden werden. Die chemo-mineralogischen Veränderungen 
wurden an Gesteinsoberflächen mittels in-situ Hochtemperatur-Röntgendiffraktometrie (XRD) 
und dem ζ-Potential (sowohl durch Messungen des Strömungsstroms als auch des Strömungs-
potentials bestimmt) analysiert. Durch in-situ XRD konnten temperaturabhängige Phasenentwick-
lungen beobachtet werden, während unterschiedliche Materialzustände mit Hilfe des ζ-Potentials 
untersucht wurden. Physikalische Veränderungen wurden durch optische und Rasterelektronen-
mikroskopie, Quecksilberporosimetrie, Ultraschallgeschwindigkeiten und Farbmessungen be-
stimmt.  

Im Themenbereich der Effizienz von Steinfestigern und deren Kompatibilität mit dem Substrat 
wurden drei Schwerpunkte gesetzt: (i) die Anwendung von etablierten und standardisierten Un-
tersuchungsmethoden zur Bestimmung der Wirksamkeit von neu entwickelten Produkten, 
(ii) Neutronenbildgebungsverfahren zur Bewertung der künstlichen Alterung und der Applikati-
onsmethoden sowie (iii) die Tiefenverteilung von vor Ort applizierten Festigern im Gesteinsge-
füge. 

Für die Bestimmung der Wirksamkeit von Steinfestigern wurden Rasterelektronenmikroskopie, 
Quecksilberporosimetrie, Farbmessungen, dynamisches Elastizitätsmodul, Spaltzug- und Biege-
festigkeit, kapillare Wasseraufnahme und Wasserdampfdiffusion gemessen. Zusätzlich zum 
Neutronenbildgebungsverfahren wurden Wasseraufnahme und Ultraschallgeschwindigkeit an 
den gleichen Proben gemessen. Die Tiefenverteilung der Festiger wurde mittels Falschfar-
benanalyse und mittels Rasterelektronenmikroskopie untersuchten Bohrkernen evaluiert. Um die 
Tiefenverteilung der Festiger besser zu verstehen, wurde ein analytisches Model, das auf einer 
Version des ein-dimensionalen Frick‘schen zweiten Gesetzes beruht, angewandt. Darüber hin-
aus wurden Bohrwiderstandsmessungen vor Ort durchgeführt und Spaltzugfestigkeit und E-Mo-
dul an Laborprüfkörpern ermittelt.  

Die mit Hilfe von in-situ XRD gemessene, temperaturabhängige Strukturumwandlung hat gezeigt, 
dass sich das Einsetzen und das Ausmaß des thermischen Zerfalls von dichten und porösen 
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Karbonaten unterscheidet. Zeitabhängige Modifikationen des ζ-Potentials stehen in Verbindung 
mit dem Nichtgleichgewicht und der Reaktivität von porösen kalzitischen Oberflächen. Demnach 
kann ζ sowohl positiv als auch negativ im Nichtgleichgewicht sein und die Oberflächenrauigkeit 
beeinflusst ζ durch das Dissoziieren des Materials. Durch die thermische Zersetzung ändert sich 
ζ von negativ zu positiv. Wenn Calciumhydroxid an der kalzitischen Oberfläche vorhanden ist, 
bestimmt es das ζ-Potential. Um das durch Messungen des Strömungspotentials ermittelte ζ kor-
rekt zu interpretieren, muss der Effekt der Porenleitfähigkeit berücksichtigt werden. Im Falle von 
asymmetrischen Mikrokanälen kann der Beitrag von einzelnen Oberflächen zum gemittelten ζ 
bestimmt werden. 

Im Bezug auf die Effizienz und Kompatibilität von Steinfestigern zeigten die Ergebnisse, dass die 
Wirksamkeit auch von der Mikrostruktur des Gesteinsgefüges abhängen kann. Dies konnte durch 
das Festigen von homogen im Gefüge verteilten Kaolinit gezeigt werden. Darüber hinaus ist das 
Abbinden zur endgültigen Gelbindung auch nach längerer Zeit nicht abgeschlossen, wodurch 
Materialkennwerten verfälscht werden. Wenn das Baugestein während einer nicht abgeschlos-
senen Gelbindung mit Wasser in Kontakt kommt, kann ein Porenverschluss zustande kommen 
oder Wasser im Gefüge eingeschlossen werden, wie mittels Neutronenbildgebung gezeigt wurde. 
Zudem wurde gezeigt, dass Applikationsmethoden, bei denen Pinsel und Zellulosekompressen 
benutzt werden, zu anomaler Wasserkinetik und -verteilung führen können. 

Die Tiefenverteilung von Festigern im Gesteinsgefüge wurde mit Hilfe des analytischen Models 
beschrieben und durch Bildanalysen verifiziert. Darüber hinaus stimmt die Tiefenverteilung auch 
mit dem vor Ort durchgeführten Bohrwiderstandsmessungen überein. Diese Evaluierungsstrate-
gie ermöglichte eine verbesserte Interpretation der Tiefenverteilung von Festigern, die Gradienten 
zeigten. Es wurde dargestellt, dass der exponentielle Abfall bei kolloidalen Suspensionen stärker 
ausgeprägt ist als bei reaktiven Systemen (wie den Alkoxysilanen).  

Obwohl viele Aspekte der Gesteinsfestigung noch weiterer Forschung bedürfen, konnte die vor-
liegende Arbeit in den Bereichen von Tiefenverteilung von vor Ort angewandten Festigern, der 
Wirksamkeit neu entwickelter Produkte sowie Unterschiede von Applikationsmethoden und 
Gelbindungsreaktionen das Forschungsfeld der Steinkonservierung ein Stück weit voranbringen. 
Die Arbeit zeigt auch, dass Strömungsstrom- und Strömungspotentialmessungen angewandt 
werden können, um die Reaktivität von Natursteinoberflächen in bruchfrischen und thermisch 
gealterten Zuständen zu analysieren.  

  



9 
 

 

Table of Contents 

Acknowledgements ................................................................................................................ 3 

Abstract ................................................................................................................................... 5 

Kurzfassung ............................................................................................................................ 7 

Table of Contents ................................................................................................................... 9 

List of appended manuscripts ............................................................................................ 10 

Related conference contributions ...................................................................................... 11 

1. Introduction ................................................................................................................... 12 

1.1 Statement of the problem ............................................................................................. 12 

1.2 The objective of the study ............................................................................................ 15 

2. Materials and methods ................................................................................................. 18 

2.1 Materials ...................................................................................................................... 18 

2.1.1 Petrographic characterisation of the lithotypes ..................................................... 18 

2.1.2 Calcination ............................................................................................................ 19 

2.1.3 Consolidants ......................................................................................................... 20 

2.2 Methods ....................................................................................................................... 21 

2.2.1 ζ derived from Helmholz-Smoluchowski using an asymmetric cell configuration . 22 

2.2.2 Analytical, microscopic and physical techniques .................................................. 31 

2.2.3 Neutron imaging ................................................................................................... 35 

2.2.4 An analytical model to evaluate the distribution depth of stone consolidants ....... 37 

3. Summary of the scientific articles ............................................................................... 40 

4. Conclusions and outlook ............................................................................................. 46 

The scientific contribution of the work ..................................................................................... 46 

Outlook on open research agenda ......................................................................................... 51 

References ............................................................................................................................ 53 

Curriculum vitae ................................................................................................................... 61 

Appendices ........................................................................................................................... 64 

  



10 
 

 

List of appended manuscripts 
A. Ban, M., Luxbacher, T., Lützenkirchen, J., Viani, A., Bianchi, S., Hradil, K., Rohatsch, A. & Valter 

Castelvetro, V. (2021). Evolution of calcite surfaces upon thermal decomposition, characterized 
by electrokinetics, in-situ XRD, and SEM. Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects, 126761. 
With corresponding Supporting Data 

Credit Authorship Contribution Statement: M.B. and V.C. Conceptualization, M.B. Investigation, Meth-
odology, Data curation, Formal analysis, Funding acquisition, Validation, Visualization, Writing - original 
draft, J.L. A.V. S.B. K.H. and V.C. Supervision, Resources, Writing - review & editing, A.R. Investigation 
(petrographic description), T.L Validation, Formal analysis, Writing - review & editing, V.C. Funding acqui-
sition, Project administration. 

B. Ban, M., Mascha, E., Weber, J., Rohatsch, A., & Delgado Rodrigues, J. (2019). Efficiency and 
compatibility of selected alkoxysilanes on porous carbonate and silicate stones. Materials, 12(1), 
156. 

Credit Authorship Contribution Statement: M.B., E.M. and J.W. conceived and designed the experi-
ments; M.B. performed and supervised the physical and mechanical experiments; E.M. performed the 
SEM- and A.R. the optical microscopy analysis; E.M. interpreted the raw data of SEM studies; M.B. and 
J.D.R. interpreted the raw data of physical and mechanical experiments; M.B. wrote the original draft; all 
authors reviewed and edited the paper and evaluated the final data; all authors approved the final manu-
script. 

C. Ban, M., De Kock, T., Ott, F., Barone, G., Rohatsch, A., & Raneri, S. (2019). Neutron radiography 
study of laboratory ageing and treatment applications with stone consolidants. Nanomateri-
als, 9(4), 635. 
With corresponding Supporting Data 

Credit Authorship Contribution Statement: M.B. and S.R. designed the experiments; A.R. performed 
the petrographic analysis of thin sections; S.R. carried out the treatments application and monitored the 
curing procedure; M.B., T.D.K. and S.R. performed the experiments at LLB under the supervision of F.O.; 
M.B. and S.R. pre- and post-processed the gained radiographs; T.D.K. obtained the calibration, analysed 
and plotted the post-processed data; M.B. performed the UPV and WAC measurements in the laboratory; 
M.B. performed the visualization of the obtained results and created the tables; M.B., T.D.K. and S.R. 
prepared the original draft; all authors reviewed and edited as well as agreed on the last version of the 
manuscript; G.B. and S.R. were responsible for proposal administration at the LLB facility. 

D. Ban, M., Aliotta, L., Gigante, V., Mascha, E., Sola, A., & Lazzeri, A. (2020). Distribution depth of 
stone consolidants applied on-site: Analytical modelling with field and lab cross-validation. Con-
struction and Building Materials, 259, 120394. 
With corresponding Supporting Data 

Credit Authorship Contribution Statement: Matea Ban: Conceptualization, Data curation, Formal anal-
ysis, Investigation, Methodology (in-situ testing, mechanical tests, analytical model), Validation, Visualiza-
tion, Writing - original draft. Laura Aliotta: Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology (analytical model), Validation, Writing - review & editing. Vito Gigante: Conceptualization, 
Data curation, Formal analysis, Investigation, Methodology (analytical model), Validation, Writing - review 
& editing. Elisabeth Mascha: Investigation, Methodology (microscopy), Writing - review & editing. Antonella 
Sola: Investigation, Methodology (image analysis), Writing - review & editing. Andrea Lazzeri: Conceptual-
ization, Funding acquisition, Project administration, Supervision, Writing - review & editing.  



11 
 

 

Related conference contributions 
A.1 Ban, M., Baragona, A., Ghaffari, E., Weber, J., & Rohatsch, A. (2016). Artificial aging tech-

niques on various lithotypes for testing of stone consolidants. In: J.J. Hughes, T. Howind 
(Eds.), Science and Art: A Future for Stone. Proceedings of the 13th International Congress 
on the Deterioration and Conservation of Stone, the University of the West of Scotland, Pais-
ley, 1: 253-260.  

Credit Authorship Contribution Statement: M.B.: Conceptualization, Formal analysis, Investigation, 
Methodology, Visualization, Writing - original draft. A.B.: Conceptualization, Investigation, Methodol-
ogy, Writing - review & editing. E.G.: Investigation, Methodology, Writing - review & editing. J.W.: Con-
ceptualization, Funding acquisition, Project administration, Supervision, Writing - review & editing. A.R.: 
Funding acquisition, Supervision, Writing - review & editing. 

B.1 Mascha, E., Ban, M., Weber, J., & Rohatsch, A. (2020). Silicates for the consolidation of 
stone: nano silica vs. ethyl silicate. In: S. Siegesmund, B. Middendorf (Eds.) Monument Fu-
ture: Decay and Conservation of Stone. Proceedings of the 14th International Congress on 
the Deterioration and Conservation of Stone. Göttingen and Kassel, Mitteldeutscher Verlag 
GmbH, Halle (Saale), 525-531.  

Please note that contribution B.1 is not published in open access. 

Credit Authorship Contribution Statement: E.M.: Conceptualization, Formal analysis, Investigation, 
Methodology, Visualization, Writing - original draft. M.B.: Investigation, Methodology, Writing - review 
& editing. J.W.: Conceptualization, Funding acquisition, Project administration, Supervision, Writing - 
review & editing. A.R.: Funding acquisition, Supervision, Writing - review & editing. 

C.1 Raneri, S., De Kock, T., Rohatsch, A., & Ban, M. (2020). The potential of neutron imaging in 
stone conservation. In: S. Siegesmund, B. Middendorf (Eds.) Monument Future: Decay and 
Conservation of Stone. Proceedings of the 14th International Congress on the Deterioration 
and Conservation of Stone. Göttingen and Kassel, Mitteldeutscher Verlag GmbH, Halle 
(Saale), 1053-1059. 

Please note that contribution C.1 is not published in open access. 

Credit Authorship Contribution Statement: S.R.: Conceptualization, Formal analysis, Investigation, 
Methodology, Writing - original draft. T.D.K.: Formal analysis, Investigation, Methodology, Writing - re-
view & editing. A.R.: Funding acquisition, Supervision. M.B.: Conceptualization, Formal analysis, In-
vestigation, Methodology, Visualization, Writing - original draft. 

D.1 Mascha, E., Weber, J., & Ban, M. (2018). Forschung zu Nano-Materialien für die Gesteinsres-
taurierung. Auswirkung von Festigungsmaßnahmen in Laborversuchen im Rahmen des EU-
Projektes Nano-Cathedral. In: P. Gabriele et al. (Eds.) Natursteinsanierung Stuttgart 2018. 
Neue Natursteinrestaurierungsergebnisse und messtechnische Erfassungen sowie Sani-
erungsbeispiele. Fraunhofer IRB Verlag, 75-88 

Please note that contribution D.1 is written in German and is not published in open access. 

Credit Authorship Contribution Statement: E.M.: Conceptualization, Formal analysis, Investigation, 
Methodology, Writing - original draft. J.W.: Conceptualization, Funding acquisition, Project administra-
tion, Supervision, Writing - review & editing. M.B.: Conceptualization, Formal analysis, Investigation, 
Methodology, Visualization, Writing - review & editing.  



12 
 

 

1. Introduction 

1.1 Statement of the problem 
Heritage building conservation is a common practise that has a global social and cultural influ-
ence. Heritage buildings are made of diverse materials but natural stone is the most important for 
historically valuable ones. Its decay patterns and consolidation treatment efficacy are primarily 
explained by standardised or commonly used laboratory test methods [1]. Current research 
mainly focused on the development of new products and methods for validating the effects of 
consolidants on treated stones. To test the efficiency and compatibility of newly engineered con-
solidants, a reproduction of key-deterioration patterns in the stone fabric needs to be conducted. 
Many artificial ageing techniques are limited, they contaminate the substrate or do not allow a 
repeatable and homogeneous introduction of decay patterns, all of which hinders a large-scale 
laboratory application and gaining of statistical values necessary for standardised natural stone 
testing. A large-scale laboratory application was required as this work was part of an industrially 
driven research, aiming at developing newly engineered nanomaterials for consolidation and pro-
tection of monumental stones, in the frame of the ‘Nano-Cathedral’ project funded by the Euro-
pean programme Horizon 2020 Call NMP21-AC (GA 646178) [2].  

Multiple ageing techniques based on chemo-physical weathering, on the other hand, have the 
disadvantage of forming or precipitating salts as in the case of acidic attack or salt crystallisation 
[3,4]. The inability to completely remove these contaminants makes it difficult to study the treat-
ment’s sole effect. Furthermore, acid attack creates a deterioration profile as the acid can be 
neutralised when being absorbed by capillarity, making this ageing process unsuitable for stand-
ardised natural stone-testing purposes. Furthermore, salt crystallisation can result in surface 
spalling or localised damage, obstructing the inducement of homogeneously distributed decay 
patterns throughout the whole diameter of a testing body. Mechanical stresses, on the other hand, 
depending on the directions of the load applied and on weak zones in the stone fabric, will result 
in an inhomogeneous distribution of material fatigue [5]. It might be possible to simulate natural 
weathering conditions in a climatic chamber with simultaneous processes such as rain fall, ther-
mal and freeze-thaw cycling, but this requires a long period for studying the degradation pro-
cesses [6]. Furthermore, the number of cycles necessary to cause suitable microdamage over 
the entire diameter of the testing body is difficult, if not impossible to achieve for each lithotype as 
some varieties show premature flaking, missing parts or large cracks rending them unsuitable for 
further testing [7,8]. Nonetheless, the aforementioned ageing techniques are important for in situ 
degradation processes and should be investigated further due to their ability to mimic natural 
stone decay patterns. However, naturally aged dimension stones and their surfaces differ in struc-
ture, texture and morphology by formed patinas [9], microbiological colonisation [10] or other in-
teractions with their environment [11]. Such a coherent collection of decay patterns depends on 
the lithotype itself but also on different processes such as microclimate and the climatic region, 
local air pollution or age and direction of exposure, to name a few, making it difficult to simulate 
those same conditions in the laboratory. A thorough analysis (influence of organic and inorganic 
soiling and microstructural alterations) of a naturally aged stone is a more challenging task that 
will result in research focused on specific case studies. On a laboratory scale, the induced decay 
pattern must span the entire diameter of a testing body. Thermal treatment, for example, is prom-
ising in many ways, causing not only decohesion of grains by forming a network of microcracks 
but allows also a time-efficient, sustainable and economic technique to age stone specimens on 
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a larger scale. Thermal treatment proved to be the most successful method to artificially age stone 
substrates before consolidation as it reduces the stone soundness by introducing microcracks 
that are decreasing the mechanical strength of the stone and increase its ability to absorb liquids. 
Furthermore, this artificial ageing technique preserves the outer shape of the specimen, which 
allows an investigation with natural stone test methods where a statistical number of specimens 
are required.  

Thermal treatment of stone and mineral materials is a wildly researched phenomenon in many 
areas of research and application. It has been used to determine the effect of fire damage on civil 
and building structures [12,13], as well as in concrete technology [14], geotechnical engineering 
[15], ceramic firing [16], or studying the dynamics of the earth’s interior [17]. It can be used to 
study the dating of ancient fires [18], the origin of materials [19], materials mix-design [20], to 
combat microbiological growth on stone surfaces [21], or as an artificial ageing technique before 
study conservation treatments in the built cultural heritage [22,23]. Physical changes of building 
stone (e.g. Young’s modulus, flexural strength, porosity, etc.) caused by thermal treatment are 
well-studied phenomena [24-28], but chemo-mineralogical alterations (e.g. decomposition onset, 
chemical alterations, enhancement of surface reactivity, etc.) have received little attention, espe-
cially regarding transition temperatures and transformation extent and consequent influences on 
the stone’s structural integrity. Stones with similar chemical and mineralogical compositions might 
differ from the point of genesis and therefore microstructure, which means that their resistance to 
thermal treatment is also likely to vary. Furthermore, stone as agglomerates of minerals, even 
though monomineralic, varies from single crystals in their susceptibility to thermal treatment [29]. 
Often temperatures as high as 600 °C are used in order to induce cracks into the fabric. For 
example, quartz undergoes a sudden volume change due to the α-to-β phase conversion at 573 
°C and only then cracks are induced [30].  

Fire-related damage is another reason why the topic of thermal treatment of natural stones seems 
also important. Specifically, throughout history, heritage structures constructed out of natural 
stone have suffered fire damage around the world [31]. Following recent events at Notre Dame 
de Paris, Glasgow School of Arts or the New York’s Saint Sava Cathedral [32], the question of 
how to repair the damage on stone monuments caused by higher temperature remains unan-
swered. A recent study in Nature Materials [33] investigated challenges that a post-fire restoration 
poses with a focus on Notre Dame de Paris. The same study further suggested that the interiors 
stone condition implied maximal temperatures of 500 to 600 °C. Fire-related peeks temperatures 
can vary in range and duration; however, 600 °C is a temperature high enough to reduce stone 
soundness and is, therefore, a widely studied peak temperature in many heat-related studies. 
Such temperatures are important for investigations of potential phase changes while higher tem-
peratures have also relevance in industrial use and the understanding of planetary dynamics. 
Siegesmund [34] describes that for thermal expansion in building stone temperatures of up to 120 
°C are relevant, however, elevated temperatures are still resulting in much higher residual strain 
and therefore more damage. He further notes that with temperatures below 500 °C the pore radii 
do not change significantly and except for very porous stone (>15 %), the higher the temperature, 
the higher the residual strain. Changes induced to the stone using thermal treatment are repro-
ducible and systematically induced changes that can be tailored and investigated in real-time. 
While changes on the macroscopic level bring the desired effect of the reduction of soundness, 
chemo-mineralogical changes are lacking in research.  

There are several different types of decay patterns in real life, and consolidation may range from 
a structural to a surface treatment. Consolidants are added to stone for them to react within the 
fabric and reinforced the material. They re-establish grain cohesion at the microscopic level, and 
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they restore the physical properties and mechanical strength of the building material at the mac-
roscopic level. There are several different types of consolidants available on the market and sev-
eral non-commercial materials are being developed. This can differ in chemical composition, for-
mulation solvent or dispersing medium, as well as functions and properties, such as improved 
elastic response [35], water repellence [36], modification to fit particular substrates [37], or addi-
tional functional properties such as photocatalytic activity [38]. The chemical nature of consoli-
dants ranges from organic materials, synthetic polymers, inorganic products to hybrids such as 
alkyl alkoxysilanes. Many consolidating materials have been developed and studied only in the 
academic environment [35-39]. Research on stone consolidants is crucial as different conditions 
require different consolidants and specific modes of application. However, the access of experts 
working on-site to these consolidants is limited as they cannot be found on the market. This rep-
resents a general shortcoming that deals with the transfer of results from basic to applied re-
search. Moreover, it causes a larger drift between researcher and experts working on-site. An 
industrially driven project like ‘Nano-Cathedral’ aimed to develop a technology that has a high 
Technology Readiness Level, mostly between 5 and 7. This means, that the newly engineered 
products were also validated in relevant environments and disseminated to the broader public.  

In a process ranging from materials development to scale-up and application onto monuments, 
many steps can be considered worth investigating and are still lacking in research. Thereby, a 
crucial step that is unavoidable is laboratory testing with standardised or widely accepted tech-
niques commonly employed in the field of built cultural heritage research. Here the research 
needs to focus on aspects of efficiency and compatibility. As a stone consolidant is supposed to 
strengthen the substrate, its primary function will always be the restoration of the lost strength. 
This means that the decohesion between grains should be re-established by bridging those grains 
with an appropriate consolidant. As a result, any consequences of consolidation that might have 
a detrimental impact on the construction material should be avoided. Although the term compati-
bility has a wide range of applications and is often used in different ways, it refers to the letter, 
that is, the prevention of adverse side effects caused by a procedure. In this regard, many aspects 
are important. Validation of the penetration depth and final distribution of the consolidants after 
curing is one such factor. For such purposes, many techniques have been used like optical- and 
scanning electron microscopy [40], x-ray radiography and tomography [41], vibrational spectro-
scopic techniques [42,43] or advanced techniques using neutron and synchrotron sources 
[44,45]. The effect of the treatment method on the consolidant's strengthening effect is also an 
important topic [50,51]. The above refers not only to the method of application or the number of 
repetition periods but also to the treatment's effectiveness. It was recently demonstrated that for 
a low concentration nano-lime to be successful in terms of mechanical strength gain, a minimal 
number of application cycles are needed [52]. Furthermore, after curing, consolidants have dif-
ferent solid contents, which contribute to differences in their effectiveness or ability to increase 
mechanical strength when applied to the same substrate [53]. Such an outcome does not imply 
that a consolidant that has the lowest strength increase is not suitable and should be disregarded. 
It merely highlights how complex and multifaceted this area of study is because a consolidant 
should ideally be tailored for the decay pattern it is intended to remedy. As decay patterns reach 
varying sizes and depths as well as microstructures, it seems difficult, if not impossible, to deter-
mine which is the ideal product for all cases. It is almost intuitive and safe to state that there is no 
such thing. In the field of architectural preservation, it often seems that the scientific community 
has expectations to solve every possible aspect before a product gets applied to an original mon-
umental surface. This might be the reason why research in this area focuses on many standard-
ised tests that aim to explain varying aspects by using numerous macroscopic and microscopic 
techniques. The methods used to describe the effects of product application include the analysis 
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of mechanical properties (e.g. compression-, splitting-, tensile-, pull-off- and shear strength, drill-
ing resistance, Young’s modulus) and of the compatibility with the stone (e.g. water vapour per-
meability, water absorption coefficient, drying behaviour or mercury intrusion porosimetry). Visual 
and chemo-mineralogical aspects of the stone in different conditions are normally analysed 
through XRD, Fourier-Transform Infrared Spectroscopy (FTIR), simultaneous thermal analysis 
(TG-DSC) and colour measurements. The use of so many techniques leads to a quite descriptive 
character of the gained data. Basic research in the area of conservation science for stone mate-
rials is scarce. While several studies have been conducted on the macroscopic interactions of 
water with stones, understanding the processes at the molecular level at the solid-liquid interface, 
that is, the reactive mechanism of a porous stone in its setting, is still a challenge. Another issue 
that has yet to be addressed is the translation of laboratory-based results into treatment applica-
tion on-site. A direct translation is not possible as many obstacles and limitation are present. 
These limitations include but are not limited to the non-uniform conservation state of the surfaces, 
application procedures, the limited number of readings used to evaluate the performance of a 
treatment on-site, common protocols to prepare and test the substrate before application, and 
many more. The above-mentioned topics are just indications of what topics are understudied in 
the field of architectural preservation. It seems that tackling certain research questions is the only 
way to obtain more of the overall picture on the topic of treatment performance.  

This study aimed to investigate (i) the effect of thermal treatment on natural stones for purposes 
of artificial ageing and, (ii) the efficiency and compatibility of newly engineered stone consolidants.  

Regarding thermal treatment, this work looked for answers concerning chemo-mineralogical and 
physical transformations of calcite surfaces that occurred when the building stone encountered a 
cycling isothermal treatment at 600 °C. More specifically, the onset of thermal decomposition and 
extension of phase transformation of solid macroscopic calcites was analysed. Moreover, the 
reactivity and time-dependent changes of these surfaces when they came in contact with aqueous 
electrolytes in comparison to pristine or sound stones were determined.  

As regards the efficiency and compatibility of stone consolidants the present work was subdivided 
into three topics. The first topic concerned the use of standardised or widely accepted techniques 
to evaluate a treatment's performance on laboratory specimens. It aimed to identify if the different 
consolidants fulfil their intended purpose. The second topic aimed to investigate the water move-
ment and water distribution through artificially aged and consolidated stones. Here the focus was 
placed on thermal treatment and different application techniques on laboratory specimens and 
their influence on the water movement inside the fabric. And finally, the third topic aimed to eval-
uate the depth distribution of stone consolidants applied and cured on-site. Differences of certain 
consolidants applied on original surfaces were investigated.  

1.2 The objective of the study 
The objective of the first part of the study is on artificial ageing of stones, as a key part of a larger 
research on the effectiveness of stone consolidants, was to exploit the potential of ζ-potential 
measurements to better understand the effects of artificial ageing, or thermal treatment, on the 
surface properties of the stone. This allowed bridging the gap between largely descriptive ap-
proaches of material testing and analysis (all macro and micro parameters linked to consolidation, 
by various means) to basic research and establish the role of the ζ-potential in the field of con-
servation science for monumental stone. As a natural product, stone can be an agglomerate of 
one or different minerals and vary in origin and formation process and thus in chemo-mineralogy 
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and its petrophysical properties. The interaction of stone and water is of particular interest for the 
built cultural heritage. The formation of various decay patterns can be directly related to the action 
of water. On the other hand, the presence of water is inevitable in the field of the built cultural 
heritage. Restoration steps like cleaning, desalination or consolidation depend entirely on the 
presence of water. Some consolidants need the presence of water to react and others are water-
based suspensions. This is why a deeper understanding of the interaction between stone and 
water is of utmost importance. For this purpose, the assessment of the surface properties of the 
stone when in contact with water through ζ-potential measurements was particularly useful. This 
electrokinetic property is related to the charge of a solid surface when in contact with an aqueous 
electrolyte solution and it was evaluated using streaming current and streaming potential meas-
urements. Therefore, changes of the ζ-potential when the stone material and the surrounding 
aqueous solution changed were exploited. As ζ-potential measurements are extremely sensitive 
to surface changes, they provided additional and new insights on the modifications induced by 
the thermal treatment as compared to the pristine stone. To extend the understanding of the ζ-
potential analysis and the influence the chemically and physically modified stone surfaces have 
on it, further characterisations using scanning electron microscopy (SEM) and environmental X-
ray diffraction (in-situ XRD) were also done. These auxiliary techniques served to determine 
chemo-mineralogical changes (as analysed by in-situ XRD) and physical changes like the induce-
ment of microcracks (as analysed by SEM). Supportive techniques to assess further physical 
alterations of the surfaces included the use of colour change and porometric data.  

To study newly engineered stone consolidants one has to know the substrate that needs to be 
consolidated. For such purposes, a better understanding of the macro- and microscopic proper-
ties describing the loss of cohesion between the stone grains and the restoration of the mechan-
ical strength upon application of a consolidant is required. A better understanding of the potential 
damages following the chemical and physical changes occurring after the consolidation is also 
crucial. Therefore, the objective was to examine the stones in their pristine, artificially aged (ther-
mally treated) and consolidated condition by various macroscopic and microstructural techniques. 
The methods used to describe the effects of ageing and product application included the analysis 
of mechanical properties, the compatibility with the stone, and the interaction with water. Visual 
aspects of the stone in different conditions were analysed through colour measurements. Such a 
procedure represented a more or less standardised but necessary approach to analyse the effi-
ciency of new consolidants. In this frame, the efficiency corresponded to the mechanical strength 
gain. Therefore, standardised tests like flexural- or splitting tensile strength were used because 
the stone is known to have low tensile or bending strength. Furthermore, water-related tests like 
water vapour permeability or water absorption helped examine if negative consequences arising 
due to a treatment application. These harmful effects included the analysis of pore-clogging or 
hindrance of water diffusion through the stone fabric, among others. Within these tests, a first 
stepping stone was set to determine the usefulness of a certain treatment.  

A stone substrate can have different conservation states, different amounts of consolidants with 
different application techniques can be applied and therefore, the outcome of the treatment might 
fluctuate. Such a complex system is not easily understood and only certain aspects can be studied 
one at a time. Analysis surrounding the water movement inside a stone structure gave first in-
sights into such processes. The objective was to analyse differences in substrates (pristine and 
artificially aged), application techniques (brushing, poultice, capillary suction) and hence amounts 
of different consolidants applied (different amounts of nano-silica and tetraethyl-orthosilicates). 
Neutron imaging was the only technique that allowed time-resolved monitoring of water absorp-
tion through laboratory specimens that are in different states and consolidated with different 
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consolidants using different treatment application techniques. Therethrough, an advancement in 
the understanding of differences between substrates, consolidants applied and application 
amount and techniques used were investigated.  

Changes induced to the stone using thermal treatment and consolidation are reproducible 
changes that can be investigated in real-time. On the opposite, changes caused by natural weath-
ering over extended periods are difficult to be investigated. A thorough analysis of a naturally 
aged stone is a more challenging task, which is why only one part of this thesis dealt with appli-
cations on naturally weathered surfaces. Using the façade of Vienna’s St. Stephen’s cathedral, 
three consolidants have been applied. The preparation of the surfaces and the application treat-
ment was done according to traditional routines normally followed by the experts on-site. The 
objective of this work was to model and evaluate the distribution depths of three consolidants 
applied and cured on-site. This was important as the deposition of cured consolidants inside a 
stone determines the performance of treatment. Moreover, knowing the assets of consolidants 
might allow tailoring the application towards specific decay patterns.  
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2. Materials and methods 

2.1 Materials 

2.1.1 Petrographic characterisation of the lithotypes 
The studied lithotypes are representative of European heritage and are still actively quarried for 
purposes of restoration and reconstruction work [46,47]. The abundance of the main mineralogi-
cal components analysed by XRD is listed in Table 2.1, while Table 2.2 exhibits the chemical 
analysis of the studied lithotypes assessed using XRF.  

Table 2.1: Mineralogical composition as examined by XRD for the stones Apuan Marble (AM), Lumauela 
de Ajarte (LdA), St. Margarethen (SM) and Schlaitdorf (SQ). 

Stone Cal Dol Qtz Kao Phy Goeth KFSP Pl 
AM *** * *  tr    
LdA ***  *      
SM ***  tr   tr   
SQ  * *** ** *  tr tr 

Cal=calcite; Dol=dolomite; Qtz=quartz; Kao=kaolinite; Phy=phyllosilicates; Goeth= Goethite; KFSP=potash feldspar; 
Pl=plagioclase: tr=trace; *=scarce; **=abundant; ***=very abundant  

 

Table 2.2: Chemical compositions reported in elemental concentration (%) as determined through XRF 
for the stones Apuan Marble (AM), Lumauela de Ajarte (LdA), St. Margarethen (SM) and Schlaitdorf (SQ). 
Stone O Ca Si Al Mg K Fe Traces* 
AM 50.3 48.4 0.14 0.05 0.82 0.04 0.02 <0.04 
LdA 51.21 45.44 1.37 0.75 0.48 0.34 0.20 <0.22 
SM 51.38 47.41 0.14 0.13 0.44 0.03 0.23 <0.25 
SQ 53.97 0.11 42.41 2.79 0.09 0.36 0.13 <0.14 

*Trace elements Ti, Mn, Zr, S, P. 

Figure 2.1a shows an overview of the fabric of one of the most renowned white marbles, the 
Apuan Marble, quarried from the Apuan Alps in northern Tuscany Italy. This fine-grained meta-
morphic rock consists mainly of calcite and traces of dolomite and quartz and is also known under 
the name Carrara Marble. Its granulometry is equi- to in equigranular and the grain contacts are 
polygonal to interlobate with an approx. size of 0.2 mm. Apaun Marble is dense, which is why its 
Hg-porosity amounts to approx. 0.7 %. 

Ajrate Trevino in Spain is the home of a poorly washed biomicrite to microsparite. This biogeneous 
sedimentary stone appears creamy greyish. Figure 2.1b shows the carbonate matrix that con-
sists of recrystallised fossils and shell fragments, but the stone microstructure makes it difficult to 
distinguish between components and the binder matrix. Furthermore, this stone is not textured 
and has a high number of intercrystallite pores and generally pores filled with calcite sparite crys-
tals. The porosity of the calcite variety of Ajarte is approx. 23 %.  

The biogeneous sedimentary stone St. Margarethen is a biosparite, calcareous arenite that is 
quarried from the Leitha Mountains on the border between lower Austria and Burgenland. The 
colour of this detritic limestone ranges from yellow-brownish to light grey. Figure 2.1c displays a 
fabric that is composed of fossils like small fragments of coralline red algae, foraminifera, serpu-
lides, ostracods and echinoderms, some of which can reach a size of up to a few centimetres. 
The grain contacts of this fossil-rich clastic arenite are cemented with fine-grained calcite, a 
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sparitic cement. SM is a pure calcium carbonate stone with traces of quartz and its Hg-porosity is 
approx. 22 %. 

The coarse-grained sandstone named Schlaitdorf is located in Württemberg Germany and is light 
to reddish in colour. Its detrital fraction consists of quartz, feldspar, other rock fragments and 
cement that consists of coarse spar dolomite and microcrystalline silica binder with smaller 
amounts of kaolinite and illite materials (see Figure 2.1d). The cement is homogeneously distrib-
uted in the fabric. This lithotype can be classified as well-sorted, not layered and with a homoge-
nous texture. The average grain size is about 0.5 mm and reaches a size of up 1 mm while the 
grain shape is subhedral to anhedral. Schlaitdorf’s main accessory minerals are apatite, tourma-
line, zirconia and opaque minerals with less than 1 % occurrence [48]. The open porosity of the 
stone, measured by Hg-intrusion is 16 %.  

Figure 2.1: Micrographs of the study lithotypes as examined by optical light microscopy: a) Apuan Mar-
ble, b) Lumaquela de Ajarte, c) St. Margarethen and, d) Schlaitdorf. The yellow resin displays the poros-

ity of the building stones. The scale bar is 500 µm. 

 

2.1.2 Calcination 
The quarried stone specimen with dimensions set according to the standardised tests (max. 50 
mm in diameter) has been exposed to three thermal cycles at a static peek temperature of 600°C. 
Therefore, a Thermo Scientific Heraeus K 114 electrically heated furnace with 3.5 L internal vol-
ume was used. The heating rate was set to 40 °C min−1 until isothermal conditions were met and 
subsequently kept for one hour at 600°C. Following a cooling phase to approx. 35 °C with an 
opened front door to overcome differential stresses caused by rapid cooling, this procedure was 
repeated three times overall. The residence time was established by experimental pre-screenings 
for all studied lithotypes [49]. The chosen time showed sufficient strength of the fabrics to 
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overcome thermal gradients and thus the complete breakdown of the specimens by the formation 
of larger cracks. Moreover, three cycles displayed the highest threshold for reduction of sound-
ness examined in terms of physical changes using sound speed propagation and water absorp-
tion. Even though the stagnation of the reduction of soundness for all lithotypes was not compa-
rable to the same degree, the goal was to reduce the soundness of the fabric to the lowermost 
degree and study the chemo-mineralogical changes at this transition temperature. However, res-
idence time deviates from the shape of the specimen used and the volume of the oven. This 
needs to be adapted accordingly to achieve the same degradation effect as in this present study.  

 

2.1.3 Consolidants 
Four experimental consolidants, either modified with nanomaterials or consisting of the same and 
one commercial consolidants were studied (see Table 2.3). The newly engineered consolidants 
are (1) TiO2 nanoparticles stabilised in tetraethyl-orthosilicate (TEOS) in isopropanol, (2) TiO2 
suspension of alkyl alkoxysilanes and TEOS in isopropanol, (3) a silica suspension in water/eth-
anol mixed solvent and, (4) a zirconia suspension in water. One commercial consolidants were 
also used, that is, KSE 300 (Remmers, Germany), a formulation based on TEOS, used as a 
reference product as a comparison to the TEOS-based consolidants that contain nano TiO2.  

Table 2.3: Characteristics of the studied stone consolidants. 
Project 
labelling 

Commercial name  
(producer, country) 

Materials 
chemistry 

Nanoparticles 
dimension (nm) 

Concentration 
in wt.% (*) 

NC-25C HFES 70 
(ChemSpec, IT) 

Nano-TiO2 (1%) mod. TEOS 
in Isopropanol 10–20 TiO2 43 ± 2 

NC-27CP HFES 90 
(ChemSpec, IT) 

Nano TiO2 (1%) mod. alkyl-
trialkoxysilane in Isopropanol 10–20 TiO2 59 ± 1 

NC-12C ZG12 
(Colorobbia, IT) 

SiO2 
in water/ethanol ~70 20 ± 3 

NC-29C ZR110 
(Tecnan, ES) 

ZrO2 
in Water ~119 10 ± 1 

Reference KSE 300 
(Remmers, DE) solvent-free TEOS n/a 30 ± 1 

(*) The solid content after curing was calculated as the difference between the applied weight of consolidants and the 
residue weight after curing, assessed approx. 2 months after application. 

Nanoparticle-based or -modified consolidants are emerging increasingly, as evidenced by recent 
publishing activities in the field of built cultural heritage. The nanotitania was added to TEOS 
because of its potential self-cleaning ability and because it have advantageous properties as re-
gards cracking of the cured silica gel (reduced shrinkage of the consolidating gel). Furthermore, 
nano-TiO2 has been the subject of several laboratory studies, however, such products are not yet 
available on the market in large quantities. Nano-silica and nanozirconia suspensions can be 
tailored in terms of concentration, dimensions, dispersity or, use of solvent, among other proper-
ties, all of which determine a treatment performance. While silica sols are commonly used in the 
field of built heritage and construction sector in general, nanozirconia is used in ceramics- or 
dentistry research [50] but not in the field of architectural preservation. As nanoparticles can be 
engineered to have different properties, their exploration in terms of efficiency and compatibility 
for various decay patterns was the primary goal of their development. Both inorganic particles 
have good mechanical properties, stability and durability. Furthermore, as the particles are nano-
metric and possess a high surface area, they are expected to adhere better to the substrates. An 
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additional advantage of the nanobased consolidants is that the strengthening capacity is achieved 
as soon as the consolidants dry.  

The first product, NC-25C, is a TEOS in isopropanol with 70% active modified with 1% TiO2 par-
ticles. The spherically shaped TiO2 particles consist of approx. 80% anatase and 20% rutile. Their 
mean size amounts to 10 to 20 nm. The consolidant has a low viscosity of 3.3 cP and a specific 
weight of ~1 g/cm3, determined at 25°C. Similarly, NC-27CP is alkyl-trialkoxysilane in isopropanol 
with 75 % active content containing also 1% TiO2 particles (same properties of titania as within 
NC-25C). This product has a higher elasticity due to its modification with organic groups (i.e. Si-
O-(CH2)n-O-Si) and it should have better adhesion to carbonate substrates. Besides the self-
cleaning properties, NC-27CP is consolidant that is hydrophobic. For both products, the reaction 
time to obtain the silica gel amounts to four weeks and a temperature of ~20 °C with a relative 
humidity of 45 ± 5%. NC-25C and NC-27CP was developed by the Italian industry Chem Spec 
S.r.l. while the supplier of the nanoparticle is the Spanish based industry Tecnan (Technologia 
Navarra de Nanoproductos, S.L., Los Arcos (Navarra) Spain).  

NC-12C is a silicon dioxide nanoparticle consolidant in suspension in a neutral water-ethanol 
mixture (1:1 by volume). The consolidant is a milky liquid with low viscosity and the active ingre-
dient is the suspended silica nanoparticle that makeup 20 ± 3 wt.%. The mean size of the silica 
is 70 ± 30 nm, as determined using dynamic light scattering, with a polydispersity index of up to 
0.6. The density amounts to 1 g/mL and the viscosity to 2 cP (both determined at 25 °C). This 
product was developed by the Italian based industry Colorobbia S.p.A. (Sovigliana-Vinci (Firenze) 
Italy).  

The water-based nanozirconia suspension, known under the name NC-29C, was developed by 
the Spanish based industry Tecnan (Technologia Navarra de Nanoproductos, S.L., Los Arcos) in 
Navarra, Spain. The particle dimension amounts to approx. 120 nm and the zirconia content 
ranges from 10 to 15 wt.%, which makes the product appear white. The pH of the consolidant is 
6, and its density is 1.09 g/mL and the viscosity amount to 7 cP.  

The reference product used is known under the name of KSE 300 and it was developed by Rem-
mers, Germany. KSE 300 is a solvent-free TEOS with a gel deposition rate of ~30 % and is 
frequently used in the field of stone consolidation (e.g. [51]).  

2.2 Methods 
This section deals with the methods used to evaluate the effects of thermal treatment and the 
efficiency and compatibility of stone consolidants. A deeper overview will be given on techniques 
that are not commonly employed in the field of built cultural heritage or are not standardised. 
Generally, the techniques used can be divided into four major subsections, that is, (i) electroki-
netics, (ii) analytical, microscopic and physical tests, (iii) neutron imaging and, (iv) analytical mod-
elling. These subsections are divided according to the manuscripts published. As it is redundant 
in original articles to cover the theory and a detailed description of the methods, these subsections 
will be either an addition to the already described procedures or a short repetition of the same to 
give an overview of the used techniques. 

The first subsection focuses on the use of electrokinetics as this is not commonly employed in the 
characterisation of built materials. In Manuscript A two microchannels have been used to assess 
the reactivity of stone surfaces in their pristine and thermally treated conditions by using the 
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electrokinetic potential. Therefore, the focus of this subsection lies in a short introduction of ζ and 
how it is derived from the Helmholz-Smoluchowski (HS) approach when using an asymmetric cell 
configuration. Moreover, this subsection also covers corrections of various effects when measur-
ing streaming current and streaming potential measurements.  

The second subsection covers all used analytical, microscopic and physical techniques used 
throughout the published work. The methods described here have been used in the frame of all 
published manuscripts and conference contributions, either as main evaluation or characterisa-
tion tools or, to cross-validate advanced characterisation techniques like neutron imaging.  

The third subsection gives a short overview of neutron imaging, which is backed up with Manu-
script C and related Conference Contribution C1. 

Lastly, the analytical model used in Manuscript D to evaluate the distribution depth of stone con-
solidants will be briefly presented. 

 

2.2.1 ζ derived from Helmholz-Smoluchowski using an asymmetric 
cell configuration 

The spontaneous development of the surface charge results when a solid comes into contact with 
an aqueous electrolyte. The surface groups of the solid either react and/or adsorb water ions and 
ionic species in the solution (e.g. adsorption of counterions, preferential dissolution or adsorption 
of lattice ions, ionisation of functional groups, etc.). This also occurs on carbonates, where lattice 
ions adsorb on the carbonate surfaces and are responsible for the partial neutralisation of their 
intrinsic surface charges. This first layer that adsorbs contains ions tightly bound to the surface; 
therefore, it is an immobile layer called the Stern layer. The ions that neutralise the residual ex-
cess surface charge beyond the Stern layer is mobile. The mobile ions belong to the diffuse layer. 
The combination of these two layers (the Stern and the diffuse layer) is known under the term 
electrical double layer (EDL). Further subdivisions of the Stern layer, for example, in the case of 
calcite [52,53], have also been proposed and concern the interfacial water structure. The electro-
kinetic potential, i.e. ζ-potential, is an experimentally accessible physical parameter that allows 
characterisation of the electrokinetic charge. ζ is interpreted as the potential at the slipping plane, 
or shear plane, located somewhere near the diffuse layer plane (i.e. the outer Helmholtz plane). 
However, the exact location of the slip- or shear plane is the subject of ongoing research, espe-
cially when considering rough and reactive surfaces. By moving the electrolyte in a microchannel 
over the surface under study, the excess charge of the diffuse layer will be dragged along, in-
creasing the streaming current. Both streaming current and streaming potential can be measured 
using different microchannels or cell configurations (Scheme 2.1). In the case of porous surfaces 
like a natural carbonate stone, the recorded streaming potential is affected by the presence of 
additional pathways for the conduction current through the porous carbonate. If present, pore 
conductance leads to an underestimation of real ζ, which represents a drawback for streaming 
potential measurement (see Scheme 2.1 b) on such materials. To solve the problem the interre-
lated streaming current should also be measured to validate the results. The ζ-potential corre-
sponds to the charge at the material solution interface and as such, it depends upon both, the 
surface chemistry of the solid and the surrounding electrolyte. The condition of a solution includes 
various pH, the concentration of potential determining ions, temperature, ionic strength, etc., to 
name a few variations. 
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For more details on the theoretical basis of ζ-potential and EDL theory, readers are referred to 
reviews [54-56] and reference textbooks [57-63]. Electrokinetics and the EDL theory are going 
beyond materials science applications and frequently employ advanced characterisation tech-
niques and mathematical models [64-66]. 

 

Scheme 2.1: Schematics of the clamping cell for ζ analysis of flat macroscopic surfaces and the genera-
tion of a) streaming potential with a high resistance path, b) streaming potential at equilibrium between 

streaming current and conduction current, c) streaming current with a low resistance path, and d) the ad-
justable gap cell configuration. The dimensions are not to scale. 

1. Inlet/outlet; 2. differential pressure transducers; 3. syringes for electrolyte transport; 4. voltmeter; 5. electrodes; 6. 
sample holder; 7. polypropylene reference material; 8. spacer (ethylene propylene diene rubber); 9. calcium carbonate 
sample; 10. surface charge; 11. back- or conduction current of the counter charge; 12. tangential electrolyte flow; 13. 
the streaming current of counter charge (direction of liquid flow); 14. ampere metre; and 15. double-sided adhesive 
tape fixed to the carbonate specimens. 

After the short paragraph concerning the theory of ζ, the following text deals with the theoretical 
analysis of a microchannel that consists of two materials whose net surface charge contributes 
to the overall ζ (Scheme 2.2 a). This is important because in Manuscript A two cells, an asym-
metric- (i.e. clamping cell) and symmetric (i.e. adjustable gap cell) cell configuration have been 
used to analyse ζ of natural carbonates in different conditions (see Scheme 2.1). The theoretical 
analysis of ζ derived from HS when using an asymmetric cell configuration is based on the sem-
inal work of Walker et al. [67], who was the first to treat this issue. The authors used polymethyl 
methacrylate (PMMA), glass, modified glass and polymeric membranes. In their study, PMMA 
was used as a reference surface for calibrating the asymmetric cell (to determine the fractional 
contribution of the reference material to the overall measured ζ). In this case, polypropylene (PP) 
is used as the reference material and Apuan Marble (AM) is the tested surface. 

 

Scheme 2.2: Schematics of the adjustable gap cell for ζ analysis of flat macroscopic surfaces. a) A paral-
lel plate microchannel for streaming current and potential measurements where materials can be ana-

lysed in a symmetric or asymmetric configuration. b) A drawing of the 𝑦𝑦𝑦𝑦 plane of a parallel plate micro-
channel with charged walls of a height 2 ∙ 𝑎𝑎 = ℎ where the coordinate 𝑦𝑦 equals zero in the centre of the 
microchannel. c) An illustration showing the fluid flow in the 𝑦𝑦 direction because of a pressure drop ∆𝑝𝑝 
over the length of the microchannel 𝐿𝐿. The velocity profile near the channel walls can be simplified to a 

linear form. The dimensions are not to scale. 
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When an electrolyte streams through a microchannel a streaming current arises because the flow 
carries the ions. This DC is detected at the electrode interface at the outlet of the channel ends. 
If the flow is laminar, ζ can be calculated after HS, which relates the electrokinetic phenomena of 
streaming current and/or streaming potential to ζ: 

𝜁𝜁(𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) = 𝑑𝑑𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑∆𝑝𝑝 𝜂𝜂𝜀𝜀0𝜀𝜀𝑆𝑆 𝐿𝐿𝐴𝐴 ; (1) 

where 𝜁𝜁(𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) is the ζ-potential derived from streaming current experiments, (𝑑𝑑𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆/𝑑𝑑𝑑𝑑𝑝𝑝) is the 
detected streaming current coupling coefficient obtained from the slope of the streaming current 
[A] to pressure difference ramp [Pa], (𝜂𝜂) is the dynamic viscosity of the electrolyte [Pa s] and (𝜀𝜀𝑆𝑆𝜀𝜀0) the dielectric constant of the electrolyte solution and the permittivity in vacuum [F m−1]. 
Experimentally, it can be shown that 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 is approximately proportional to 𝑑𝑑𝑝𝑝; the streaming current 
coupling coefficient 𝑑𝑑𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆/𝑑𝑑𝑑𝑑𝑝𝑝 can therefore be assumed to be constant for a specific setup. For 
laminar conditions in a rectangular channel, where the side walls are neglected and thus an infi-
nitely wide channel is present, the electrolyte velocity profile is given through the Hagen-Poiseuille 
law: 

𝑣𝑣𝑧𝑧 = ∆𝑝𝑝𝑎𝑎22𝜂𝜂𝐿𝐿 �1 − 𝑦𝑦2𝑎𝑎2� . (2) 

The pressure gradient (𝑑𝑑𝑝𝑝) is applied across the microchannel length (𝐿𝐿) where (𝑎𝑎) is defined as 
half the channel height (𝐻𝐻) (𝑎𝑎 = 𝐻𝐻/2) or (𝐻𝐻 = 2 ∙ 𝑎𝑎) respectively. A further definition includes that 
the transverse coordinate (𝑦𝑦) equals zero in the centre of the microchannel (Scheme 2.2 b). Eq. 
2. provides the fluid velocity profile (𝑣𝑣𝑧𝑧) [m s−1] on each point of the cross-section of the channel. 
Integrating over the entire cross-section (𝐴𝐴 = 𝑊𝑊 · 𝐻𝐻) [m2], the volumetric flow rate ��̇�𝑉� [m3 s-1] is 
obtained as follows: 

�̇�𝑉 = � 𝑣𝑣𝑧𝑧𝐴𝐴  𝑑𝑑𝐴𝐴 = � 𝑑𝑑𝑑𝑑𝑊𝑊
0  � 𝑑𝑑𝑦𝑦+𝑎𝑎

−𝑎𝑎  𝑣𝑣𝑧𝑧(𝑦𝑦) = 𝑊𝑊� 𝑑𝑑𝑦𝑦+𝑎𝑎
−𝑎𝑎  𝑣𝑣𝑧𝑧(𝑦𝑦). (3) 

In Eq. 3, it becomes evident that the function depends only on (𝑦𝑦). For a sufficiently wide micro-
channel (𝑊𝑊 ≫ 𝐻𝐻) and by neglecting boundary effects,  𝑣𝑣𝑧𝑧 is independent of the 𝑑𝑑-coordinate. 
Therefore, the integral over 𝑑𝑑𝑑𝑑 yields just the factor 𝑊𝑊.  

Furthermore, along the (𝑦𝑦)-axis, which is the fluid flow direction, the influences of the inlet/outlet 
are neglected, and the fluid velocity profile does not change. Inserting Eq. 2 in Eq. 3 and rear-
ranging the following is obtained: 

�̇�𝑉 = W∆𝑝𝑝𝑎𝑎22𝜂𝜂𝐿𝐿  � �1 − 𝑦𝑦2𝑎𝑎2�𝑑𝑑𝑦𝑦+𝑎𝑎
−𝑎𝑎 = 23 W𝑎𝑎3𝜂𝜂𝐿𝐿 ∆𝑝𝑝 = �𝑎𝑎 = 𝐻𝐻2 � = 112 W𝐻𝐻3𝜂𝜂𝐿𝐿 ∆𝑝𝑝. (4) 

Eq. 4 is identical to the general Hagen-Poiseuille relation for a rectangular cross-section [68]: 

�̇�𝑉 = 𝑑𝑑V𝑑𝑑𝑑𝑑 = 𝐻𝐻3W12𝜂𝜂𝐿𝐿  ∆𝑝𝑝 [1 − 0.630 𝐻𝐻𝑊𝑊−1] ≈ 112𝐻𝐻3𝑊𝑊𝜂𝜂𝐿𝐿 ∆𝑝𝑝 𝑖𝑖𝑖𝑖 𝐻𝐻 ≪ 𝑊𝑊. (5) 
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Rearranging Eq. 4 and solving for the gap height the following is obtained: 

𝐻𝐻 = �12η 𝐿𝐿𝑊𝑊 �̇�𝑉Δ𝑝𝑝�1 3� . (6) 

Eq. 6 can be used to calculate the channel height. Since laminar flow conditions have been as-
sumed in Eq. 2, the volume flow rate is constant for a specific experimental setup. However, Eq. 
6 does not describe the velocity profile at each point in the cross-section like Eq. 2, which is 
necessary for further simplification to solve the HS approach for an asymmetric cell configuration. 
Specifically, the velocity profile near the channel walls can be simplified to a linear form (Scheme 
2.2 c): 

𝑣𝑣𝑧𝑧 ≈ ∆𝑝𝑝𝑎𝑎2𝜂𝜂𝐿𝐿 �1 − |𝑦𝑦|𝑎𝑎 � . (7) 

The letter approximation becomes relevant when the streaming current is determined. Subse-
quently, a physical quantity is considered, that is, the streaming current (𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆), which occurs to-
ward the flow and causes a streaming potential (𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆), which in turn induces a parasite current 
flowing in the opposite direction, the conduction current (𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶). Therefore, the streaming current 
and conduction current balance each other under steady-state conditions yielding: (𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) + (𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶) = 0. (8) 

As the charge density is not constant when moving along the (𝑦𝑦)-axis, the streaming current in 
the channel is given through the following expression, already identified in Eq. 3 and modified to 
obtain the following: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑊𝑊�  𝑣𝑣𝑧𝑧(𝑦𝑦) 𝜌𝜌(𝑦𝑦) 𝑑𝑑𝑦𝑦;+𝑎𝑎
−𝑎𝑎 (9) 

where (𝜌𝜌) is the charge density of the electrolyte solution. As already specified above, for a suf-
ficiently wide microchannel, the charge density of the sidewalls of the microchannel is neglected 
so that the charge density follows a one-dimensional Poisson-Boltzmann equation: 𝑑𝑑2𝜓𝜓𝑑𝑑𝑦𝑦2 = −𝜌𝜌(𝑦𝑦)𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆 ; (10) 

where (𝜓𝜓) represents the electrical potential of the system. To find a solution between the two 
planer channel walls, the boundary conditions for Eq. 10 are: 𝜓𝜓 = 𝜁𝜁𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅  𝑦𝑦 = +𝑎𝑎;𝜓𝜓 = 𝜁𝜁𝑇𝑇𝑅𝑅𝑇𝑇𝑆𝑆  𝑦𝑦 = −𝑎𝑎; (11) 

where 𝜁𝜁𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅 (ζPP) and 𝜁𝜁𝑇𝑇𝑅𝑅𝑇𝑇𝑆𝑆 (ζCalcite) stand for the ζ-Potential of the reference PP surface and 
the material under study, metamorphic calcite, respectively. Rearranging Eq. 10 for the charge 
density and inserting it into Eq. 9 the following is obtained: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = −𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆𝑊𝑊�  𝑣𝑣𝑧𝑧(𝑦𝑦)𝑑𝑑2𝜓𝜓𝑑𝑑𝑦𝑦2  𝑑𝑑𝑦𝑦.+𝑎𝑎
−𝑎𝑎 (12) 

The asymmetric clamping cell assures a sufficiently wide separation between the reference sur-
face and the calcite, assuring no presence of an EDL overlap. The addition of the two integrals 
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(i.e. from each side of the channel wall (𝑦𝑦 = ±𝑎𝑎) to the midplane of the microchannel (𝑦𝑦 = 0)) is 
possible: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = −𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆𝑊𝑊�  𝑣𝑣𝑧𝑧 𝑑𝑑2𝜓𝜓𝑑𝑑𝑦𝑦2  𝑑𝑑𝑦𝑦 − 𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆𝑊𝑊�  𝑣𝑣𝑧𝑧 𝑑𝑑2𝜓𝜓𝑑𝑑𝑦𝑦2  𝑑𝑑y.+𝑎𝑎
0

0
−𝑎𝑎 (13) 

From now on a short mathematical treatment using integration by parts is necessary to simplify 
the integral: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = −𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆𝑊𝑊 �𝑣𝑣𝑧𝑧 𝑑𝑑𝜓𝜓𝑑𝑑𝑦𝑦�−𝑎𝑎0 −� 𝑑𝑑𝜓𝜓𝑑𝑑𝑦𝑦 𝑑𝑑𝑣𝑣𝑧𝑧𝑑𝑑𝑦𝑦 𝑑𝑑𝑦𝑦0
−a + 𝑣𝑣𝑧𝑧 𝑑𝑑𝜓𝜓𝑑𝑑𝑦𝑦�0+a −� 𝑑𝑑𝜓𝜓𝑑𝑑𝑦𝑦 𝑑𝑑𝑣𝑣𝑧𝑧𝑑𝑑𝑦𝑦 𝑑𝑑𝑦𝑦+a

0 � . (14) 

However, the equation is simplified for the following terms on both end sides: 

…− �𝑣𝑣𝑧𝑧 𝑑𝑑𝜓𝜓𝑑𝑑𝑦𝑦�−𝑎𝑎0 � − �𝑣𝑣𝑧𝑧 𝑑𝑑𝜓𝜓𝑑𝑑𝑦𝑦�0+𝑎𝑎�… ; (15) 

because the potential gradient yields zero at the midplane (𝑦𝑦 = 0) and no EDL overlap occurs. 
And, when solving Eq. 2 for the two side walls (𝑦𝑦 = ±𝑎𝑎), the fluid velocity at the surfaces of the 
channel walls also equal to zero. Therefore, the streaming current assumes the following expres-
sion: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆𝑊𝑊 �� 𝑑𝑑𝑣𝑣𝑧𝑧𝑑𝑑𝑦𝑦 𝑑𝑑𝜓𝜓 + � 𝑑𝑑𝑣𝑣𝑧𝑧𝑑𝑑𝑦𝑦 𝑑𝑑𝜓𝜓ψ (y=+𝑎𝑎)
ψ (y=0)

ψ (y=0)
ψ (y=−𝑎𝑎) � . (16) 

Note how the integration variable changed to 𝑑𝑑𝜓𝜓. Solving the derivative of the velocity field in Eq. 
7 and inserting the solution for the velocity gradient in Eq. 16 the result yields: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = −𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆𝑊𝑊∆𝑝𝑝𝑎𝑎𝜂𝜂𝐿𝐿 �� 𝑑𝑑𝜓𝜓 + � 𝑑𝑑𝜓𝜓ψ (y=+𝑎𝑎)
ψ (y=0)

ψ (y=−𝑎𝑎)
ψ (y=0) �  for

𝑑𝑑𝑣𝑣𝑧𝑧𝑑𝑑𝑦𝑦 = ⎩⎨
⎧−∆𝑝𝑝𝑎𝑎𝜂𝜂𝐿𝐿 , y > 0;∆𝑝𝑝𝑎𝑎𝜂𝜂𝐿𝐿 , y < 0. (17) 

Note that the limits of the first integral were reversed. Solving the integral in Eq. 17 the ζ-potential 
at the surfaces is obtained: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = −𝜀𝜀𝐶𝐶𝜀𝜀𝑆𝑆𝑊𝑊∆𝑝𝑝𝑎𝑎𝜂𝜂𝐿𝐿 �𝜁𝜁𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝐶𝐶𝑧𝑧𝑅𝑅 + 𝜁𝜁𝑇𝑇𝑅𝑅𝑇𝑇𝑆𝑆 − 2𝜓𝜓0�; (18) 

And, as the potential at the midplane is zero, the last term in Eq. 18 can be dropped. Furthermore, 
to account for contribution surface conductance to the conduction current that flows oppositely to 
the streaming potential and is thus related to the gradient of the latter (𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆/𝐿𝐿), Eq. 19 derived by 
Erickson et al. [69] yields: 

𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 = 2𝑎𝑎W𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 𝜅𝜅𝐵𝐵 + (W + 4𝑎𝑎)𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 𝜅𝜅𝑆𝑆|𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅 + W𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 𝜅𝜅𝑆𝑆|𝑇𝑇𝑅𝑅𝑇𝑇𝑆𝑆 . (19) 

Eq. 19 describes the surface conductivity of the channel walls (𝜅𝜅𝑆𝑆) and the bulk electrolyte con-
ductivity (𝜅𝜅𝐵𝐵), integrated over the entire cross-section of the microchannel. If the surface conduc-
tivity is negligible (i.e. in the case of electrolyte concentrations more than 1 mM and larger gap 
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heights) the last two terms can be cancelled. Combining Eq. 19, 18 and 8 the relationship between 
the analysed ζ and the streaming potential is obtained: 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆∆𝑝𝑝 = 𝜀𝜀0𝜀𝜀𝑆𝑆𝜇𝜇𝜅𝜅𝐵𝐵 �𝜁𝜁𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅 + 𝜁𝜁𝑇𝑇𝑅𝑅𝑇𝑇𝑆𝑆�2 = 𝜀𝜀0𝜀𝜀𝑆𝑆𝜇𝜇𝜅𝜅𝐵𝐵 𝜁𝜁𝐴𝐴𝐴𝐴𝑎𝑎𝑆𝑆𝑎𝑎𝐴𝐴𝑅𝑅 . (20) 

Eq. 20 is a modification of the original HS obtained by using the streaming current in Eq. 1 and 
substituting streaming potential using Ohm´s law: 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅 𝑦𝑦𝑦𝑦𝑅𝑅𝑦𝑦𝑦𝑦𝑇𝑇�⎯⎯⎯�𝜁𝜁(𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆) = 𝑑𝑑𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑑𝑑∆𝑝𝑝 𝜂𝜂𝜀𝜀0𝜀𝜀𝑆𝑆 𝐿𝐿𝐴𝐴 1𝑅𝑅 ; (21) 

where R is the electrical resistance inside the streaming channel and (𝑑𝑑𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆/𝑑𝑑𝑑𝑑𝑝𝑝) denotes the 
streaming potential coupling coefficient [VPa−1] obtained from the slope of the streaming potential 
[V] to the pressure difference ramp [Pa]. Note that the term (𝐿𝐿 𝐴𝐴−1𝑅𝑅−1) is commonly replaced by 
the bulk electrolyte solution (𝜅𝜅𝐵𝐵), as the electrical conductivity inside a streaming channel cannot 
be measured when the cell constant (𝐿𝐿 𝐴𝐴−1) is unknown. The latter is a valid approach and ap-
proximation of HS in the case for non-conducting materials. Eq. 20 makes it obvious that the 
streaming potential is directly related to the average ζ measured. Therefore, by knowing either 
the ζ of the reference surface or the ζ of the tested material, the overall ζ is obtained by applying 
the following relation: 𝜁𝜁𝑇𝑇𝑅𝑅𝑇𝑇𝑆𝑆 = 2𝜁𝜁𝐴𝐴𝐴𝐴𝐴𝐴 − 𝜁𝜁𝑅𝑅𝑅𝑅𝑅𝑅 . (22) 

In an earlier study by Elimelech et al. [70], a general expression was derived, characterised as a 
linear combination of ζ-potential of two mixed materials: 𝜁𝜁𝐴𝐴𝐴𝐴𝐴𝐴 = 𝜆𝜆𝜁𝜁1 + (1 − 𝜆𝜆)𝜁𝜁2; (23) 

where (𝜆𝜆) represents the fraction of the total surface area of a ζ-potential of one material (𝜁𝜁1) and 1– 𝜆𝜆 is the fraction of the total surface area belonging to the ζ-potential of the other material (𝜁𝜁2). 
Eq. 22 can be used only in cases where 𝜆𝜆 = 0.5. If all terms of Eq. 22 are measured, the fraction 
of the total surface area for both materials can be obtained: 

𝜆𝜆 = 𝜁𝜁𝐴𝐴𝐴𝐴𝐴𝐴 − 𝜁𝜁2𝜁𝜁1 − 𝜁𝜁2 . (24) 

Additionally, Eq. 24 is rewritten to account for the analysis of planer samples that have a different 
roughness: 

𝜁𝜁𝑇𝑇𝑅𝑅𝑇𝑇𝑆𝑆 = 1𝜆𝜆 𝜁𝜁𝐴𝐴𝐴𝐴𝐴𝐴 − 1 − 𝜆𝜆𝜆𝜆 𝜁𝜁𝑅𝑅𝑅𝑅𝑅𝑅 . (25) 

After examining what the fractional contribution from an asymmetric sample mounting to the over-
all ζ is, it might be necessary to consider if surface conductance is influencing ζ readings. There-
fore, to ensure that surface conductivity is absent in microchannels with smaller gap heights and 
in presence of dilute aqueous solutions (electrolyte concentrations <1 mM), it is recommended to 
measure both materials separately. For that purpose, Eq. 19 is written in a slightly modified ver-
sion where both surfaces consist of the material under study (either PP or calcite): 
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𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 = 2𝑎𝑎W𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 𝜅𝜅𝐵𝐵 + 2W𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 𝜅𝜅𝑆𝑆 = �𝜅𝜅𝐵𝐵 + 𝜅𝜅𝑇𝑇 1𝑎𝑎� 2𝑎𝑎W𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 ; (26) 

Where the entire cross-sectional area and wetted perimeter of the microchannel is considered 
while the contribution of the side walls is neglected. Note that the term tied to (𝜅𝜅𝑆𝑆) correspond to 
the surface conductivity of the sample under study, in this work either PP or calcite. As (𝑎𝑎 = 𝐻𝐻/2) 
Eq. 26 is further reduced to: 

𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 = 2𝑎𝑎W �𝜅𝜅𝐵𝐵 + 2𝜅𝜅𝑆𝑆ℎ �𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 . (27) 

To examine if the latter is the case, a modified Eq. 18 for the case of one material in a symmetric 
cell configuration is inserted along with Eq. 27 into Eq. 8 to obtain the following: 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆∆𝑝𝑝 = 𝜀𝜀0𝜀𝜀𝑆𝑆𝜁𝜁𝜇𝜇 1(𝜅𝜅𝐵𝐵 + 2𝜅𝜅𝑆𝑆 ℎ−1) . (28) 

Rearranging Eq. 28 to determine ζ and (𝜅𝜅𝑆𝑆) by measuring (𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆) and (∆𝑝𝑝) at different channel 
height yields: 𝜀𝜀0𝜀𝜀𝑆𝑆∆𝑝𝑝𝜇𝜇𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝜅𝜅𝐵𝐵 = 1𝜁𝜁 + �2𝜅𝜅𝑆𝑆𝜁𝜁𝜅𝜅𝐵𝐵� 1ℎ . (29) 

Eq. 29 is a linear function (𝑦𝑦 = 𝑑𝑑 + 𝑘𝑘 · 𝑑𝑑) where the left-hand side of the equation is measured 
and plotted (y-axis) against the inverse channel height (x-axis). Therefore, the terms on the right-
hand side denote ζ, which is the y-intercept and slope is related to the surface conductance of 
the sample. For a derivation of the HS equations for solid materials with planar surfaces and the 
analysis of surface conductance, the reader is referred to the work of the group surrounding Wer-
ner Carsten (e.g. [71,72]). In the case of this work, it is not the surface conductivity but rather the 
pore conductivity. The difference between surface conductivity and ionic or pore conductivity 
needs to be emphasised. Both properties will underestimate ζ obtained through streaming poten-
tial measurements, but they refer to different phenomena. To analyse if surface conductivity ef-
fects can be neglected in the case of flat surfaces, the channel heights are varied in respect to 
the liquid bulk conductivity [72,69]. The condition for surface conductivity is similar to particles in 
dispersion, where the ratio of the particle radius and the extension of the double layer determine 
the effect of surface conductivity. For solid surfaces, the particle radius is replaced by the distance 
between adjacent surfaces (here: gap height). Therefore, if there is low ionic strength and smaller 
gap heights are used the more importance should be given to account for the effects of surface 
conductivity. As in the CC configuration, the gap height is fixed and the calcite surfaces are rough, 
the effect of pore conductivity will dominate and is accounted for through measurements of the 
electric resistance R along the streaming channel by using the ratio of streaming potential and 
streaming current: 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑅𝑅. (30) 

This approach represents a simplified case and neglects the effects of surface conductivity on the 
determined 𝜁𝜁(𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆), which diminishes at conditions of ≥ 1 mM KCl and gap heights > 50 µm. 
Surface electrical conductivity was accounted for in various experimental settings where the elec-
trolyte flows through porous media [73,74]. To account for the effect of ionic or pore conductivity 
Eq. 31 is obtained:  
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𝜁𝜁𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝜁𝜁𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆 = 𝜅𝜅𝐵𝐵𝜅𝜅�ɪ�𝐵  where  𝜅𝜅�ɪ�𝐵 = �1𝑅𝑅 𝐿𝐿𝐴𝐴�  . (31) 

𝜅𝜅�ɪ�𝐵 corresponds to the measured electrical conductivity inside the streaming channel as a function 
of the channel geometry, 𝜁𝜁𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎  denotes to the measured and underestimated ζ and 𝜁𝜁𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆 is the ζ 
corrected for the effect of pore conductivity. Therefore, by solving for correct ζ values, we obtain 
Eq. 32: 

𝜁𝜁𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆(𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆) = 1𝜅𝜅𝐵𝐵  𝜅𝜅�ɪ�𝐵 𝜁𝜁𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎  . (32) 

However, Ohm’s law (𝐼𝐼 =  𝑈𝑈/𝑅𝑅) is disobeyed through the excess concentration of ions that re-
sults in higher electrical conductivity compared to the conductivity of the bulk electrolyte solution. 
Since the measurements in this work were conducted under nonequilibrium conditions, the ionic 
conductivity of the sample may be used as an indicator of surface reactivity. The observed 
changes caused by material contribution (dissolution and ion accumulation) to the overall con-
ductivity can be used to study porosity alterations and reactivity in dynamic environments by:   𝜅𝜅�ɪ�𝐵 − 𝜅𝜅𝐵𝐵  ≈ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑝𝑝𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑖𝑖𝑣𝑣𝑖𝑖𝑑𝑑𝑦𝑦. (33) 

Two further corrections are needed, that is, corrections for the channel’s geometry and correc-
tions for nonlinear dependency. Namely, custom made cells for flat stone specimens were used 
and geometry corrections were required to correct the algorithm of the used SurPASS device 
software developed by Anton Paar, Austria. Furthermore, slight nonlinear dependencies can be 
accounted for that in the case of highly porous surfaces. For these corrections, Eq. 6 will be used 
to account for the actual dimensions of the flow channel: 𝜁𝜁𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎𝜁𝜁𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐴𝐴𝐿𝐿ᶦ𝐴𝐴ᶦ  ; (34) 

which uses the apparent or measured values (𝜁𝜁𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎), as reported by the instrument software, to 
obtain the corrected values (𝜁𝜁𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆). By rearranging, the geometrical corrections can be accounted 
for through Eq. 35:  

𝜁𝜁𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆(𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) = 𝐿𝐿𝐿𝐿 𝑊𝑊𝑊𝑊 ᶦ 𝐻𝐻𝐻𝐻ᶦ  𝜁𝜁𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 . (35) 

The gap height of the channel is calculated from the ratio between volume flow rate on pressure 
difference, but since a transition from laminar to turbulent flow may be present in the case of 
highly porous carbonates, a correction for potential nonlinear dependency might be necessary. 
Taking the corrected term (𝐻𝐻ᶦ) over the apparent gap height (𝐻𝐻), Eq. 36 is obtained: 

𝐻𝐻ᶦ = �𝑘𝑘 ᶦ𝑘𝑘 𝐿𝐿𝐿𝐿 𝑊𝑊𝑊𝑊 ᶦ�1 3� 𝐻𝐻 ; (36) 

where (𝑘𝑘) and �𝑘𝑘 ᶦ� equal � �̇�𝑉Δ𝑎𝑎� as linear and polynomial fits, respectively. Using a linear regres-

sion of nonlinear dependency data would underestimate the gap height. The slope of a second-
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order polynomial fit at 𝑑𝑑𝑝𝑝 →  0 Pa describes the permeability of the flow channel more reliably. 
Therefore, by inserting Eq. 36 into Eq. 35, geometrical correction can be introduced as follows: 

𝜁𝜁𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆(𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) = � 𝑘𝑘𝑘𝑘 ᶦ �1 3� � 𝐿𝐿𝐿𝐿 𝑊𝑊𝑊𝑊 ᶦ �2 3� 𝜁𝜁𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 ; (37) 

where (𝜁𝜁𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆) estimates the corrected ζ-potential of the studied porous carbonate surfaces. Sim-
ilarly, by using Eq. 32, and with the previously introduced corrections for the nonlinear depend-
ency conditions and channel geometry, Eq. 38 is derived: 

𝜁𝜁𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆(𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆) = � 1𝜅𝜅𝐵𝐵� �1𝑅𝑅 𝐿𝐿𝐴𝐴� � 𝑘𝑘𝑘𝑘 ᶦ �1 3� � 𝐿𝐿𝐿𝐿 𝑊𝑊𝑊𝑊 ᶦ �2 3� 𝜁𝜁𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎  . (38) 

Fairbrother and Mastin [75] assumed that surface conductivity is suppressed when the conduc-
tivity of the electrolyte is high. However, when altering the surface, the conductivity of the con-
tacting electrolyte solution may be modified, particularly so for porous surfaces. This effect of pore 
conductivity and related changes in the streaming channel may become key for porous car-
bonates, which ultimately requires the corrections introduced in Eq. 38. At this point, note that the 
terms conductance and conductivity, which describe two properties, are not uniformly used in 
published literature and therefore also, in this work.  

To properly use electrokinetic phenomena of the streaming potential and streaming current, even 
if only descriptively to analyse different material states, corrections are necessary to account for 
various effects. In this work, corrections were introduced for: (i) effect of pore conductivity (Eq. 
33), (ii) geometry corrections due to custom made microchannels (Eq. 37 and/or 38), (iii) nonlinear 
dependency due to rough surfaces (Eq. 37 and/or 38) and (iv) calculation of the fractional contri-
bution of the reference surface to the overall measured ζ (Eq. 24). It should be noted that when 
using Eq. 1 and Eq. 21 in a microchannel where the walls are made of the same material (i.e. 
adjustable gap cell) true ζ values are obtained and the latter correction is needless.  
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2.2.2 Analytical, microscopic and physical techniques 
This subsection briefly describes all instruments and standardised tests used for evaluating the 
effect of thermal treatment and the efficiency and compatibility of consolidants. An overview of 
the analytical, microscopic and physical techniques is given in Table 2.4. 

Table 2.4: Overview of tests used to characterise the stones in different conditions (pristine, thermally 
treated and consolidated) 

Type of test Reference Main evaluation purposes 
In situ and ex situ XRD Not std. Qualitative and quantitative mineral and 

phase identification 
XRF Not std. Chemical composition 
SEM-EDX analysis Not std. Physical changes, penetration depth, distri-

bution and morphology of consolidants 
Optical light microscopy Not std. Petrographic description 
Mercury intrusion porosimetry  Not std. Pore size distribution, no secondary mi-

croporosity 
Water absorption coefficient EN 15801:2009 No drastic reduction 
Drying behaviour EN 16322 No drastic reduction 
Water vapour permeability EN 15803:2009 No drastic reduction 
Dyn. Elastic modulus (sound 
speed propagation) 

EN 14146 
(EN 14579) 

Improvement, smooth profile 

The contact angle of water EN 15802:2009 Change ≤20% from untreated 
Drilling resistance Not std. Improvement, smooth profile 
Colour measurements EN 15886:2010 ΔE change <5 
Splitting tensile strength ASTM D 39967-81 Improvement mechanical strength gain 
Flexural strength under a con-
centrated load 

EN 12372:2006 Improvement mechanical strength gain 

 

In-situ XRD spectra were collected using a PANalytical X´Pert MPD Pro powder diffractometer 
(PANalytical B.V., The Netherlands). A partly focusing mirror was used to select the CuKα1/2 char-
acteristic lines (λα1 = 1.54060Å, λα2 = 1.54443Å) for the experiment. The instrument was set up 
for Bragg-Brentano reflection geometry in θ/θ-mode. The working distance between the sample 
and the position-sensitive 1-dim. X´Celerator detector was 240 mm. A high-temperature furnace 
(Anton Paar HTK 1200 N), operating in air under ambient pressure, was used to track the thermal 
decomposition of disc-shaped stone specimens, 18 mm in diameter and approx. 2.5 mm thick. 
Following dedicated temperature steps, the diffraction diagrams were recorded in situ. Therefore, 
we could observe in situ the phase evolution with temperature. For each temperature step, the 
data were continuously collected in a range from 15 to 90° diffraction angle 2θ with a speed of 
0.01°∆2θ/s. Subsequently, the data were analysed, including also the Rietveld refinement, by the 
HighScore Plus software package [76] using the Powder Diffraction File (PDF4+ [77,78]; Interna-
tional Centre for Diffraction Data in Philadelphia, USA). The samples were measured at room 
temperature followed up by heating steps up to 600°C (40°C min−1 heating ramp) simulating the 
calcination conditions used beforehand in the laboratory. Six subsequent XRD diffraction patterns 
were collected under isothermal conditions by stopping the heating ramp for 10 min at tempera-
tures 100, 200, 300, 400 and 500 °C, respectively. At 600 °C we used a temperature hold of 60 
min, which corresponded to six patterns collected. After heat treatment, the sample was cooled 
down to room temperature. This heating/cooling cycle was repeated three times to produce the 
generation of a sufficiently extended surface layer of transition phases. The use of in-situ XRD 
was particularly useful in the frame of Manuscript A as phase transformations on macroscopic 
solid samples could be tracked.  

Before in-situ XRD, on the same sample spot, XRF was measured to obtain information on the 
chemical composition of the natural stones. The device used for XRF analysis was a Panalytical 
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AXIOS advanced PW4400/40. Moreover, additionally to in-situ XRD a conventional ex-situ XRD 
type PANalytical X´Pert Pro was also employed to qualitatively assess the mineralogical content 
of the analysed stones. For purposes of ex-situ XRD analysis, the samples were grinded. 

Scanning electron microscopy equipped with energy-dispersive X-ray spectroscopy (SEM/EDX) 
was conducted using a QUANTA FEG 450 (FEI). Furthermore, a field-emission scanning electron 
microscope of the type FEI Quanta 250 FEG was also used. The specimens were mounted on 
an aluminium stub, coated with an approx. 7 nm thick gold film and observed at 20 kV accelerating 
voltage in the backscatter and secondary electron mode. OLM was used on polished thin sections 
using an Olympus BX41 microscope. Besides using cross-polarizes and plain-polarised lights, 
thin sections have been analysed also under UV light to study crack inducement after thermal 
treatment. Therefore, samples have been vacuum impregnated with the resin-hardener system 
XW 396 / XW 397 with a mixing ratio of 10:3 (Huntsman Corporation, Salt Lake City UT, USA) 
and were cured overnight at 40 °C. Before mixing resin and hardener, 1.3 g Fluorol 008 or EpoDye 
(Struers Inc., Cleveland OH, USA) was added to 100 g of XW 396. In addition to the thin section 
analysis, polished cross-section and stone chips (broken pieces of stone) have also been ana-
lysed in the frame of this work. The use of microscopy techniques was manifold and ranged from 
a petrographic description of the building stone to assessments of physical changes caused by 
either thermal- or consolidation treatments. The main purpose was to evaluate the inducement of 
microcracks and decay patterns in general, penetration and distribution depths and morphology 
of cured consolidants.  

Porometric properties were determined using the AutoPore IV 9500 (Micro metrics) and the Po-
rosimeter Pascal 140/440 (Porotec) device by a double determination of each sample analysed. 
Specimen dimension amounted to 1 × 1 × 1 cm. The main properties studied involved pore size 
distribution, total pore surface, open Hg-porosity and average pore size. Additionally, the use of 
He-pycnometry (AccuPyc II 1340, Micromeritics) allowed the assessment of changes in obvious 
skeletal density when the mineral transformation occurred upon thermal treatment. He-pyc-
nometry was used only for Apuan Marble.  

The water absorption coefficient (WAC) after one hour was determined according to EN 15801 
[79]. After pre-conditioning of the samples, they are placed on water-soaked filter paper (Ahl-
strom-Munktell laboratory filter paper, wet-strengthen grades) and the adsorption is monitored 
gravimetrically. The WAC is reported as kg∙m−2∙h−0.5. This parameter is commonly employed to 
measure the rate of moisture absorption of building materials or to help analyse the performance 
of treatment. 

The drying behaviour was conducted following the recommendations of EN 16322 [80]. The test 
allows calculating the water loss of a saturated sample over time. However, in this work, the drying 
behaviour was monitored for consolidated samples. In the case of reactive consolidants, the dry-
ing behaviour can indicate the halt of the reaction, while in the case of colloidal particles it shows 
when the drying process ends and therefore the strengthening action starts. For these purposes, 
the drying behaviour was monitored for 30 days and the per cent of adsorbed consolidant was 
plotted versus the time monitored. Generally, the test includes monitoring of the drying at regular 
intervals of time by weighting the samples. After each measurement, samples are again placed 
in a desiccator where they have been stored from the beginning with constant relative humidity 
and temperature. The side of the samples was not sealed thus drying occurred from the entire 
sample volume. Moreover, the curves have been plotted as the first derivative of the mass loss 
to indicate at what time important drying stages are present. To obtain the first derivative at a 
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given point, the average of the slopes between the point and its two closest neighbours was used 
and calculated using the software OriginPro2019.  

The water vapour permeability was performed according to EN 15803 [81] using the so-called 
‘wet cup’ method with a cup system Type 1 according to the standard. The cups were filled with 
water and placed in a climatic chamber at ambient conditions of 23 ± 1°C and 50 ± 3% RH 
(Heraeus Vötsch Klimaprüfschrank VC3, model 4034). They were weighed every 24 hours for 
one week. The results were plotted as the mass change versus time. The slope of the linear 
section of this curve (𝐺𝐺, in kg∙s−1) was determined with the help of OriginPro2019. Subsequently, 𝐺𝐺 was used to calculate the water vapour permeance in kg∙m−2∙s−1∙Pa–1 as shown in Eq. 39: 

𝑊𝑊𝑎𝑎 = 𝐺𝐺𝐴𝐴∆𝑝𝑝𝐴𝐴  . (39) 

𝐴𝐴 is the test surface area (m2) while ∆𝑝𝑝𝐴𝐴 represents the water vapour pressure difference (Pa) 
across the test specimen. The water vapour permeability reported in kg∙m−1∙s−1∙Pa−1 was then 
determined according to Eq. 40: 𝛿𝛿𝑎𝑎 = 𝑊𝑊𝑎𝑎D; (40) 

where 𝐷𝐷 represents is the average thickness of stone specimens in m. Three specimens per 
lithotype and treatment with dimensions of 50 × 50 × 10 mm were tested. The water vapour per-
meability is reported as the ratio of treated to untreated values. 

The dynamic modulus of elasticity was determined by the longitudinal resonance frequency of an 
ultrasound signal in transmission, according to EN 14146 [82]. Therefore, prismatic specimens 
with dimensions 10 × 10 × 40 mm came to use and a mean value was obtained by the measure-
ment of at least three specimens. The smaller specimen size was selected to ensure the consol-
idation of the entire test body. The test was performed by an ultrasonic pulse generator (CONO-
SONIC C2-GS), a pair of transducers (UP-DW) and a notebook preinstalled with the Light House 
Touch software, developed by Geotron-Elektronik (Pirna, Germany). The dynamic modulus of 
elasticity (𝐸𝐸𝑑𝑑𝐿𝐿), determined through the longitudinal fundamental resonance frequency (𝐹𝐹𝐿𝐿) is 
given by Eq. 41:  𝐸𝐸𝑑𝑑𝐿𝐿 = 4 ∙ 10−6 ∙ 𝑙𝑙2 ∙ 𝐹𝐹𝐿𝐿2 ∙ 𝜌𝜌 ∙ 𝑇𝑇 . (41) 𝑙𝑙 represents the specimen’s length and 𝜌𝜌 the stone density. If 𝑇𝑇 needs to be determined, the 
following relations are used: 

𝑇𝑇 = 1 + 𝜋𝜋2  𝜈𝜈2 𝑖𝑖2𝑙𝑙2 . (42) 

As can be seen from Eq. 42 𝑇𝑇 depends on 𝑖𝑖, which is the radius of gyration of the section of the 
specimen and on 𝜈𝜈, which is the dimensionless material parameter known as the Poisson’s ratio. 

Furthermore, 𝑖𝑖 is denoted as �𝑖𝑖 = � 𝐼𝐼𝐴𝐴� with (𝐼𝐼) being the moment of inertia of the specimen, which 

in the case of the given specimen’s geometry is �𝑙𝑙 = 𝑏𝑏 ∙ ℎ412 � and (𝐴𝐴) the surface area of the cross-
section of the specimen. However, in this case, the width of the specimens is four times the length, 
so the correction factor 𝑇𝑇 can be assumed to be ≈ 1 in which case Eq. 41 is simplified to:  𝐸𝐸𝑑𝑑𝐿𝐿 = 4 ∙ 10−6 ∙ 𝑙𝑙2 ∙ 𝐹𝐹𝐿𝐿2 ∙ 𝜌𝜌 . (43) 
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The (𝐹𝐹𝐿𝐿) was recorded when the deviation of the measured fundamental resonance frequency 
lay in a range of ±60 Hz, three times in a row. The dynamic modulus of elasticity is reported in 
GPa or kN/mm2. Furthermore, rapid sound speed propagation tests have been done according 
to EN 14579 [83] on a minimum of six specimens. The expression of the results is obtained by 
the following relation: 𝑉𝑉 = 𝐿𝐿𝑇𝑇 ; (44) 

Where 𝑉𝑉 is the pulse velocity reported in km/s, 𝐿𝐿 is the path length in mm and 𝑇𝑇 is the time taken 
by the pulse to transverse the length, in µs. These tests have been done to investigate changes 
in the fabric before and after treatments (either pristine-thermal treatment and thermal treatment-
consolidated samples).  

The static contact angle of water was determined on the stone surface treated with the water-
repellent consolidants. Therefore, the Mobile Surface Analyzer from Krüss GmbH, Germany 
came to use and the test was done according to EN 15802 [84].  

Drilling resistance measurements (DRM) record the penetration force needed for drilling a hole in 
the material under study. Therefore, the DRMS Cordless device developed by Sint Technology 
S.r.l. (Calenzano, FI, Italy) was used. The DRM is determined as a function of the speed of rota-
tion, the penetration speed, drill bit diameter and substrate. The speed of rotation and the pene-
tration speed is kept constant and are specific for a type of stone. In the case of St. Margarethen, 
the speed of rotation was 600 rpm and the penetration speed amounted to 10 mm/min. The drilling 
depth was set to 15 mm (with mean resistance values ranging from 2 to 13mm) and a custom 
made 3 mm polycrystalline diamond bit was used. For each surface that was treated with specific 
consolidants, a separate drill was used to assure no influence on the wear of the drill bit on the 
recorded results [85].  

For measuring the colour difference before and after thermal treatment a Konica Minolta spectro-
photometer type CM700d was use with a spot diameter of 8 mm and the test was performed 
according to EN 15886 [86]. Hereby a standard daylight illuminant D65 with a 10° observer was 
applied. Following the same standard, a second device was used to assess the colour difference 
between treated and untreated specimens. Therefore, a ColorLite sph850 spectrophotometer 
came to use. The results were analysed in the CIE 1976 L*, a*and b* colour space to obtain the 
overall colour change (ΔE*). An average of five measurements is reported per sample area and 
condition. The colour change ΔE* describes the metric difference between two colours according 
to the standards of the International Commission on Illumination (CIE) as follows: ∆𝐸𝐸𝑆𝑆,𝐶𝐶𝑆𝑆∗ = [(𝐿𝐿𝑆𝑆∗ − 𝐿𝐿𝐶𝐶𝑆𝑆∗ )2 + (𝑎𝑎𝑆𝑆∗ − 𝑎𝑎𝐶𝐶𝑆𝑆∗ )2 + (𝑏𝑏𝑆𝑆∗ − 𝑏𝑏𝐶𝐶𝑆𝑆∗ )2]0.5; (45) 

where the subscript 𝑑𝑑 stands for treated and 𝑐𝑐𝑑𝑑 for untreated specimens and refers to either ther-
mal treatment or treatment with a consolidant.  

The determination of the splitting tensile strength was conducted following the recommendations 
of ASTM D3967-08 [87]. The electro-mechanical tension and compression-testing machine used 
were a 150 kN Instron Model 4206, developed by Instron GmbH, Germany. The apparatus con-
sisted of a flat bearing block at the bottom and, to reduce the contact stresses, a curved bearing 
block on the top. Bearing strips with 0.6 mm thickness were used to reduce high-stress concen-
trations. A minimum of 10 specimens per lithotype and condition was tested, each 60 mm in 
diameter and 30 mm in thickness. The test was executed in the direction perpendicular to the 
bedding plane, which was assessed through ultrasound pulse velocity. The splitting tensile 
strength is calculated by the following equation: 
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𝜎𝜎𝑆𝑆 = 2𝑃𝑃𝜋𝜋𝐿𝐿𝐷𝐷 ; (46) 

where 𝜎𝜎𝑆𝑆 is the splitting tensile strength in MPa, 𝑃𝑃 is the maximum-applied load indicated by the 
testing machine in N, 𝐿𝐿 is the thickness and 𝐷𝐷 diameter of the specimen in mm. 

Flexural strength under a concentrated load was determined according to EN 12372 [88]. 10 
specimens with a dimension of 25 × 50 × 150 mm were tested. The tests were performed with an 
electronic spindle-drive testing machine of the type Testomeric Quicktester 100 kN and evaluated 
by the Test & Motion software developed by DOLI Elektronik GmbH, Germany. The test was 
conducted in the direction perpendicular to the bedding plane, which was assessed through ul-
trasound pulse velocity. The flexural strength was calculated according to the following equation: 

𝑅𝑅𝑆𝑆𝑅𝑅 = 3𝐹𝐹𝑙𝑙2𝑏𝑏ℎ2 . (47) 

In Eq. 47 𝐹𝐹 denotes the breaking load in N, 𝑙𝑙 is the distance between the supporting rollers, 𝑏𝑏 is 
the width and ℎ the thickness of the specimens in mm. The results are either expressed in MPa 
or N/mm2. 

 

2.2.3 Neutron imaging 
Neutron scattering and neutron imaging are techniques commonly employed in the field of cultural 
heritage [89]. While neutron imaging operates in real space, neutron scattering is described in 
reciprocal space. What happens in imaging is that a beam of neutrons is passed through the 
object under study and the neutrons are attenuated by the material studied. Attenuation means 
that the beam intensity is reduced by a certain amount and this reduction depends on the thick-
ness of the study sample and on the material it is made of. Therefore, we receive information on 
the composition and inner structure of the samples, as different materials components have dif-
ferent attenuation behaviour. The latter is the reason why with the help of neutron imaging, the 
structure of a stone, its composition or conservation state is studied in a non-invasive manner. 
Moreover, larger stone samples relevant for architectural preservation studies can be analysed 
in situ as neutrons can penetrate most materials. Contrary to X-rays, hydrogen atoms strongly 
attenuate neutrons, which makes neutron imaging valuable in construction- and geosciences for 
performing dynamic studies on the movement and retention of water (e.g. [90-93]). 

The basic experimental setup for neutron imaging consists of a neutron source, a collimator acting 
as a beam formatting implement, the object under study and a detector. Since digital processing 
systems are used, neutron imaging has become a quantitative method (e.g. grey values can be 
quantified and pixels counted). When neutrons pass through an object, they need to be converted 
into a radiation form that can be easier detected. For such purposes, scintillator screens are used 
that convert neutrons into photons. After this conversion, a digital image is recorded by a charge-
coupled device (CCD) camera. The spatial resolution depends on the geometrical assembly, that 
is, the relative distance between the source, sample and detector. In the published literature, this 
effect is referred to as the ratio of the beams effective length to its diameter, i.e. L/D, and accounts 
for the divergence of the beam, which has a direct effect on the image resolution (e.g. [94,95]). 
Noteworthy is that the spatial resolution is not only affected by the magnification, but also by 
factors as the focal spot size of the source, the pixel size of the detector, some physical phenom-
ena due to radiation-matter interaction, sample thickness and the scintillator material. The 
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lowermost spatial resolution amounts to ~20 µm, which is limited through the scintillating material 
employed [96].  

The principle of neutron imaging is based on transmission measurements. For a sample with an 
appropriate thickness 𝜃𝜃 (cm), the transmission 𝑇𝑇 is given as follows: 

𝑇𝑇 = 𝐼𝐼𝐼𝐼0 = e(−µθ); (48) 

where µ represents all attenuation processes. As can be seen in Eq. 48 neutron transmission can 
be described with the exponential attenuation law or the universal law of attenuation of radiation 
for materials (Beer-Lambert law). In detail: 𝐼𝐼 = 𝐼𝐼0 e−𝑁𝑁𝑁𝑁θ. (49) 𝐼𝐼 is the transmitted intensity and 𝐼𝐼0 the incident intensity (cm−2∙s−1). 𝑁𝑁 is the number density of 
atoms in the sample analysed (cm−3): 𝑁𝑁 = 𝜌𝜌𝐴𝐴𝑁𝑁𝐴𝐴; (50) 

where 𝜌𝜌 is the material density (g∙cm-3), 𝐴𝐴 atomic weight (g∙mol−1) and 𝑁𝑁𝐴𝐴 the Avogadro number 
(mol−1) and 𝜎𝜎 is the effective interaction area for the neutron with a nucleus, the so-called micro-
scopic cross-section (unit of barns, cm2) (e.g. [97]). The product of 𝑁𝑁𝜎𝜎 gives ∑ that represents the 
macroscopic cross-section (cm−1): ∑ = 𝑁𝑁𝜎𝜎 = ∑𝑎𝑎 + ∑𝑇𝑇; (51) 

Where ∑𝑎𝑎 stands for the cross-section of the absorbed neutrons and ∑𝑇𝑇 represents the cross-
section of the scattered neutrons. As samples can be made of multiple elements and isotopes a 
summation is performed: ∑𝑆𝑆𝐶𝐶𝑆𝑆 = �𝑐𝑐𝑗𝑗𝜎𝜎𝑗𝑗𝑗𝑗 = �∑𝑗𝑗𝑗𝑗 ; (52) 

leading to the final expression of the attenuation equation: 𝐼𝐼 = 𝐼𝐼0 e−∑𝑆𝑆𝑡𝑡𝑆𝑆θ. (53) 

To quantitatively interpret the collected data, image analysis is a prerequisite. Pre-processing and 
image analysis is usually done with the help of Fiji ImageJ (Fiji Is Just ImageJ - Image Processing 
and Analysis in Java, open-source, public licence) according to in-house protocols in collaboration 
with the beam scientist [98]. Image pre-processing normally involves corrections with dark-field 
images, normalisation with open-beam images and noise filtering (including dead camera pixels 
and spurious gamma events). The raw neutron images of dry and wet stone (𝐼𝐼(𝑦𝑦) and 𝐼𝐼(𝑤𝑤), re-
spectively) were corrected with dark-field 𝐼𝐼(𝑦𝑦𝑅𝑅) and open-beam 𝐼𝐼(𝐶𝐶𝑏𝑏) images: 

𝐼𝐼(𝑦𝑦,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆) = 𝐼𝐼(𝑦𝑦,𝑆𝑆𝑎𝑎𝑤𝑤) − 𝐼𝐼(𝑦𝑦𝑅𝑅)𝐼𝐼(𝐶𝐶𝑏𝑏) − 𝐼𝐼(𝑦𝑦𝑅𝑅) C; (54) 

𝐼𝐼(𝑤𝑤,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆) = 𝐼𝐼(𝑤𝑤,𝑆𝑆𝑎𝑎𝑤𝑤) − 𝐼𝐼(𝑦𝑦𝑅𝑅)𝐼𝐼(𝐶𝐶𝑏𝑏) − 𝐼𝐼(𝑦𝑦𝑅𝑅) C. (55) 
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C is a rescaling factor that accounts for beam fluctuations. Dark-field image (beam shutter closed) 
corrects for the CCD dark-current in the detector while open-beam corrects (flat-field corrections) 
inhomogeneities in a detector and the source beam [99]. As in this case, the adsorption of water 
was the aim, the first steps included the normalisation of the water absorption images and nor-
malise them with the steady-state dry images taken before absorption. In that way, the measured 
transmission can be directly related to the amount of water. For that purpose, the imaging of a 
vessel filled with water in different volumes with standardised thickness was done, from which a 
calibration curve of water attenuation and resulting image grey values can be created (e.g. 
[100,101]) such procedures are necessary to account for deviations from the Beer-Lambert law 
(i.e. because of the energy dependence of the attenuation coefficient). This step is necessary if 
samples are thick or a strongly absorbing or -scattering material is present (e.g. water). After this, 
the images are ready to be used for image analysis and the extraction of physical parameters 
(e.g. water content distribution). To account for the 2D distribution of water thickness 𝜃𝜃𝑤𝑤(𝑑𝑑,𝑦𝑦) in 
a stone specimen [102] Eq. 53 is rewritten for the case at hand: 𝐼𝐼(𝑤𝑤,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆)(x, y) = 𝐼𝐼(𝑦𝑦,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆)(𝑑𝑑,𝑦𝑦) e−(µ𝑤𝑤𝜃𝜃𝑤𝑤); (56) 

where 𝐼𝐼(𝑦𝑦,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆)(𝑑𝑑,𝑦𝑦) represents the contribution of the stone: 𝐼𝐼(𝑦𝑦,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆)(𝑑𝑑,𝑦𝑦) = 𝐼𝐼0(𝑑𝑑,𝑦𝑦) e−(µ𝑠𝑠𝜃𝜃𝑠𝑠). (57) 

To repeat shortly, 𝜇𝜇𝑆𝑆 and 𝜇𝜇𝑤𝑤 are the stone and water attenuation coefficients respectively while 𝜃𝜃𝑇𝑇 is the thickness of the stone specimens. Solving Eq. 56 for 𝜃𝜃𝑤𝑤 the following is obtained: 

𝜃𝜃𝑤𝑤(𝑑𝑑,𝑦𝑦) = − 𝑙𝑙𝑐𝑐 �𝐼𝐼(𝑤𝑤,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆)(x, y)𝐼𝐼(𝑦𝑦,𝑅𝑅𝐶𝐶𝑆𝑆𝑆𝑆)(𝑑𝑑,𝑦𝑦)�µ𝑤𝑤 ; (58) 

where µ𝑤𝑤 is obtained from the calibration curve of water attenuation. By expressing the 𝜃𝜃𝑤𝑤 along 
the pathlength of the beam (at a specific x,y-position in the image) as a percent of the sample 
thickness amongst that pathlength (which can physically be measured), a volume percentage of 
water saturation at that point is obtained. This can be recalculated to weight percent using the 
known material density and a density of 998 kg/m³ for water. From now on different physical 
parameters like the water content expressed in e.g. weight per cent can be extracted and used 
for further analysis in the field of conservation sciences (e.g. [103]).  

 

2.2.4 An analytical model to evaluate the distribution depth of 
stone consolidants 

The analytical model, based on a version of one-dimensional Fick’s second law coupled with 
Darcy’s law, Blake–Kozeny and Young–Laplace approximations, was applied to describe the in-
depth distribution of cured consolidants inside the stone’s fabric. All those approximations are 
found across the literature in many fields and in the field of stone consolidation (e.g. also Scherer 
G.W. and Wheeler G.S. [104] used to describe the penetration of consolidants inside a stone by 
using a similar approach or Peruzzi et al. [105] uses a similar approach to describe the water flow 
in a porous material). In this case, the analytical model evaluates the quantity of a consolidant as 
a function of depth. The depth distribution of the consolidant was experimentally assessed on 
drilled cores, extracted from on-site and investigated using SEM. The SEM micrographs analysis 
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was then conducted using the software ImageJ [106] (v 1.51r, National Institutes of Health, Be-
thesda, MD, USA).  

The first approximation to model this phenomenon is to view the system (i.e. stone and consoli-
dant) as a filtering system in which the stone acts as a filter against the consolidant that passes 
through it. In the literature, this approach is usually found in studies concerning oil recovery. The 
probabilistic sieve model describing microfiltration [107-109], used to analyse pore-blocking pro-
cesses, allows the determination of physicochemical parameters of nonstationary filtration phe-
nomena of an aqueous suspension. In this case study, the driving forces that carry the consolidant 
through the stone’s fabric are capillary forces. To evaluate the concentration of consolidant as a 
function of depth, a mass balance is applied in the following form: 

𝑉𝑉 𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑 = 𝐷𝐷 𝑑𝑑2𝑐𝑐𝑑𝑑𝑑𝑑2 ; (59) 

where 𝐷𝐷 is the diffusivity and 𝑉𝑉 the filtration speed of the study system. As equilibrium conditions 
are reached (i.e. the curing of the consolidant is complete), time dependence becomes negligible. 
Therefore, the boundary conditions to solve Eq. 59 are: 

𝐵𝐵.𝐶𝐶. � 𝑐𝑐(𝑑𝑑 = 0) = 𝑐𝑐0 𝑐𝑐(𝑑𝑑 = 𝐿𝐿) =  𝑐𝑐𝐿𝐿 ; (60) 

where 𝐶𝐶0 is the solid content concentration found on the stone’s surface at the end of the curing 
process and 𝐶𝐶𝐿𝐿 is the solid content concentration at the maximum depth reached by the treatment 
within the analysed sample volume. As the system is described to be a filtration system, where 
the treated stone is the filter, the expression of velocity follows Darcy’s law [110,111]. Therefore, 
the effective filtering speed 𝑉𝑉 is connected to Darcy’s speed 𝑉𝑉𝐷𝐷 according to the following relation: 

𝑉𝑉 =  𝜀𝜀 ∙ 𝑉𝑉𝐷𝐷 = −𝑘𝑘𝜇𝜇 ∆𝑃𝑃𝐿𝐿 . (61) 

In Eq. 61, the negative sign of the term on the right-hand side provides positive values of the 
velocity toward the motion. The suspension viscosity is given by 𝜇𝜇, whereas 𝑘𝑘 is the permeability. 𝜀𝜀 represents the average porosity of the stone, evaluated using image analysis. The permeability 
indicates the capability of a viscous fluid to penetrate a porous system and can be evaluated 
through experimental tests or, for well-known systems, found in the literature [112,113]. Other-
wise, as a first approximation, the Blake–Kozeny relation can be used to calculate stone porosity 𝑘𝑘 in terms of average pore diameter 𝐷𝐷𝑎𝑎 as follows: 

𝑘𝑘 = 𝐷𝐷𝑎𝑎2 ∙  𝜀𝜀3150 ∙ (1 − 𝜀𝜀)2 . (62) 

As capillarity is the driving force of this system, it obeys the Young–Laplace equation:  ∆𝑃𝑃𝐿𝐿 = 2𝜎𝜎𝑐𝑐𝑝𝑝𝜎𝜎𝜃𝜃𝑅𝑅𝑎𝑎2 ; (63) 

where 𝜎𝜎 is the surface tension, 𝜃𝜃 the wettability (contact angle) and 𝑅𝑅𝑎𝑎 the pore radii of the system. 
Inserting Eqs. 62 and 63 into Eq. 61, and the final expression of filtering velocity is obtained. 
Solving Eq. 59, the degree of solid content concentration as a function of sample depth can be 
described as an analytical solution as follows:  
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�−2𝐷𝐷𝑎𝑎𝜎𝜎𝑐𝑐𝑝𝑝𝜎𝜎𝜃𝜃75𝜇𝜇𝐷𝐷𝐿𝐿 ∙ 𝜀𝜀3(1 − 𝜀𝜀)2� 𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑 = 𝑑𝑑2𝑐𝑐𝑑𝑑𝑑𝑑2 . (64) 

In Eq. 64, it is possible to define the following parameters: 

𝐴𝐴 =  𝜀𝜀3(1 − 𝜀𝜀)2 ; (65) 

𝐵𝐵 = 2𝐷𝐷𝑎𝑎σ𝑐𝑐𝑝𝑝𝜎𝜎𝜃𝜃75𝜇𝜇𝐷𝐷𝐿𝐿 ; (66) 

where 𝐴𝐴 is a function of the stone’s effective porosity, evaluated by image analysis as the 
weighted average along with the depth of the stone, and 𝐵𝐵 is an empirical parameter obtained 
through mathematical iterations, encompassing the wettability, average porous dimensions, per-
meability and diffusivity of the macroscopic system. Substituting the starting boundary conditions 
(Eq. 60) into Eq. 64, we obtain the following solution:  

𝑐𝑐(𝑑𝑑) = (𝐶𝐶𝐿𝐿 − 𝐶𝐶0) ∙ 𝑝𝑝−𝐴𝐴𝐵𝐵𝐴𝐴 − (𝐶𝐶𝐿𝐿 − 𝐶𝐶0) + 𝐶𝐶0 ∙ (𝑝𝑝−𝐴𝐴𝐵𝐵𝐿𝐿 − 1)𝑝𝑝−𝐴𝐴𝐵𝐵𝐿𝐿 − 1 . (67) 

The analytical solution given through Eq. 67 indicates that the distribution of the solid content 
after curing follows an exponential growth or decline. To estimate the adequacy with which they 
obtained equation describes the depth distribution of the consolidants, it has been verified with 
the values obtained from image analysis.   
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3. Summary of the scientific articles 

A 
 

Evolution of calcite surfaces upon thermal decomposition, 
characterized by electrokinetics, in-situ XRD, and SEM 

 

 

This study systematically modified the surface chemistry of metamorphic and sedimentary cal-
cium carbonates by thermal treatment to induce partial phase and chemical transformations. Sub-
sequently, the electrokinetic potentials of the resulting samples were determined with the aim of 
improving the understanding of the role of phase transformations and modified (or newly created) 
porosity and reactivity. Besides streaming current and potential measurements, in-situ XRD and 
SEM as ancillary techniques were used to explore in more detail the involved surface phenomena. 

Physical changes of the samples after thermal treatment were observed using microscopy, po-
rosimetry and sound speed propagation. On the dense sample AM, the formation of new cracks 
was visible, while the same were difficult to be observed on the inhomogeneous samples of LdA. 
However, porosimetry and sound speed propagation indicates that there are changes also in the 
fabric of LdA. Furthermore, visual changes assessed using colour measurements are present on 
the surfaces of both stones. A silica coating applied on the surfaces after thermal treatment 
showed embedded rhombohedral crystals on surfaces of AM, while the only discolouration of the 
nanosilica matrix due to calcium mobilisation was observed on LdA as analysed by SEM/EDX. 
The latter results displayed that a more pronounced change has happened on the surfaces of AM 
than on LdA. This difference in the extent of thermal decomposition was also confirmed by in-situ 
XRD. 

The cyclic isothermal treatment at 600 °C caused thermal degradation that differs in extent and 
onset for the studied stones as examined by in-situ XRD. The dense stone AM decomposed 
earlier and had more calcium oxide on the surface than the porous stone LdA when exposed to 
the studied conditions. 

In the initial period of testing, positive and negative ζ was observed for the studied carbonates. 
This is a result of the reactivity of the stones as they were analysed in nonequilibrium conditions. 
The reactivity was related to surface roughness because the surfaces contributed to dissolution 
and therefore changes in the background solution. 

For highly porous carbonate, a ~90% underestimation of ζ assessed by streaming potential with 
respect to the streaming current was observed, irrespective of the state of the carbonate surface 
(i.e. pristine or thermally decomposed), while the underestimation was only ~20% for the pristine 
dense carbonate ~70% after microcracks generation. Therefore, it was concluded that caution 
should be taken when assessing solely streaming potential measurements. 

Thermal treatment caused a charge reversal from negative (before treatment) to positive (after 
treatment). The latter was a result of calcium hydroxides solubility and the supply of Ca2+ cations, 
which are known to be the potential determining ions for calcite. If calcium hydroxide is present 
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at the surface of calcite, it will govern the net electrokinetic potential and isoelectric point (IEPpH), 
even at low surface coverage. 

The pH-dependent electrokinetic measurements exhibited further the difference between the 
stones. On thermally treated surfaces of AM, ζ was positive due to calcium hydroxide and recov-
ery of ζ was evident due to re-carbonation. No such effect was observed on surfaces of LdA when 
tested under the same conditions, because this stone is porous and re-carbonates faster and is 
easily dissoluble already in its pristine state.  

Finally, when an asymmetric cell configuration was used, the fractional contribution of the refer-
ence surface to the IEPpH was 0.3 and to the overall determined ζ (single-point measurements) it 
was up to 0.5. Moreover, the use of two cells seemed unsuitable for purposes of quantitative 
comparison when reactive surfaces are present. 

 

A.1 
 

Artificial aging techniques on various lithotypes for testing of 
stone consolidants 

 

 

This contribution was the foundation of this thesis. It concentrated on a series of ageing tests that 
were performed in the frame of a wider study on the use of innovative consolidants for various 
architectural stone types. It was a feasibility study on artificial ageing tests that should be used 
on a large-scale volume of natural stone in the laboratory. This experimental pre-screening proved 
that thermal treatment was a cost and time-efficient method to artificially age stones for testing 
stone consolidants. The induced microcracks were compared to natural decay phenomena found 
in exterior environments of buildings. Furthermore, the thermal treatment allowed to tailor the 
decrease of mechanical strength and physical changes. 

At the beginning of this study, it was necessary to analyse what are the dominant decay patterns 
that occur on-site on the lithotypes that were studied. The predominant deterioration phenomena 
were identified to be a loss of grain cohesion and the formation of microcracks. Therefore, the 
aim was to mimic this key-deterioration effect in the studied fabrics. An additional goal was to 
mimic a gypsum crust in a porous limestone to achieve a gradient of compactness within a struc-
ture, a decay pattern that is often found on-site. The artificial ageing routes to induce these decay 
patterns were (1) thermal treatment by temperatures up to 600 °C and, (2) artificial ageing with 
acid attack, freeze-thaw cycles and salt crystallisation alone or along with thermal treatment. 

The induced ageing was monitored using changes in ultrasound velocity and WAC by capillarity. 
At certain stages analysis by optical- and SEM, as well as mercury intrusion porosimetry, was 
done to evaluate physical changes. With this approach, it was possible to test the sensitivity of 
each lithotype to predominant decay patterns found on-site.  
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B 
 

Efficiency and compatibility of selected alkoxysilanes on po-
rous carbonate and silicate stones 

 

 

This manuscript concerned a complete array of methods to compare the consolidation effect of 
three alkoxysilanes on two stones and discussed their impact on the compatibility. The main goal 
of this work was to restore the physical and mechanical properties of the artificially aged speci-
mens where microcracks were induced. For this purpose, two new formulations (1) a TiO2 modi-
fied TEOS in isopropanol with 70% active content and (2) a TiO2 modified alkyl-trialkoxysilane in 
isopropanol with 75% active content was compared to a commercial product (3), a solvent-free 
TEOS with 99% active content. The substrates used in this study were two porous lithotypes, one 
silicate and one carbonate. The treatments were evaluated by SEM, mercury intrusion porosim-
etry, colour impact and their effect on dynamic modulus of elasticity, splitting tensile- and flexural 
strengths, capillary water absorption and water vapour permeability. 

The results showed that treatment performance might depend on the textural and microstructural 
features of a stone. Specifically, the higher increases in deformability modulus and strength in the 
case of the silicate stone variety were ascribed to its fabric. SEM analysis displayed that the 
consolidant interpenetration of the kaolinite, which was homogeneously distributed in the fabric. 
Moreover, mercury intrusion porosimetry analysis showed that the consolidants that increased 
the mechanical strength more are located in large pores that make up the leading pore ranges in 
terms of open Hg-porosity. The same increase as the one described for the silicate variety could 
not be reached within the carbonate. The treatments showed a sufficient increase in strength and 
deformability, but due to the inhomogeneous nature of the carbonate, the resulting values were 
always lower. Moreover, the main pore radii, which made up the largest percentage of the open 
Hg-porosity in the carbonate variety were not filled with the silica gel to the same degree as within 
the silicate stone.  

This study also highlighted that the kinetics of the gel-forming reaction during curing might be 
dependent or differ between the substrates. The latter was also the reason why water-related 
properties, as well as visual changes, evolved with time. Unfortunately, no general trend was 
observed, which might lead to incorrect interpretations of treatment compatibility. This study 
proved that a wide-ranging treatment performance might be obtained when the same products 
are applied on different substrates. 
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B.1 
 

Silicates for the consolidation of stone: nanosilica vs. ethyl 
silicate 

 

 

This contribution highlights the advantages and disadvantages of some TEOS and a silica sol as 
analysed using SEM and selected physicomechanical tests. It was shown that the topographic 
distribution, shrinkage behaviour and thus bridging capacity as well as adhesion on the substrate 
differed between these consolidating products. The main advantages of TEOS are a better pen-
etration depth and a more homogeneous distribution inside the fabric, while the advantages of 
the silica sol are good adhesion to the substrate and a better bridging capacity. Therefore, it was 
concluded that an application of both consolidants in a two-stage treatment could bring promising 
results, especially considering decay patterns of varying degrees of severity.  

 

C 
 

Neutron radiography study of laboratory ageing and treat-
ment applications with stone consolidants 

 

 

This study aimed to use neutron imaging, by monitoring capillary water absorption, to analyse 
physical changes caused by thermal treatment for purposes of artificially ageing and different 
treatment applications with stone consolidants. In addition, gravimetrically determining water ab-
sorption and ultrasonic pulse velocity were also used and compared to neutron imaging. There-
fore, a nanosilica consolidant and nanotitania modified TEOS was applied on two building stones, 
carbonate and a silicate, by brush, poultice or capillary absorption.  

Water absorption as analysed using neutron imaging exhibited negligible changes on samples 
aged by thermal treatment compared to sound specimens. It was therefore concluded that artifi-
cially aged specimens are not a prerequisite when physical changes are studied on porous litho-
types. However, when the mechanical strength increase is studied, artificial ageing should be 
used to study the efficiency of stone consolidants. The latter was demonstrated with the help of 
ultrasonic pulse velocity. Namely, when grain contracts are not affected, as is the case in a freshly 
quarried stone, the consolidation efficiency will yield underestimated values. Ultimately, the ca-
pability of a consolidant to strengthen the substrate might be misrepresented. 

Similar to Manuscript B, in this study, it was also demonstrated that reactive systems like TEOS 
need an unknown period for polymerisation. When the polymerisation is incomplete, hydrophobic 
behaviour, water trapping, and pore-clogging was evident with the help of neutron imaging. More-
over, reaction time differences were attributed to different amounts of consolidants applied, which 
resulted in the chosen application settings. When TEOS was applied using a poultice and 
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brushing it resulted in wide-ranging amounts of water absorbed and anomalous water distribu-
tions and kinetics. An odd behaviour was seen within the carbonate stone, that is, the polymeri-
sation was ongoing within the core of the specimen, while the lateral surfaces were still mostly 
hydrophobic with the exceptions of small passages.  

 

C.1 
 

The potential of neutron imaging in stone conservation 

 

 

In support of Manuscript C, this contribution intended to give a brief overview of newcomers in 
the field of architectural preservation that want to use neutrons in their research. Therefore, a 
short introduction of neutron techniques, major facilities and workshops around Europe is listed 
to enhance knowledge and support research in this field. This contribution is light in reading and 
focuses mainly on water transport and retention studies. The experimental data were collected 
during experiments performed at IMAGINE beamline, located at the Laboratoire Léon Brillouin, 
at the Orphée Reactor in Saclay, France. 

 

D 
 

Distribution depth of stone consolidants applied on-site: An-
alytical modelling with field and lab cross-validation. 

 

 

In this study, an analytical model was applied to understand the distribution depth of cured stone 
consolidants applied on-site. Therefore, three consolidants, one alkoxysilane and two colloidal 
suspensions were applied on a historical façade of St. Stephen’s Cathedral in Vienna, Austria. 
Drilled cores were extracted from the façade and analysed by SEM and image analysis after an 
appropriate curing period. The image analysis was done to map the cured consolidant inside the 
fabric and showed that all consolidants exhibited an exponential decline, from the surface to the 
inner part of the fabric to a varying degree. The exponential decline was more pronounced for the 
colloidal suspensions (i.e. colloidal silica and nanozirconia) than for the reactive alkoxysilane. The 
reason for the letter behaviour was ascribed to the action of capillary forces, acting upon drying, 
which was the governing factor for distributing the consolidants for the water-based nano-zirconia 
and water–alcohol-based colloidal silica. For reactive alkoxysilane, capillary forces acting upon 
drying were described to be less significant as this consolidant starts to gel faster, which is why 
such consolidants exhibited a more homogeneous depth distribution.  

Furthermore, DRM were performed on-site in the vicinity of the boreholes where the drilled cores 
have been extracted to confirm the modelled and image-analysed findings. Drilling resistance 
showed an over-consolidation, which is in agreement with the applied model. Young’s modulus 
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and splitting tensile strength tests performed on laboratory-treated specimens confirmed the me-
chanical strength gain assessed through DRM. The applied model, based on a version of the one-
dimensional Fick’s second law, successfully described the depth distribution, allowing improved 
interpretations and performance indicators for different stone consolidation treatments.  

 

D.1 
 

Forschung zu Nano-Materialien für die Gesteinsrestaurier-
ung. Auswirkung von Festigungsmaßnahmen in Laborver-

suchen im Rahmen des EU-Projektes Nano-Cathedral. 

 

 

This contribution, written only in German, gave an overview of the products developed and the 
testing protocols used in the frame of the EU supported project ‘Nano-Cathedral’, funded by the 
European programme Horizon 2020 Call NMP21-AC (GA 646178). Furthermore, it was shown 
what stones, representative of European heritage, were used and what reference products (i.e. 
commercially available stone consolidants) were applied and compared in terms of treatment 
performance to the newly engineered materials. Certain test procedures were presented and ad-
vantages and disadvantages of the tested systems were displayed. This work drew upon the 
results of a large-scale laboratory testing procedure to support practice-oriented solutions and 
applications on-site. 
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4. Conclusions and outlook 

The scientific contribution of the work 

A 
 

Evolution of calcite surfaces upon thermal decomposition, 
characterized by electrokinetics, in-situ XRD, and SEM 

 

 

Four important key aspects of this work were identified that are understudied and lack in published 
literature. These aspects concern (i) the extent and onset of chemo-mineralogical transformations 
of solid calcite surface upon thermal treatment, (ii) time-depended changes of ζ for pristine and 
thermally treated surfaces, (iii) analysis of pore conductivity effects on the determined ζ and, (iv) 
fractional contribution to the overall calculated ζ when asymmetric microchannel walls are used. 

The original aim of this manuscript was to investigate the effects of thermal treatment for purposes 
of artificial ageing of natural stones to test stone consolidants. While this particular aspect was 
not discussed here, it was evident that the streaming potential technique is suitable for monitoring 
surface changes of solid flat natural stones. Moreover, the use of in-situ XRD was well suited to 
analyse the onset and extent of chemo-mineralogical alterations and exhibit the differences be-
tween the used stones. 

Studies on nonequilibrium electrokinetic phenomena or time-depended changes in ζ for pristine 
and thermally treated samples are rare. Nonequilibrium is often responsible for scattered results 
in calcite electrokinetics, but few studies are describing the nonequilibrium and long-term tests, 
which are crucial where surface reactions at mineral-water interfaces occur. ζ of thermally treated 
surfaces (mixed calcite and calcium-hydroxide surface) is understudied and not well understood, 
which is what makes this contribution relevant.  

As the streaming potential is more commonly measured in published literature, presenting the 
results of streaming current measurements is beneficial to highlight the difference between , 
measurements, highlighting thereby the effect of pore conductivity on underestimating the stream-
ing potential readings especially relevant for rougher surfaces. This particular aspect provides 
evidence of the importance of careful planning and evaluation of the experiments when perform-
ing electrokinetic measurements on porous materials.  

The determination of the fractional contribution of the microchannel wall surfaces to the overall 
determined ζ is relevant especially in the case of geomaterials where mixed mineral compositions 
are commonly present.  

Besides the effects of heat treatment for purposes of artificial ageing of natural stones, a better 
understanding of thermally treated surfaces that come into contact with aqueous electrolytes is 
also beneficial for investigations surrounding post-fire restoration/conservation actions. Further-
more, in engineering geology, the topic of different pore solutions and their effect on rock 
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mechanics is becoming increasingly important (e.g. [114]). The data might even contribute to 
better fitting the experimental data within the DLVO theory (e.g. [115]). Especially, the results 
concerning the asymmetric cell arrangement might be of interest for example in the development 
of lab-on-a-chip devices where electrokinetics in networks (i.e. made of different materials) is 
studied.  

The characterisation strategy described here may contribute to a more accurate determination of 
the electrokinetic potential for porous macroscopic flat surfaces by considering nonequilibrium 
and time-dependent changes, including the effects of pore conductivity and reactivity.  

 

A.1 
 

Artificial aging techniques on various lithotypes for testing of 
stone consolidants 

 

 

This contribution gave an overview of possible ageing methods for testing stone consolidants. 
The study showed that thermal treatment allows a cost and time-efficient reduction of soundness 
reflective of one of the most common degradation processes observed in situ, that is, the pres-
ence of microcracks. With this artificially ageing method, it was possible to tailor the decay level 
and adjust it to every lithotype. The most important thing was that it allowed for large-scale pro-
duction of samples on which the efficiency of consolidants could be assessed. Furthermore, it 
showed that thermal treatment was an appropriate method to reproducibly age stone samples in 
the laboratory on a large number of specimens.  

This contribution dealt with the physical changes of stones when exposed to cyclic thermal treat-
ment while the corresponding Manuscript A represented an in-depth study on the effect of thermal 
treatment on the surfaces of calcium carbonates concerning chemo-mineralogical and physical 
changes.  

Normally, lower temperatures are used to study artificial ageing of carbonate stones [116] but 
also the temperature of 600 °C was employed in this regard [117]. The use of higher temperatures 
is important because generally, the higher the temperature the more severe the damage. And, 
the degree of degradation is important when studying stone consolidants. In addition, employing 
higher temperatures is also relevant in many related fields, especially concerning fire resistance 
studies (e.g. [118]).  
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B 
 

Efficiency and compatibility of selected alkoxysilanes on po-
rous carbonate and silicate stones 

 

 

Testing the properties of a newly engineered consolidant is a prerequisite before the treatment 
can be applied to pilot areas. Therefore, this work drew upon the results of a large-scale laboratory 
testing procedure to support practice-oriented solutions and applications on-site. It further con-
tributed to the understanding of reactive consolidants like alkoxysilanes. Namely, their properties 
may change with time. Therefore, caution should be taken especially in the first months after 
application that is often unrepresentative of the outcome of treatment and may yield an over-or 
underestimation of various physical parameters. Moreover, the dependency of the treatment per-
formed on the substrate was also displayed. Differences in the relative and absolute mechanical 
strength increase when comparing the same consolidants on different substrates where high-
lighted. Finally, the study stressed the importance of using several parameters simultaneously to 
assess the efficiency and compatibility as well as evaluate possible risks. 

 

B.1 
 

Silicates for the consolidation of stone: nano silica vs. ethyl 
silicate 

 

 

The scientific contribution of this work was an experimental examination of certain properties of 
two consolidating systems, alkoxysilanes and silica sol. Through such a characterisation of the 
major drawbacks of a consolidant can be considered before application. In this way, possibly, 
harmful effects can be avoided or at least minimised. Therefore, gathering knowledge about the 
differing behaviour of stone consolidants is advantageous for on-site applications. 
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C 
 

Neutron radiography study of laboratory ageing and treat-
ment applications with stone consolidants 

 

 

As there are no guidelines on how to apply a consolidant on an architectural surface, this study 
contributed to the topic by analysing the effect of different application techniques and consolidants 
and their possible consequences. Neutron radiography as a tool to see inside the stone’s fabric 
allowed to follow the inner pathways of adsorbed water in a consolidated substrate. This was 
invaluable as it allowed to see e.g. that the polymerisation was initiated inside the stone while the 
outer surfaces were still mostly hydrophobic. Moreover, it was shown that microstructural differ-
ences not consolidated to the same degree represent preferential pathways for water ingress. 
Neutron radiography also exhibited that small passages can transport water into a hydrophobic 
fabric, which might lead to further damage. One important aspect of this work displayed is that 
the degree of polymerisation can vary within a stone and in general, application techniques like 
poultice and brushing are less favourable. Lastly, nanobased consolidants are favourable for fol-
low-up work on-site. However, mechanical strength gain of nanobased consolidants is lower com-
pared to TEOS. 

 

C.1 
 

The potential of neutron imaging in stone conservation 

 

 

This contribution should serve as an information piece of the possibility’s neutron imaging bears 
in the field of architectural preservation. It gives a brief overview of some application examples 
and neutron techniques. It is intended for the first stage and recognised researchers in the field 
of conservation and restoration, who normally do not know the instrumentation and opportunities 
surrounding large-scale facilities as this is not part of their curricula.  
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D 
 

Distribution depth of stone consolidants applied on-site: An-
alytical modelling with field and lab cross-validation. 

 

 

This contribution combines on-site assessments, laboratory-based research and the use of an 
analytical model to assess the treatment performance of three consolidants. On-site it is common 
to find a degradation gradient that is most severe on the surface and it decreases towards the 
inner bulk fabric. Therefore, describing gradients by any means is advantageous for the field of 
stone conservation. The latter is especially important as fewer methods are available on-site to 
describe the outcome of a treatment’s performance. As a consolidant is supposed to equalise 
such a degradation profile by restoring the physical properties to the amount of the bulk fabric, it 
is important to analyse the distribution depth of stone consolidants applied on-site. The analytical 
model used within this work represents a tool that provides an advanced description of the distri-
bution depth and allows to draw a comparison between the used consolidants. The evaluation of 
the distribution depth was also supported by DRM and image analysis performed on drilled cores 
that were extracted on-site. Furthermore, some mechanical tests were performed in the laboratory 
to given further indices about a treatment’s efficiency. 

Most published studies regarding stone consolidation are descriptive. They describe the substrate 
before and after the treatment, mostly using either well-established techniques or standardised 
methods. This study will hopefully lay a foundation for systematic activities of modelling in the 
area of stone consolidation. Only with a combined effort of experimental and numerical work will 
the complexity of a treatment’s outcome be understood in greater precision. 

 

D.1 
 

Forschung zu Nano-Materialien für die Gesteinsrestaurier-
ung. Auswirkung von Festigungsmaßnahmen in Laborver-

suchen im Rahmen des EU-Projektes Nano-Cathedral. 

 

 

With this contribution, it was possible to disseminate the laboratory-based testing programme on 
how to test stone consolidants, which was established in the frame of the Nano-Cathedral project. 
This German written contribution allowed sharing ideas and coming into a dialogue with col-
leagues from the German-speaking area. It offered an overview of all testing methods and ap-
proaches used to test the newly engineered consolidants as well as the results obtained.  
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Outlook on open research agenda 
If taken seriously, this paragraph can be turned into a manuscript on its own. Instead, it will focus 
solely on few (most obvious) subject ideas derived from the published manuscripts.  

It will take some time until questions related to the position and densities of the ions in the EDL 
are resolved experimentally in the field of calcite-water interfaces. The effect of surface roughness 
and porosity on electrokinetics of flat surfaces is still poorly understood. In the case of asymmetric 
cell configurations, a more quantitative approach is also lacking. Furthermore, time-resolved stud-
ies of ζ until equilibrium is reached in various aqueous electrolytes should be analysed with 
greater precision. A fascinating feature is the presence of different crystallographic faces in a 
stone. When these faces come into contact with water or different solvents, or when they have a 
defect-rich structure to varying degrees they can exhibit different behaviours. The latter is im-
portant not only for electrokinetics but also for stone consolidation in general.  

A thorough understanding of solid-liquid interfaces could aid in more precisely predict the pene-
tration, deposition, and bonding of the consolidants. On a time scale for application to cure, it 
would be beneficial to calculate related effects regarding the bonding between the substrate and 
consolidants. However, studying such effects seems ambitious as many molecular-scale phe-
nomena remain difficult to be experimentally retrieved. An easier approach to start dealing with 
these questions could be to perform batch experiments, that is, sorption studied (adsorption and 
desorption kinetics) between nanomaterial-based consolidants and stones. Studies using atomic 
force microscopy that is probing the interaction between minerals and consolidants in different 
environments are of relevance. Moreover, devices like the surface force apparatus would be suit-
able to study the hardening of consolidants between single minerals and the breaking force of the 
same.  

The effect of drying or polymerisation of consolidants is understudied in many aspects. A partic-
ular aspect of this topic might be which stone parameters influence the reaction rate of TEOS if 
any. Moreover, if different consolidants are applied, such as silica sols and TEOS, it should be 
analysed how far do the consolidants influence each other. It would be interesting to know if and 
how they influence the chemical reaction of each other or the drying stresses. Variation of the 
amount of consolidant applied, application techniques used, the period after treatment application 
to analyse the treatment performance, as well as different curing conditions, should be considered 
for further studies. The influence of substrate contaminants like gypsum, microbiology or salts 
and their influence on a consolidation treatment is largely unknown. Topics of durability and re-
treatment of consolidants are lacking in published literature. In that regard, it would be interesting 
to compare how a bulk stone age and how does a consolidated stone age. Changes in microcli-
matic conditions inside a stone, when a treatment is applied, is also an interesting topic.  

A building element made out of stone can exhibit varying decay patterns in the vicinity of each 
other (e.g. disintegration, gypsum crusts, microbiology, efflorescence, intact surfaces, etc.). The 
aim of a good restoration and concertation action is always to harmonise these conservation 
states. Therefore, it is likely that degradation profiles will vary in their extent and degree of me-
chanical strength decrease. It would be advantageous to analyse what consolidants are particu-
larly suitable for specific degradation phenomena and how far-reaching is their mechanical 
strength gain. All effort is needed to translate the gained laboratory-based research into practise 
on-site.  
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Finally, any artificial ageing technique seems appropriate to study the efficiency and compatibility 
of stone consolidants if it decreases the mechanical strength of the substrate. Studying the start-
ing point of the artificially aged stone and knowing the characteristics of the substrate in detail is 
a prerequisite to know what modifications were introduced due to the treatment with stone con-
solidants. Therefore, thermal treatment even up to 600 °C is justified, especially in cases of car-
bonates, where the surface chemistry recovers due to re-carbonation processes. However, con-
sequences of thermal treatment on permanent modifications of e.g. kaolinite and subsequent 
consolidation or its reactivity in an aqueous environment were not studied before. Moreover, in-
situ XRD and electrokinetics focused on the surface of the stones, therefore, it would be advan-
tageous to study the extent of those chemo-mineralogical changes inside the bulk structure if 
present. Micromechanical tests of artificially or naturally weathered surfaces with methods like 
e.g. nanoindentation would be good to measure the hardness of small volumes of surface ex-
posed to the environment and compare them to bulk protected surfaces. 

Most above-mentioned topics should be accessed with a combined effort of experimental and 
numerical work to start resolving the complexity of natural or artificial weathering and a treatment’s 
outcome. 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Thermal decomposition of dense and 
porous carbonates differs in onset and 
extent. 

• Time-depended changes of ζ for pristine 
and thermally treated surfaces were 
studied. 

• Contribution of an asymmetric cell 
configuration to the overall ζ was 
determined. 

• ζ-potential of mixed calcium hydroxide 
and calcite surfaces was analyzed.  
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A B S T R A C T   

The present study analyses transformation pathways of pristine and thermally treated porous limestone and 
dense marble surfaces by means of time-resolved streaming current and potential measurements coupled with 
scanning electron microscopy and in-situ X-ray diffraction. The results reveal that under nonequilibrium con-
ditions the zeta potential (ζ) of natural carbonates may exhibit positive and negative signs and ζ drifts in opposite 
directions. Sample surface roughness influences ζ because it contributes to dissolution, as observed particularly 
in the initial period of time-resolved measurements. Thermal treatment causes a temporary charge reversal from 
negative to positive. The reactivity of calcium hydroxide on calcite surfaces governs the net electrokinetic po-
tential and isoelectric point (IEPpH), even at low surface coverage, as cross-validated by in-situ XRD. It was also 
found that pore conductivity may lead to ~90% underestimation of ζ when assessed by streaming potential. SEM 
studies revealed micro cracks inducement on marble after thermal treatment, which can result in underesti-
mation of ζ up to the same extent as for the porous limestone. When an asymmetric cell configuration involving 
calcite and polypropylene surfaces is used, the fractional contribution of polypropylene to the IEPpH is 0.3 and to 
the overall determined ζ up to 0.5. Our findings contribute to the understanding of nonequilibrium and time- 
dependent electrokinetic potential modifications associated with the reactivity of porous surfaces. This study 
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highlights the effectiveness of the streaming potential technique for monitoring such changes further supported 
by the use of ancillary techniques to analyze the extend of chemo-mineralogical and physical alterations.   

1. Introduction 

Surface reactions at mineral-water interfaces govern various pro-
cesses, including sorption, redox processes, weathering, and other phe-
nomena in many environmental and industrial aspects [1,2]. These 
processes occur under nonequilibrium conditions, and the heteroge-
neous nature of the surfaces makes their molecular-level origin difficult 
to study and understand. Accordingly, the dynamic structure of 
calcite-water interfaces and the role of ions in their hydrodynamic en-
vironments are still largely unresolved [3]. As an example, the electro-
kinetic charge of calcite remains the subject of ongoing debate, and 
particularly so with reference to the differing zeta-potential (ζ) behav-
iors observed by different authors, even when adopting comparable 
experimental conditions [4]. Despite these discrepancies, the electro-
kinetic potential of a sample is widely accepted to depend on the initial 
state of its surface and the composition of the contacting aqueous elec-
trolyte [5,6]. When a solid comes into contact with an aqueous elec-
trolyte and its surface groups react and/or exchange with water and 
ionic species in the solution, spontaneous surface charge development 
results. This first adsorbed layer, the immobile layer, contains ions that 
are tightly bound to the surface and is referred to as the Stern layer. The 
ions that neutralize the residual excess surface charge beyond the Stern 
layer are mobile ions and are considered to belong to the diffuse layer. 
The combination of Stern and diffuse layers are commonly referred to as 
the electrical double layer (EDL). The electrokinetic potential, i.e. ζ, is an 
experimentally accessible physical parameter that allows characteriza-
tion of the electrokinetic charge, and it is generally interpreted as the 
potential at the slipping plane, or shear plane, the exact location of 
which is the subject of ongoing research, but is expected to be some-
where near the diffuse layer plane (i.e., outer Helmholtz plane) of the 
standard EDL model. 

By moving the electrolyte in a microchannel along the surface under 
study, the excess charge of the diffuse layer will be dragged along, giving 
rise to the streaming current. Both electrokinetic phenomena, streaming 
current and streaming potential, can be measured. According to a recent 
study [7] in which flat polymer surfaces of differing roughness and 
textures were investigated, streaming potential data should not be 
interpreted based solely on absolute ζ readings, but rather on trends and 
plateaus in pH- and concentration-dependent data. Information 
regarding the electrokinetic potentials of macroscopic calcites with 
different roughness is scarce, especially for systems under nonequilib-
rium, i.e. highly reactive, conditions. In one such study, in a different 
context, Elimelech et al. [8] demonstrated that, in the initial deposition 
of colloidal particles in heterogeneous porous media, the controlling 
factor of the kinetics is the degree of chemical heterogeneity (i.e. 
spatially variable surface reactivity). The term surface reactivity in the 
context of calcite refers to reactions at the mineral surface, which 
determine its stability in a given environment or its resistance towards 
dissolution, while chemical heterogeneity in natural mineral contexts 
denotes different chemical compounds, including organic matter, trace 
elements or different phases, among others. 

Even more demanding than the study of the electrokinetic potential 
of calcites is the investigation of calcite charge alterations or time- 
dependent transformations, as is expected for mixed calcium hydrox-
ide and calcite interfaces in contact with aqueous solutions. Kosmulski 
[9] pointed out that, due to the solubility of calcium hydroxide and its 
reactivity towards carbon dioxide, the results reported in the scientific 
literature for mixed systems may be largely unreliable. Moreover, the 
actual degree of hydroxylation/hydroxyl coverage is unknown and 
changes dynamically. However, such systems are responsible for key 
phenomena in many areas of research and applications. For instance, 

knowledge of in-situ reaction pathways could enhance our mechanistic 
understanding of the coagulation of cement particles [10], carbon di-
oxide sequestration, and waste carbonation reactions [11], as well as 
other industrial applications in which basic calcium oxide surfaces are 
involved [12]. Furthermore, studies on thermal treatment of stone and 
mineral materials are relevant in order to understand the effect of fire 
damage on materials used for civil and building structures [13–15] or in 
concrete technology [16], among others. Although physical changes of 
stones caused by thermal treatment are well-studied phenomena 
[17–19], gaps exist concerning research on chemo-mineralogical alter-
ations, especially regarding transition temperatures and the extents of 
transformation as well as subsequent influences on the surface when the 
stones are again exposed to the environment and thus in contact with an 
aqueous electrolyte. In the aforementioned cases the reactions and in-
teractions at interfaces are difficult to follow experimentally. However, 
as a recent study demonstrated [20], the observation of electrokinetic 
phenomena can be employed to track in-situ transformations. 

In this study, we systematically modified the surface chemistry of 
metamorphic and sedimentary calcium carbonates by thermal treatment 
to induce partial phase and chemical transformations. We then deter-
mined the electrokinetic potentials of the resulting samples with the aim 
of improving our understanding of the role of phase transformations and 
modified (or newly created) porosity and reactivity. It should be noted 
that electrokinetic potential is investigated in this study and cannot be 
supplemented by titrable surface charge, which would yield additional 
insight in the interfacial charge, because it is difficult, if not impossible, 
to determine for calcite and calcium-hydroxides. Besides streaming 
current and potential measurements we used in-situ X-ray diffraction 
(XRD) and scanning electron microscopy (SEM) as ancillary techniques 
to explore in more detail the involved surface phenomena. 

The results obtained contribute to our understanding of solid calcite 
and mixed calcite and calcium-hydroxide surface reactivity in dynamic 
environments and provide knowledge for applications where time- 
resolved reaction pathways are of concern. Furthermore, given the 
large variability in the results concerning both the magnitude and even 
polarity of the electrokinetic potential for calcite previously reported in 
the literature, the characterization strategy described here may also 
contribute to a more accurate determination of the electrokinetic po-
tential for porous macroscopic, flat materials by considering nonequi-
librium and time-dependent changes, including the effects of pore 
conductivity and reactivity. 

2. Experimental section 

2.1. Materials 

Two natural carbonate stones, Apuan Marble (AM), often also 
referred to as Carrara Marble, quarried from the Apuan Alps in Tuscany, 
Italy, and Lumaquela de Ajarte (LdA), quarried from Ajarte Trevino, 
Spain, were provided by local quarrying companies. AM has a dense, 
fine-crystalline metamorphic structure mainly consisting of calcite 
(~99 wt%), and it is therefore often classified as a monomineralic rock 
(Fig. 1a). Traces of dolomite and quartz are frequently found in AM, but 
typically amount to less than 1 wt%. The grains have an average size of 
0.1 mm and the grain boundaries make up a large volume fraction of the 
bulk structure. This lithotype is known for its strength, which is related 
to its low Hg-open porosity of < 0.7%. LdA is a biogeneous sedimentary 
lithotype classified as a poorly washed biomicrite (fossil fragments 
embedded in a matrix derived from calcite mud) to microsparite (sparry 
calcite cement with readily discernible faces) [21], a so-called wacke-
stone [22], consisting of shell fragments embedded in a carbonate 
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matrix composed of recrystallized fossil components, mainly forami-
nifera and echinacea (Fig. 1b). Due to recrystallization, no clear 
distinction between the inclusion and the cementing minerals is 
possible, except for some larger biogenic fragments with sizes up to a 
few millimeters. LdA is both structurally and chemically more hetero-
geneous than AM. It is composed of ~96 wt% calcite and ~2 wt% quartz 
with smaller contributions from elements such as aluminum, magne-
sium, potassium, and iron, among others. A high amount of small 
intercrystalline pores and larger calcitic sparite crystals can be observed 
by thin-section optical microscopy. This limestone has a relatively high 
Hg-open porosity of ~24%. Chemical analysis as determined by XRF and 
porometric properties are available as Supplementary Data (Table S1 
and S2). 

2.2. Calcination 

Freshly cut 50 × 50 × 25 mm3 specimens of the natural carbonates 
were studied in their pristine (untreated) and thermally treated condi-
tions. Thermal treatment was performed in an electrically heated 
Thermo Scientific Heraeus K 114 furnace with a 3.5 L internal volume. 
The specimens were exposed to three subsequent cycles of thermal 
treatment consisting of a heating ramp at 40 ◦C min−1 followed by a 1 h 
isothermal step at 600 ◦C, and rapid cooling to room temperature before 
restarting the cycle. The duration of the isothermal step and the heating 
rate were chosen based on the results of preliminary experiments aimed 
at avoiding macroscopic failure of the samples (i.e., continuous cracks 
passing through the specimen). The goal of the cycling treatment was to 
achieve surface-limited phase transformation, whereby the specimens 
maintain their outer macroscopic shape and thus allow comparative 
measurements of ζ. The reversibility of chemical surface modifications 
under ambient storage conditions (in a desiccator open to atmospheric 
H2O and CO2 at room temperature) allowed time-dependent monitoring 
of ζ. The samples are labeled according to their preparation (pristine and 
aged) and storage prior to the zeta potential analysis, i.e., Aged1.5, 
Aged24 and Aged365 corresponding to storage after thermal treatment 
for 1.5 h, 24 h and 365 days, respectively. 

In order to preserve the morphologies of the altered surfaces for the 
purpose of SEM studies and to obtain well-contrasted grayscale images 
from the backscattering detector, which highlight chemo-mineralogical 
changes, the freshly thermally treated specimens were coated with a 
nanosilica suspension to consolidate the newly generated morphological 
features. The silica sol (NC-12C, Colorobbia S.p.A., Sovigliana-Vinci, 
Italy) was applied five days after the thermal treatment. The silica 

suspension comprised 15 ± 2 wt% particles approx. 35 nm in size, in a 
water-ethanol mixture. 

2.3. Characterization 

2.3.1. Physical and chemo-mineralogical characterizations 
SEM with energy dispersive X-ray spectroscopy (EDX) was used to 

qualitatively assess larger surface areas, corresponding more closely to 
the dimensions of the streaming channel for ζ-potential analysis. Size 
and shape of newly formed phases as well as changes in microstructure 
were investigated with a QUANTA FEG 450 instrument (FEI-Thermo 
Fisher Scientific, Inc.). The samples were mounted on aluminum stubs, 
coated with a 5-nm thick gold film prior to analysis, and observed at 
20 kV accelerating voltage in backscatter and secondary electron mode. 

Observations for thin sections were conducted with a petrographic 
microscope (Olympus BX41). The samples were embedded with the 
resin-hardener system XW 396 / XW 397 (Huntsman Corporation, Salt 
Lake City UT, USA) in a 10:3 wt ratio and cured overnight at 40 ◦C. 
Before mixing resin and hardener, 1.3 g Fluorol 008 or EpoDye (Struers 
Inc., Cleveland OH, USA) was added to 100 g of XW 396. The thin 
sections were polished to approx. 30 µm thickness and analyzed in cross- 
polarized-, plain polarized- and under UV-light. The characterization 
under different light helps to detect crystallographic orientations, 
textural differences or display porosity and cracks. 

Additionally, porometric properties, including the total pore surface, 
average pore size, and open Hg-porosity, were determined using the 
Porotec Pascal 140/440 porosimeter (Thermo Electron Corporation, 
former Thermo Fisher Scientific). 

Sound speed propagation of longitudinal ultrasonic waves was 
measured according to EN 14579 [23]. For the test an electrical pulse 
generator (CONOSONIC C2-GS), a pair of transducers (UP-DW) and an 
amplifier (VV 41) developed by Geotron-Elektronik (Pirna, Germany) 
were used. An average of 10 prisms (1 × 1 × 4 cm) were tested on a 
rubber support and a coupling medium made out of clay was used. The 
frequency amounted to 80 kHz and the amplitude was adjusted ac-
cording to sample damping. 

Surface color measurements were carried out with a ColorLite 
sph850 spectrophotometer following the standard EN 15886 [24]. These 
measurements involve the International Commission on Illumination 
CIE L*, a*, b* color parameters. A D65 illuminant at 10◦ standard 
observer with a reflectance spectrum in the range of 400–700 nm was 
used. An average of three measurements each of (L*), (a*), and (b*) 
obtained at the same spot of the calcite surface was used to obtain the 

Fig. 1. Micrographs showing the fabric of the studied stones as seen in thin sections under the optical microscope. a) Dense, fine-crystalline structure of Apuan 
Marble under cross-polarized light. The colors represent different crystal orientations. b) Porous, biocalcarenite Lumaquela de Ajarte under plane-polarized light. 
Shell fragments embedded in a matrix composed of recrystallized fossils are visible. The yellow-resin-impregnated thin section demonstrates the porosity of 
Lumaquela de Ajarte, which is virtually absent in Apuan Marble. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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total color difference (ΔE*) between pristine (p) and thermally treated 
(tt) samples using the following equation: 

∆E∗
tt,p =

[(
L∗

tt − L∗
p

)2
+
(

a∗
tt − a∗

p

)2
+
(

b∗
tt − b∗

p

)2
]0.5

. (1) 

Here, ΔL*(= L*tt − L*p) corresponds to the lightness difference, 
(Δa*) to the red/green difference, and (Δb*) to the yellow/blue differ-
ence of the tested stone specimens. ΔE* describes the metric difference 
or distance between two colors before and after thermal treatment. 

Nonambient or in-situ XRD diffractograms were recorded using a 
PANalytical X́Pert MPD Pro powder diffractometer (PANalytical B.V., 
The Netherlands) equipped with a X́Celerator detector and working in 
Bragg-Brentano θ-θ geometry. A partly focusing mirror was used to 
select the CuKα1/2 characteristic lines (λα1 = 1.54060 Å, λα2 
= 1.54443 Å) for the experiment. A high-temperature furnace (Anton 
Paar HTK 1200 N), operating in air under ambient pressure, allowed 
controlled thermal treatment on disk-shaped stone specimens 18 mm in 
diameter and ~2.5 mm thick. Diffractograms were recorded in-situ 
during the programmed temperature steps and allow direct observa-
tion of phase evolution with temperature. For each temperature step, 
data was continuously collected in the 2θ range 15–90◦ at a speed of 
0.01◦Δ2θ/s. Subsequently, the data were analyzed by the HighScore 
Plus software package [25] using the Powder Diffraction File (PDF4+
[26,27]; International Centre for Diffraction Data, Philadelphia, USA). 
Rietveld refinement was performed with TOPAS 4.2 [28] (Bruker-AXS) 
for quantitative analysis of the phases. Essentially, the Rietveld method 
[29] involves a full-profile fitting procedure, in which the difference 
between the experimental XRD diffraction profile and the calculated 
one, according to the information on structure models of each crystalline 
phase, is minimized through a least-squares procedure. The samples 
were first studied at room temperature and at selected points during the 
heating steps up to 600 ◦C (40 ◦C min−1 heating ramp) simulating the 
calcination conditions used earlier. Six subsequent XRD diffraction 
patterns were collected under isothermal conditions by pausing the 
heating ramp for 10 min at 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, and 500 ◦C. 
At 600 ◦C, constant temperature for 60 min was imposed, corresponding 
to six separate XRD data sets collected at this temperature. After thermal 
treatment, the samples were let to cool down to 35 ◦C while exposed to 
room temperature. This heating/cooling cycle was repeated three times 
to generate sufficient change on the surface layers. All three cycles were 
recorded by in-situ XRD. 

2.3.2. Experimental setup for streaming current and potential 
measurements 

Streaming current and potential measurements were performed with 
a SurPASS™ Electrokinetic Analyzer (Anton Paar GmbH, Austria) using 

a custom-made clamping cell (CC) with an asymmetric configuration 
and an adjustable gap cell (AGC) with a symmetric configuration 
(Scheme 1). 

In the CC, the two flat walls of the slit through which the electrolyte 
solution flows consist of a polypropylene (PP) support serving as a 
reference surface with holes for liquid inlet/outlet as well as a flat target 
surface (here a given carbonate sample under investigation). Note that 
the asymmetric configuration of the streaming channel implies a mixed ζ 
caused by the carbonate and the reference PP surface. The streaming 
channel, which is 12.5 mm in length and 6 mm in width, has a gap 
height of < 140 µm as fixed by a spacer. 

The AGC consists of two flat thin slices of the target carbonate 
specimen placed opposite each other, creating a channel 20 mm in 
length and 10 mm in width with a gap height that can be adjusted 
mechanically with a precision screw. By allowing the electrolyte solu-
tion to flow through the channel, true ζ of the material forming the 
channel walls can be determined as ζ-True(Istr) for streaming current or 
ζ-True(Ustr) for streaming potential measurements. 

Tests performed with the CC configuration comprised pH-dependent 
electrokinetic measurements performed on pristine, Aged24, and 
Aged365 surfaces using a 10–3 M aqueous KCl solution (Carlo Erba Re-
agents) in milli-Q® water as the background electrolyte. The electrolyte 
solution was purged with N2 throughout the measurements to prevent 
CO2 dissolution. The pH was adjusted in the pH range from 3 to 11 with 
either 0.05 M HCl or 0.05 M NaOH (Sigma-Aldrich Chemie GmbH) 
using the automatic dosing unit of the SurPASS apparatus. Starting pH 
values were between 5.5 and 6.5. The asymmetric configuration of the 
CC was generally preferred for studies of surface modification and 
reactivity because of rapid and precise sample mounting. All measure-
ments were performed at least in duplicate for the pristine and thermally 
treated calcite. The result reported for each measurement at the given 
experimental conditions (pH, specimen condition) is the average of four 
consecutive measurements for which the standard deviation is provided. 
Before each measurement, the surface of the pristine carbonate was 
cleaned with pressurized argon to remove any particulate matter. Then 
the sample was mounted in the measuring cell and rinsed with the 
probing electrolyte solution for approx. 5 min. This was necessary for 
proper wetting of the electrodes and to establish laminar flow conditions 
and contact between the solution and natural carbonate to ensure 
repeatability of the experimental results. 

Continuous time-resolved experiments were also performed using 
both CC and AGC configurations. AGC experiments comprised long- 
term, alternating streaming current and streaming potential measure-
ments on pristine calcites. The more accurate AGC setup is difficult to be 
used for thermally treated calcites owing to (i) the challenging fabri-
cation of the < 2 mm thick, precisely cut stone slices required for the 

Scheme 1. Schematics of a) the adjustable gap cell (AGC) configuration and b) the clamping cell (CC) with an asymmetric configuration for ζ analysis of flat 
macroscopic surfaces and the generation of either streaming current with a low resistance path or streaming potential with a high resistance path. The dimensions are 
not to scale. 
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AGC, resulting in nearly systematic breakdown of the brittle carbonates; 
(ii) the macroscopic cracks caused by thermal treatment through dif-
ferential stresses within the small samples; and (iii) the time-consuming 
adjustment of gap height and flow rate to ensure suitable conditions for 
flow in the AGC, which causes inevitable, substantial reactions with the 
surfaces before reliable data could be collected. Long-term experiments 
performed with the CC configuration included alternating streaming 
current and potential measurements on thermally treated calcites, 
labeled as Aged1.5. With these specimens, long-term monitoring was 
possible for a more reactive state, i.e., 1.5 h after the thermal treatment. 
It should be noted that we intentionally omitted the use of samples in 
such a reactive state for all tests because re-carbonation induced gluing 
of the specimens to the sample holder. In addition, the AGC configura-
tion allowed to determine the fractional contribution of the reference PP 
surface to the overall measured ζ. 

2.3.3. Calculation of ζ, corrections for permeability and pore conductivity 
and fractional contribution of the reference surface to the measured ζ 

The value of ζ is evaluated from the streaming potential or streaming 
current that arise due to the electrolyte flow generated by an applied 
pressure gradient tangential to the surface of the material under study. 
Evaluation of ζ is usually done via the well-known Helmholtz–Smo-
luchowski equation for streaming current: 

ζ(IStr) = dIStr

d∆p
η

εεo

L
A
; (2)  

where ζ(Istr) represents the ζ-potential derived from streaming current 
measurements, 

(
dIStr
d∆p

)
is the streaming current coupling coefficient 

experimentally obtained from the slope of the linear fit of streaming 
current [A] to pressure difference (Δp) ramp [Pa], η is the dynamic 
viscosity of the electrolyte [Pa s], and ε and εo are the dielectric constant 
of the electrolyte solution and the vacuum permittivity [8.854 × 10−12 

F m−1], respectively. 
Since Eq. (2) applies under laminar flow conditions, and the flow 

regime is related to the geometry of the streaming channel and the flow 
rate, the factors affecting such properties must be accounted for. For a 
microchannel of length L [m] and rectangular cross-sectional area A 
[m2] given by channel width W and height H, from the Hagen-Poiseuille 
relation and according to the approximation of Bruus [30], the volume 
flow rate V̇ [m3s−1] is given by Eq. (3): 

V̇ = dV
dt

= H3W
12ηL

∆p
[
1 − 0.630 HW−1]. (3) 

When H<<W, i.e., HW–1 → 0, the last term [1–0.630 HW–1] ≈ 1 and 
the gap height is obtained: 

H =
(

12η L
W

V̇
Δp

)1/3

; (4)  

where the gap height of the microchannel is determined by the volume 
flow rate versus pressure difference and the linear dependence of V̇∝∆p 
assumes laminar flow conditions. To account for the actual dimensions 
of the flow channel, which becomes necessary when different measuring 
cells are used, the following relationship applies: 
ζapp

IStr

ζcorr
IStr

=
L
A
Lᶦ
Aᶦ
; (5)  

which uses the apparent or measured values (ζapp
IStr ), as reported by the 

instrument software, over the corrected values (ζcorr
IStr ), as given by the 

custom-made cell. By rearranging, the geometrical corrections can be 
accounted for through Eq. (6): 

ζcorr(IStr) = LI

L
W
W I

H
HIζ

app
IStr

. (6) 

The gap height of the channel is calculated from the ratio between 
volume flow rate and pressure difference, but since a transition from 
laminar to turbulent flow may occur in the case of highly porous car-
bonates, a correction for potential nonlinear dependency might be 
necessary (see Fig. S1). Taking the corrected term (Hᶦ) over the apparent 
gap height (H), Eq. (7) is obtained: 

HI =
(

kI

k
LI

L
W
W I

)1/3

H; (7)  

where (k) and (kᶦ) equal 
(

V̇
Δp

)
as linear and polynomial fits, respectively. 

Linear regression of nonlinear dependency would underestimate the gap 
height. The slope of a second-order polynomial fit at Δp → 0 Pa de-
scribes the permeability of the flow channel more reliably. Therefore, by 
inserting Eq. (7) into Eq. (6), the geometrical correction can be intro-
duced as follows: 

ζcorr(IStr) =
(

k
kI

)1/3(LI

L
W
W I

)2/3

ζapp
I Str; (8)  

where (ζcorr
IStr ) estimates the corrected ζ-potential of the studied porous 

carbonate surfaces. 
An additional approximation of Eq. (2) regards the related electro-

kinetic phenomenon, the streaming potential given by Eq. (9): 

ζ(UStr) = dUStr

d∆p
η

εεo
κB; (9)  

where 
(

dUStr
d∆p

)
denotes to the streaming potential coupling coefficient 

[VPa−1] and κB the conductivity of the bulk electrolyte solution [S m−1]. 
The latter value is an additional parameter that needs to be measured 
and as such it introduces additional errors when intrinsic ζ values need 
to be obtained. This is why Eq. (2) is more convenient for calculating ζ 
when the channel geometry is known. 

Since even sparingly soluble minerals like calcium carbonate disso-
ciate in water, yielding a weak electrolyte solution, dissolution phe-
nomena at the material surface release ions, which contribute to the 
conductivity inside the streaming channel (and also to the conductivity 
of the bulk electrolyte solution). As the resulting increased conductivity 
would lead to an underestimation in the calculation of ζ, corrections are 
necessary. The farther the material under study is from equilibrium 
conditions, the larger is the possible deviation from the unperturbed 
model. At this point, the difference between surface conductivity and the 
ionic or pore conductivity needs to be emphasized. Both properties will 
underestimate ζ obtained through streaming potential measurements, 
but they refer to different phenomena. To analyze if surface conductivity 
effects can be neglected in the case of flat surfaces, the channel heights 
are varied in respect to the liquid bulk conductivity [31,32]. As in the CC 
configuration the gap height is fixed and the calcite surfaces are rough, 
the effect of pore conductivity will dominate and is accounted for 
through measurements of the electric resistance R along the streaming 
channel by using the ratio of streaming potential and streaming current: 
UStr

IStr
= R. (10) 

This approach represents a simplified case and neglects effects of 
surface conductivity on the determined ζ-(Ustr), which diminish at 
conditions of ≥ 1 mM KCl and gap heights > 50 µm as employed in the 
present work. Surface conductivity was accounted for in various 
experimental settings where the electrolyte flows through porous media 
[33,34]. To account for the effect of ionic or pore conductivity for flat 
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solid surfaces, Eq. (11) is obtained: 
ζapp

UStr

ζcorr
UStr

= κB

κI
B

where κI
B =

(1
R

L
A

)
. (11) 

κᶦ
B corresponds to the measured electrical conductivity inside the 

streaming channel as a function of the channel geometry. By solving for 
correct ζ values, we obtain Eq. (12): 

ζcorr(UStr) = 1
κB

κI
B ζapp

UStr
. (12) 

The use of streaming potential relies on the substitution of the 
streaming current using Ohm’s law (I = U/R, where R [Ohm] is the 
electrical or cell resistance inside the streaming channel). However, 
Ohm’s law is disobeyed because of the local excess concentration of ions 
that results in a higher electrical conductivity when compared to the 
conductivity of the bulk electrolyte solution. This difference can be used 
to analyze the reactivity of different surfaces and thus, by using Eq. (12), 
and with the previously introduced corrections for the nonlinear de-
pendency conditions and for channel geometry, Eq. (13) is derived: 

ζcorr(UStr) =
( 1

κB

)(1
R

L
A

)(
k
kI

)1/3(LI

L
W
W I

)2/3

ζapp
UStr

. (13) 

Fairbrother and Mastin [35] assumed that surface conductivity is 
suppressed when the conductivity of the electrolyte is high. However, 
when altering the surface, the conductivity of the contacting electrolyte 
solution may be modified, particularly for porous surfaces. This effect of 
pore conductivity and related changes in the streaming channel may 
become a key issue for porous carbonates, which ultimately requires the 
corrections introduced in Eq. (13). Since the measurements in the pre-
sent work were carried out under nonequilibrium conditions, the ionic 
conductivity of the sample may be used as an indicator of surface 
reactivity. In fact, the observed changes caused by material contribution 
(dissolution and ion accumulation) to the overall conductivity can be 
used to study porosity alterations and reactivity in dynamic environ-
ments by: 
κᶦ

B − κB ≈ poreconductivity. (14) 
It should be noted that the absolute values of pore conductivity 

depend on both cell resistance and bulk conductivity. Therefore, they 
can only be compared for same cell configurations and sample 
conditions. 

If the CC is used, the fractional contribution of the reference PP 
surface to the overall determined ζ needs to be considered. Walker et al. 
[36] assumed equal contributions from their reference surface and 
different sample surfaces. As streaming potential techniques directly 
related to the average ζAvg, knowledge of either ζRef of the reference 
surface or ζTest of the tested material is required to achieve a complete 
information on the system according to the following relation: 
ζTest = 2ζAvg − ζRef . (15) 

In an earlier study Elimelech et al. [8] used a linear combination of 
the ζ values of two mixed materials: 
ζAvg = λζ1 +(1− λ)ζ2; (16)  

where λ and 1-λ are the fractional total surface areas of the two materials 
characterized by different ζ values, ζ1 and ζ2. Eq. (15) can be used only 
in cases where λ = 0.5; on the other hand, if all terms of Eq. (15) can be 
measured, the value of λ can be obtained as: 

λ = ζAvg − ζ2
ζ1 − ζ2

. (17)  

3. Results and discussion 

3.1. Analysis of textural changes after thermal treatment 

The textural (or rock microstructural) evolution after thermal 
treatment was investigated by quantifying surface color changes, the 
formation of microcracks, and the development of new phases on the 
surface of the carbonates, as observed by polarized light- and scanning 
electron microscopy. Upon thermal treatment, AM samples turn opaque 
and dull due to phase transformation and changes caused by the induced 
microcracks. The surface of AM becomes whiter while LdA undergoes a 
darkening of the bulk fabric after thermal treatment (see Table 1). The 
change in LdA’s color after thermal treatment ranges from reddish to 
greyish and it is caused by changes of iron-oxy-hydroxide and iron-oxide 
or similar iron-bearing minerals present in trace amounts in its fabric. 
Such color change is controlled by mineralogical alterations also 
affecting the surface chemistry. Moreover, immediately after the ther-
mal treatment a formation of a whitish surface layer on both carbonates 
was observed, as a result of quick re-carbonation of the CaO surface 
layer generated by the thermal treatment and the presence of some 
reactive calcium hydroxide residues (as can be assessed by a 0.1% 
phenolphthalein indicator solution). 

As the studied stones formed under different conditions, their fabric 
differs (see Fig. 2a–d), which normally implies that their response to 
thermal treatment will vary. Crack development is the result of ther-
momechanical stresses caused by several contributions. The most 
important one is the strong anisotropy of the thermal expansion coef-
ficient of calcite, which is positive along its c-axis and negative 
perpendicular to it [37]. For AM, the microcracks are more pronounced, 
owing to its dense structure. The cracks were found to be of both inter- 
and trans-granular nature, resulting in increased porosity and newly 
generated exposed surfaces (Fig. 2e). Such severe changes on AM are 
also displayed by the porometric data (Table 2), showing a noticeable 
increase in average pore size and total porosity after thermal treatment. 
Conversely, the porous LdA is more effective in accommodating stresses 
due to the pore space available for thermal expansion, preventing strain 
accumulation at interfaces between neighboring minerals, so that the 
change in porosity remains marginal. A micrographic documentation of 
both stones before and after treatment, taken at the same magnification, 
can be seen in Supplementary Data (Fig. S2). 

As LdA has an inhomogeneous fabric, microscopic techniques are not 
reliable in confirming the presence of micro cracks. Therefore, sound 
speed propagation was measured before and after thermal treatment to 
confirm the presence of microstructural changes (Table 3). The ultra-
sound pulse velocity decrease after the thermal treatment, correspond-
ing to longer traveling paths. This indicates widening of existing cracks 
and generation of new ones. Therefore, a reduction of soundness due to 
newly generated micro cracks was confirmed. 

Phase transformation is likely to be initially limited to surface and 
subsurface layers as heat transfer proceeds from the outer parts to the 
inner core of the specimen and also because of the diffusion-limited 
escape of CO2 resulting from carbonate decomposition. The mild ther-
mal treatment adopted prevented decomposition or significant phase 

Table 1 
Color difference measured between pristine and thermally treated Apuan Marble 
(AM) and Lumaquela de Ajarte (LdA).  

Stone ΔL* Δa* Δb* ΔE* 
AM 9.17 ± 0.12 0.91 ± 0.03 2.31 ± 0.16 9.5 ± 0.11 
LdA − 11.4 ± 0.57 0.58 ± 0.05 − 2.53 ± 0.13 11.69 ± 0.58 

ΔL* the lightness coordinate ranging from 0 (black) to 100 (white), with 
negative values meaning darkening; Δa* the red/green coordinate, with 
+a* indicating redness and −a* indicating greenness; and Δb* the yellow/blue 
coordinate, with +b* indicating yellowness and −b* indicating blueness. 
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transformations of the bulk material. Locally high CO2 concentration in 
pores may also have hindered phase transformations in calcite [38]. On 
the surfaces, changes caused by thermal treatment were mostly observed 
in the form of small precipitates, as is the case for AM (Fig. 2f). More-
over, a honeycomb-like texture on the mineral is observed in the sub-
surface area of the same carbonate, which might be an effect of the 
thermal treatment (Fig. 2g). Here, the vicinity to the surface and the 
newly opened cracks offer escape routes for CO2, favoring the progress 
of thermally induced degradation processes. 

The SEM analysis clearly indicates products of the thermal decom-
position on the surface of AM, showing the presence of rhombohedral 
crystal bundles of ~1 µm cross-section (Fig. 2h). However, the solvent of 

the silica sol may be a possible aid in the growth of well-formed crystal 
nuclei during re-carbonation. Future experiments with solvent and 
without silica should address this possibility. Moreover, a rim present in 
the silica matrix around the newly formed calcite crystals shows that 
calcium is mobilized, since a concentration gradient can be observed 
around the calcite crystals embedded in the silica matrix (see SEM/EDX 
spectra in Supporting Data Fig. S3a). Concerning LdA, phase trans-
formation is only indicated by a whitish discoloration of the nanosilica 
consolidating matrix, which presents a distinguished intensity in Ca-Si 
ratio, as detected by SEM/EDX (Fig. S3b). Well-formed crystals are not 
observed for this carbonate under the given conditions. Therefore, 
changes on surfaces of AM are indicative to be more severe when 
compared to those present at surfaces of LdA. Overall, the post- 
treatment with colloidal nanosilica proved useful in preserving newly 
formed species embedded in the silica matrix. 

3.2. Phase evolution with temperature as analyzed by in-situ XRD 

In-situ XRD allowed us to follow the phase transformations from the 
onset a function of temperature. Fig. 3a and b illustrates the quantitative 
phase evolution with temperature obtained from Rietveld refinement of 
the XRD patterns (exemplary diffractograms can be seen in Figs. S4 and 
S5). The two samples follow the same trend of thermal decomposition 
and re-carbonation, but to different extents and with varying offsets 
concerning initial decomposition. For AM, the presence of CaO is first 
detected (approx. 1 wt%) after 10 min isothermal treatment at 600 ◦C in 
the first heating cycle (see Fig. 3a). At the end of the three subsequent 
heat/cool cycles, the amount of newly formed CaO is 78.8 wt%, the 
remaining fraction being CaCO3, which has decreased from its initial 
total amount of 98.8 wt%. The small fraction of dolomite disappears 
after the first heating cycle during the isothermal stage at 600 ◦C. Ac-
curate quantification of the products of dolomite decomposition into 

Fig. 2. Surfaces of freshly quarried a-b) Apuan 
Marble and c-d) Lumaquela de Ajarte display-
ing differing roughness as observed with a sec-
ondary electron detector. e) Inter- and intra- 
granular microcracks in the fabric of Apuan 
Marble after thermal treatment. The visualiza-
tion of cracks was performed using UV-light on 
a thin section embedded in a fluorescence resin. 
f-g) SEM images of a broken fragment of a 
thermally treated Apuan Marble sample 
showing f) precipitates on the surface, and g) a 
honeycomb-like texture, possibly as a result of 
beginning thermal degradation, located at an 
intergranular boundary in the vicinity of the 
surface. h) Backscatter electron images of 
embedded rhombohedral crystal in the nano-
silica matrix on the surface of thermally treated 
Apuan Marble and, i) secondary electron im-
ages of the discoloration of the nanosilica ma-
trix due to calcium mobilization on surfaces of 
thermally treated Lumaquela de Ajarte.   

Table 2 
Porometric data from mercury intrusion tests for specimens in pristine and 
thermally treated (aged) conditions for Apuan Marble and Lumaquela de Ajarte.   

Apuan marble Lumaquela de Ajarte  
Pristine Aged Pristine Aged 

Total pore surface [m2 g−1] 0.14 0.23 3.03 3.77 
Average pore diameter [µm] 0.08 0.24 0.15 0.14 
Hg-total porosity [%] 0.72 3.58 23.85 25.12  

Table 3 
Sound speed propagation before (pristine) and after thermal treatment (aged) on 
Apuan Marble (AM) and Lumaquela de Ajarte (LdA).  

Stone km s−1 Pristine Aged 
AM Mean 6.17 2.17 

Max/Min 6.28/6.09 2.36/1.85 
LdA Mean 3.22 2.6 

Max/Min 3.27/3.15 2.65/2.52  
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periclase or brucite was not possible because of their low abundances 
(< 2 wt%) and texture effects. 

The onset of thermal decomposition for LdA is delayed compared to 
AM and occurs after 40 min of the first isothermal stage at 600 ◦C. At the 
end of the three heat/cool cycles, the absolute amount of newly formed 
CaO is ~32 wt%, and correspondingly the remaining calcium carbonate 
accounts for ~67 wt%. Quartz transforms reversibly from its room 
temperature form α-quartz to β-quartz at 573 ◦C at one atmosphere of 
pressure. Due to its low amount (< 1 wt%), the fluctuations in phase 
fraction observed during the thermal cycles (Fig. 3b) are likely caused by 
the structural changes produced by the phase transition, as explained in 
Supplementary Data, Fig. S6. 

The difference in the onsets of thermal decomposition and the final 
conversion degrees for the two carbonates can be ascribed to their 
different microstructural features (i.e., sample surface roughness and 
porosity) exerting control on thermal transport properties [39]. As the 
thermal conductivity of air at 600 ◦C is lower than that of calcite, the 
former acts as an insulator, slowing down heat transfer more effectively 
in the porous variety of LdA compared to AM. Overall, the more densely 
packed AM decomposes earlier because the intergrain thermal resis-
tance is low due to the higher surface area of contact between grains. 

An intriguing observation on both carbonates is the retrograde re-
action, through which the metastable CaO transforms back to CaCO3 
(Fig. 3, shaded areas). The high-temperature thermal decomposition 
CaCO3(s) → CaO(s) + CO2(g) is typically followed, under normal envi-
ronmental conditions, by re-carbonation as a two-step reaction. This 
involves absorption of atmospheric H2O and results in the formation of a 
hydrated Ca(OH)2 intermediate. Subsequent absorption of atmospheric 
CO2 with release of H2O causes the net back reaction CaO(s) + CO2(g) → 
CaCO3(s). While the presence of residual water can be excluded after the 
first thermal cycle, the highly reactive CaO is metastable also in the 
presence of CO2 for the thermally treated specimens during the cooling 
and re-heating cycles, because some CO2 is confined within their porous 
structures. The activation energy for the back reaction is provided by 
temperatures ranging from ~400 ◦C to ~500 ◦C, as shown by the 
reversal of the phase transformations in the last stage of the second and 
third heating ramps (shaded areas in Fig. 3). This structural reorgani-
zation (i.e., decomposition/re-carbonation reaction) and the cyclic heat- 
treatments are responsible for a surface limiting transformation, pre-
serving the outer shape of the specimen, and allowing us to carry out 
streaming current and potential measurements. 

3.3. Time-resolved monitoring of ζ and pore conductivity of pristine and 
thermally treated samples 

By using the AGC configuration, the true ζ values, ζ-True(Istr) and 
ζ-True(Ustr), are obtained (Fig. 4a–d). A key finding using the AGC is that 
ζ values resulting solely from the carbonates surface exhibit differing 
electrokinetic potentials and drift directions for the two studied speci-
mens. The dense variety AM starts at a ζ-True of − 19 mV and remains 
negative over 60 h of continuous measurements, reaching a nearly sta-
ble value of approximately − 10 mV within the first 24 h (Fig. 4a and b). 
Conversely, LdA exhibits an initially positive ζ-potential that shifts to 
negative values after ~30 min (Fig. 4c and d). Moreover, AM, the dense 
crystalline material with a rather smooth surface, under the studied 
conditions dissolves (or reacts) less and more slowly than LdA, which is 
an inhomogeneous, rough and brittle conglomerate. Therefore, one 
distinctive difference between pristine LdA and AM is that the former 
always causes larger pH shifts in contact with a neutral solution as it has 
a higher surface roughness. For macroscopic flat surfaces, the surface 
roughness, which comprises all textural and microstructural features of 
the stone surface including effects of grain edges and boundaries, is 
known to contribute to the reactivity of the carbonates as it is related not 
only to the specific surface area but also to varying crystal faces and 
defect density [40]. Similarly, for crystal surfaces, surface topography 
influences the reactivity of calcite [41]. For AM, the pH first increases 
and then decreases slightly. The decrease corresponds to a proceeding 
equilibration which is not reached in the given time-frame. ζ becomes 
less negative with time, which can be attributed to dissolution. This can 
also be confirmed by a constant increase of the bulk conductivity. The 
results show that a lack of equilibrium is responsible for the differing 
ζ-potentials in different carbonates. Besides, the specific surface area 
and the related reactivity of a given carbonate determines the delay time 
before a meaningful electrokinetic potential is reached within the initial 
periods of testing. 

As concerns the pore conductivity of the stones in pristine conditions, 
its contribution affects the recorded streaming potential as a result of the 
presence of additional pathways for the conduction current through the 
porous network. By comparing the pore conductivity of pristine AM and 
LdA it is evident that porosity and pore conductivity correlate, a higher 
pore conductivity corresponding to a higher surface porosity. Thus, the 
higher the porosity, the more severe the underestimation of ζ as deter-
mined by streaming potential (see the difference between ζ-Istr and ζ-Ustr 
in Fig. 4). The pore conductivity causes an underestimation of ζ-Ustr 

Fig. 3. Phase evolution (wt%) with temperature obtained from Rietveld refinement of in-situ XRD patterns for a) Apuan Marble and b) Lumaquela de Ajarte. Shaded 
areas highlight the retrograde reaction (in the second and third heating ramp) while the dotted line indicates the onset of thermal decomposition during the 
isothermal treatment (only reported for the first thermal cycle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 4. Time evolution of ζ as obtained from streaming current (Istr) and streaming potential (Ustr) measurements with corresponding pH, bulk- and pore conductivity 
measurements, on pristine (green) and thermally treated (red) surfaces. Measurements performed with the AGC (pristine) and CC (thermally treated) configurations 
using an aqueous 10−3 M KCl probing electrolyte solution: a-b) pristine Apuan Marble; c-d) pristine Lumaquela de Ajarte; e-f) thermally treated Apuan Marble 
(ζ-Aged1.5) and g-h) thermally treated Lumaquela de Ajarte (ζ-Aged1.5). Tests were performed until ζ stabilizes or the isoelectric point (IEPpH) was approached/ 
reached. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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values by up to 90% in the case of the highly porous LdA, whereas the 
underestimation amounts to < 10% for pristine AM. After the thermal 
treatment, the underestimation of AM increases up to 80% while for LdA 
it remains the same due to its high porosity even in the pristine state. 

The thermally treated samples (ζ-Aged1.5) expose mixed calcite and 
calcium hydroxide surfaces. The positive ζ measured for thermally 
treated samples may be explained by a combination of solubilization and 
re-adsorption processes involving calcium hydroxide, with preferential 
solubilization of the hydroxide anion along with preferential re- 
adsorption of solubilized Ca2+ cations. The slow decrease of the abso-
lute value of ζ and ultimately sign reversal from positive to negative 
might be the result of multiple processes that possibly change with time, 
involving also residual calcium oxide from underneath the hydroxide 
layer. Kinetic processes including physical and chemical adsorption as 
well as coupled dissolution-precipitation reactions might explain why ζ 
is altered [42,43]. By comparing the pH and bulk conductivity evolution 
over time upon contacting the thermally treated specimens, it is indic-
ative that the electrokinetic potential will depend on the amount of 
reactive material present at the surface. While neither the exact frac-
tional amount of reactive phases nor the effective surface area are 
known, the results of the measurements performed with the CC (and 
thus involving the reference PP surfaces) clearly show that the phases 
that are more reactive govern the net electrokinetic potential 
(Fig. 4e–h). Thermally treated AM exhibits a higher pH increase and 
larger magnitude of ζ during the initial period of the experiments as 
compared to LdA. This difference in alkalinity between the carbonates 
corresponds to the in-situ XRD analysis with AM having a higher amount 
of calcium oxide formed than LdA. This can be further confirmed by the 
increase of bulk conductivity in the initial period during the experiments 
and the absolute values (compare the steepness of the bulk conductivity 
curve between AM and LdA < 2 h and the absolute values reached). 
Likewise, the isoelectric point (IEPpH) will be influenced by the surface 
fraction of phase-transformed species (Table 4). After the initial period, 
the pH remains nearly constant for the thermally treated samples. The 
reactivity of calcite is indicated by alterations in ζ, bulk- and pore 
conductivity. For AM-Aged1.5 ζ approaches zero after 8 h of testing. 
Changes in pore conductivity reflect solution changes in the micro-
channel. The bulk conductivity decreases only slightly after 3 h of 
testing. Similarly, ζ of LdA-Aged1.5 approaches zero after 8 h. Unfortu-
nately, the pore conductivity alterations on LdA surfaces cannot be 
tracked with great precision as the readings are suppressed by the 
presence of high surface porosity. The bulk conductivity of LdA starts 
decreasing after approx. 6 h of testing. Normally, a decrease on bulk 
conductivity indicates that ions are removed from the solution but more 
experiments are needed to confirm these alterations in regard to ζ and to 
rule out experimental errors. 

In general, the time-resolved measurements show that the carbon-
ates are prone to partial dissolution, which is known to cause differences 
in ζ [44,45]. Such processes are responsible for changes in composition 
of both the surface and the solution (pH and ionic strength), and 
therefore of the EDL instantaneous composition. Even if in conditions 
far-from-equilibrium, the dynamics of these surfaces can be followed 
through the induced alterations in ζ, pH, bulk- and pore conductivity, 
which in turn allow to estimate time-dependent changes of these 

systems. Thus, nonequilibrium phenomena or time dependent changes 
in ζ allow to study effects of ageing, temperature or modifications of the 
composition of contacting solutions that are important for various ap-
plications [46–48]. 

3.4. pH-dependent electrokinetic measurements 

When a reactive surface undergoes pH-dependent dissolution and 
reprecipitation reactions, the associated phenomena cause local per-
turbations in pH and ionic strength, which may extend to several mo-
lecular layers above the surface. In such cases, the possibility that the 
electrokinetic measurements do not accurately represent the electroki-
netic charge and the occurring surface processes, has to be considered. 
On the other hand, while the absolute ζ values from single-point mea-
surements may be significantly affected by the nonequilibrium interfa-
cial dynamics and the ensuing perturbations of the probing electrolyte 
solution, IEPpH can be taken as a more reliable parameter; therefore, the 
electrical properties of the surfaces will be discussed based on this 
property, taken as a measure of the modifications occurring at the sur-
face. The pH- and salinity dependent behavior of the carbonates was 
studied by performing a series of electrokinetic measurements over a 
defined pH range (hereafter referred to as titration), with the goal of 
analyzing the differences in surface reactivities of the two carbonates 
according to their different nature and as caused by the effects of ther-
mal treatment and environmental re-carbonation processes. 

In Fig. 5 it is evident that the thermal treatment had an effect on ζ 
and the IEPpH for AM as opposed to LdA. The effect on AM can be dis-
cussed in terms of an enhanced alkaline behavior after thermal treat-
ment (ζ-Aged24) and a recovery due to re-carbonation (ζ-Aged365), while 
the measurements on LdA are not significantly affected by the thermal 
treatment due to its higher porosity promoting solubilization of the 
carbonate surface already before the thermal treatment. Specifically, the 
ζ-Aged24 results for AM can be explained by its chemical surface 
composition consisting of strongly alkaline CaO that quickly hydrates to 
Ca(OH)2 upon contact with the electrolyte solution. This causes ζ to 
remain positive throughout the whole explored pH range as a result of 
preferential solubilization of the hydroxide anion and/or increased 
preferential re-adsorption of Ca2+ cations (Fig. 5a), as already discussed 
in Section 3.3. By titrating from neutral towards increasingly alkaline 
pH, ζ-Aged24 decreases in magnitude and IEPpH is eventually reached at 
pH ≈ 11. Even one year after the thermal treatment, a complete re-
covery of the surface towards the original carbonate does not occur; this 
is shown by the shift in IEPpH from pH 3.4 of the pristine stone to pH 4.6 
for Aged365. The observed slight difference between ζ-Pristine and 
ζ-Aged365 can be at least partially explained by a more effective release 
of lattice ions after thermal treatment and re-carbonation, ascribed to 
the increased specific surface area and enhanced solubility of the newly 
generated carbonate surfaces. Furthermore, the absence of organic 
matter contamination (completely removed, if initially present, by the 
thermal treatment) may further contribute to a less negative ζ value in 
the Aged365 sample [49]. In addition, AM Aged365 samples displayed a 
cell resistance of ~450 kOhm, much lower than the ~1150 kOhm of the 
pristine sample (Table 5). The decrease in electrical resistance inside the 
streaming channel gives additional evidence for the thermally altered 

Table 4 
Summary of relevant properties of pristine and thermally treated (Aged1.5) Apuan Marble (AM) and Lumaquela de Ajarte (LdA) as determined in the asymmetric (CC) 
and the symmetric (AGC) cell configuration. Note that absolute values of pore conductivity can only be compared for same configurations and sample conditions, as 
both the cell resistance and the bulk conductivity depend on the amount of the sample tested and therefore, on the type of cell used.  

Sample ζ-Istr [mV] Testing pH IEPpH Cell Res. [kOhm] Pore Cond. [mS/m] 
AM (AGC) Pristine − 19 ± 1.6 to − 10 ± 0.3 7–8.6 n/a 623 ± 53 2.5–2.1 
LdA (AGC) Pristine 5.5 ± 3.6 to − 5.1 ± 1.9 8.2–9.1 8.9 151 ± 1 78–77 
AM (CC) Aged1.5 45 ± 9.5 to –5.0 ± 16 9.6–9.8 ~9.8 170 ± 28 44–16 
LdA (CC) Aged1.5 18 ± 13 to − 6.5 ± 1.3 8.1–9.6 ~9.6 139 ± 2 107–104  
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surfaces being more prone to dissolution. 
Unlike for AM, ζ of LdA does not reach IEPpH in the explored pH 

range (Fig. 5b) with values ranging between −22 mV and −30 mV for 
4 < pH < 10 for all specimen conditions. No effect on ζ and the IEPpH 
are present on surfaces of LdA (Aged24), which can be explained by 
faster re-carbonation. However, the pristine and Aged24 LdA show 

enhanced surface reactivity compared to the Aged365 sample. This can 
be seen through the small pH shifts recorded in certain pH ranges that 
are indicative of the buffering capacity by the material surface (Fig. 5c). 
This conclusion is further supported by comparing the results of the 
initial ζ measurement for each sample (i.e., the first ζ value recorded for 
each titration scan, towards acid and basic pH, respectively). The 
smaller dispersion of Δζ = 2 mV for LdA (Aged365) as compared with 
Δζ = 5–8 mV for pristine and LdA (Aged24) may indicate higher re-
activities of the surfaces. The best repeatability in the case of LdA 
(Aged365) occurs, we think, by coincidence rather than by any specific 
behavior of LdA. Much better correlation between the ζ from the pH 
scans is observed for AM, independent of its condition. 

A peculiar evolution of ζ in the course of titration is observed at 
pH < 5 where negative ζ increases in magnitude. For pristine and LdA 
(Aged24), the increase in negative ζ starts below pH 4.5 while the ζ of 
LdA (Aged365) first increases and passes an apparent maximum at pH 
~3.2 before decreasing again. Other than the reproducibility of ζ for 
subsequent streaming current measurements at the native pH of the 
aqueous KCl solution, which we attribute to the varying reactivity of 
LdA samples, we explain the behavior of ζ at lower pH by the effect of 
specimen porosity on ζ analysis. Porous materials soaked with aqueous 
solution become conductive. In the course of the experiment the effect of 
this ionic conductivity increases with sample porosity and thickness. 
Both, porosity and thickness are significant for LdA. While pore con-
ductivity suppresses ζ as obtained from streaming potential measure-
ments [50], the contribution of streaming current inside pores, which is 
enabled by the conductive pathways through interconnected pores [51], 
to the measured streaming current becomes dominant. The uptake of the 
aqueous solution into the carbonate by capillary force leads to a partially 

Fig. 5. Streaming current titration in the 3 < pH < 11 range performed on pristine and thermally treated (Aged24, Aged365) surfaces of a) Apuan Marble, and b) 
Lumaquela de Ajarte, as analyzed in CC configuration (N2-purged 10−3 M aqueous KCl probing solution). The shaded areas represent standard deviation ranges. Note 
that these results involve a combination of pH and salinity variations as the ionic strength changes during titration. Panel c) exhibits the initial pH after rinsing versus 
titration volume added to reach a pH of 5.5 for both stones and all studied conditions. The auto titrator proceeds by adding given amounts of 0.05 M HCl aqueous 
solution to the probing electrolyte, thus the small pH shifts recorded in certain pH ranges are indicative of the buffering capacity by the material surface. 

Table 5 
Summary of relevant properties of pristine and thermally treated (Aged24, 
Aged365) Apuan Marble (AM) and Lumaquela de Ajarte (LdA) measured in the 
asymmetric cell configuration (CC). pH-dependent electrokinetic measurements 
are performed for each sample over the 3 < pH < 11 range (titration). Note that 
the pore conductivity refers to the result of single-point measurements in nearly 
neutral conditions (i.e., before titration; see Fig. S7 in the Supplementary Data).  

Sample ζ-Istr [mV] Testing 
pH 

IEPpH Cell Res. 
[kOhm] 

Pore Cond. 
[mS/m] 

AM (CC) 
Pristine 

− 25.3 ± 4.5 3–11 3.4 1164 ± 44 n/aa 

AM (CC) 
Aged24 

5.3 ± 3.6 3–11 11 310 ± 43 32 

AM (CC) 
Aged365 

− 12.9 ± 0.2 3–11 4.6 453 ± 1 14 

LdA (CC) 
Pristine 

− 23.4 ± 1.7 3–11 n/a 88 ± 7 228 

LdA (CC) 
Aged24 

− 28.1 ± 8.9 3–11 n/a 101 ± 11 181 

LdA (CC) 
Aged365 

− 23.4 ± 0.9 3–11 n/a 102 ± 0.4 184  

a In the range of experimental error –2 mS m–1 (dependent on the correct 
determination of the cell constant). 
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soaked cuboid, which prevents quantification of the streaming current 
through the (wetted) porous network. Changes in the wetting of pore 
structures between subsequent streaming current measurements may 
also contribute to the increased standard deviation indicated by the 
shaded areas in Figs. 5a and b. Overall, the titration results further 
highlight the influence of surface roughness when assessing the net 
electrokinetic potentials of macroscopic solid samples. It should be 
noted that when reactive and rough surfaces are present, the location of 
the slip plane and the effective surface area that contribute to the 
recorded streaming current/potential values become inherently more 
difficult to identify than for well-defined samples. Studies on roughness 
and corresponding pore solutions and on dynamic solid-liquid interfaces 
are rare in the literature. Very few studies [52,53] have called attention 
to this specific and elusive, albeit crucial, issue. 

3.5. Asymmetric cell configuration 

When electrokinetic measurements are performed using the CC, due 
to the asymmetric cell wall configuration, corrections are required to 
obtain true ζ values. This is because the microchannel consists of two 
different materials, each one contributing with its net surface charge to 
the overall ζ. In their first description of a similar configuration, Walker 
et al. [36] assumed equal contributions from the reference poly(methyl 
methacrylate) and sample surfaces. More recently, the importance of 
weighing differently the contributions of each surface in a heteroge-
neous arrangement has been demonstrated [54,55]. This is of particular 
relevance in the case of reactive and/or porous surfaces that might 
contribute more significantly to the overall measured electrokinetic 
parameters. However, differences involving surface roughness and 
porosity, as affected by actual surface area and pore conductivity, and 
other factors such as hydrophilicity may significantly affect the results of 
single-point measurements. Differences in IEPpH are more reliable (i.e. 
less affected by factors other than the surface chemistry) in providing 
the fractional contribution of the materials to the overall determined ζ. 
For this purpose, a nonporous PP was used as the reference material and 
AM as the tested surface because it is more inert than LdA and its higher 
compactness allows easier fabrication of the thin rectangular specimens 
required to fit the AGC. Fig. 6a displays streaming current titration 
curves to account for the influence of the reference surface. 

When using Eq. (17) to analyze the fractional contribution of the 
studied material through the IEPpH, the influence of the reference PP 
surface cannot be neglected, as its contribution to the overall ζ amounts 
to a minimum of λ = 0.3, and up to λ = 0.5 for the initial conditions 
(that is, before starting the titration) based on single point 

measurements (see Table 6). The reactivity of AM can be appreciated 
through the induced increase of pH, after the standard preliminary 
rinsing procedure. The pH increase is related to the overall amount of 
reactive surface present in the microchannel, which results in a drift 
from the native pH of the probing electrolyte to pH = 7.9 in the case of 
the mixed PP+AM cell surface, versus pH = 8.9 when both walls of the 
microchannel are made of AM. 

In practice, the simplifying assumption of equal contributions from 
sample and reference surfaces might be applicable if the surface to be 
characterized is comparable to that of the reference polymer, i.e., a 
nonconductive and nonporous material with similar surface roughness 
and hydrophilicity. However, in the case of large differences between 
the two surfaces, as it is the case for the rough, porous (i.e., high surface 
area) and hydrophilic (i.e., with a different and more effective charge 
formation mechanism compared to a polymer-water interface) carbon-
ate stones, pore conductivity and net release/capture of ionic species 
make the contribution from the stone surface to the overall ζ dominant. 
Due to its higher reactivity and brittleness, LdA was not tested to ac-
count for the asymmetric cell configuration, but the same considerations 
about the higher hydrophilicity and surface roughness are expected to 
apply even more so for this stone. 

The use of two different cell configurations involves additional issues 
when it comes to the interpretation of the measurements of ζ and IEPpH, 
especially in our case, in which non-equilibrium measurements of 
reactive surfaces are involved. In previous studies Preočanin et al. [56] 
found that the measured IEPpH was unaffected by the cell type, while 
Bukšek et al. [57] found a dependency of the measured ζ on the ge-
ometry of microchannels and the size of the tested surface, and Lüt-
zenkirchen at al. [58] observed that IEPpH can be affected by the level of 
roughness. In our measurements the IEPpH value for PP was found to be 
only slightly affected by the cell type (from pH = 4.6 to pH = 4.8, see 
Fig. 6b); such slight variation may be ascribed to sample preparation 
(see Supplementary Data for the preparation method) and experimental 

Fig. 6. a) Streaming current titration performed in the AGC on pristine Apuan Marble (AM), polypropylene (PP), and a combination of PP and AM to analyze the 
influence of the PP reference surface in an asymmetric cell configuration. b) Streaming current titration performed in the AGC and the CC on PP surfaces to analyze 
the influence of using two cell types. A nitrogen-purged 10−3 M aqueous KCl probing solution was used. Note that these results involve a combination of pH and ionic 
strength variations as a result of both the titration of the probing electrolyte and of the pH-dependent solubility of the tested AM. 

Table 6 
Influence of the reference polypropylene (PP) surface on the overall measured ζ 
as analyzed with the AGC in titration experiments performed on pristine AM, on 
PP, and on the combination of PP and AM, respectively, in a 10−3 M KCl solution 
by determining the isoelectric points (IEPpH), single point measurements 
(ζ-(Istr)) and the initial pH after rinsing for all three setups.   

PP+AM PP AM 
IEPpH 5.6 4.8 5.9 
ζ-(Istr) –28 to –33 –50 to –55 –16 to –19 
Initial pH 7.9 5.8 8.9  
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errors. However, when reactive materials are present, the surface area 
analyzed influences the solution chemistry and therefore the readings of 
ζ and the IEPpH, which is why microchannel geometry takes on a gov-
erning role. For a more substantial discussion of the effect of the cell type 
on the electrokinetic measurements, more experiments are needed (e.g. 
to account for the possible effects of organic contaminants, instanta-
neous composition of the probing electrolyte solution, influence of lat-
tice ions on the reference surface if any, etc.). Based on the obtained 
results, it is apparent that performing electrokinetic measurements with 
different cells does not lead to directly comparable quantitative data 
when reactive surfaces are involved. However, the topic of asymmetric 
cell arrangements, possibly with varying ratios of materials and differing 
roughness and/or porosities, remains relevant and understudied in light 
of mixed mineral surfaces that are common in nature. While the AGC is 
more appropriate for electrokinetic experiments, its limitation is the 
shaping of specimens to fit a microchannel; the use of the CC is thus 
justified for the purpose of comparing different surfaces and general 
trends. 

4. Conclusions 

Streaming current and potential studies along with physical and 
chemo-mineralogical characterizations allowed us to follow surface al-
terations of two natural carbonates in pristine and thermally treated 
states. Their different reactivities under nonequilibrium conditions in 
the presence of dilute aqueous electrolytes was investigated. SEM 
analysis showed newly induced cracks on the thermally treated dense 
specimens of AM, while the same could not be observed on the inho-
mogeneous samples of LdA. However, porosimetry and sound speed 
propagation measurements indicated physical changes also in the fabric 
of LdA. SEM/EDX analysis showed embedded rhombohedral calcite 
crystals stabilized by a nanosililica coating applied onto the surface of 
AM after thermal treatment. For LdA a discoloration of the nanosililica 
coating occurred due to calcium mobilization. In-situ XRD confirmed 
that the thermal treatment results in different degradation extent and 
onset for the two stones. The dense stone AM decomposes earlier and has 
more calcium oxide on the surface then the porous stone LdA. In the 
initial period of time-resolved electrokinetic studies, the two analyzed 
carbonates in their pristine conditions exhibit distinctive electrokinetic 
potential drifts in opposite directions and differing ζ signs. The initially 
negative ζ value of AM shifts towards less negative values while the 
initially positive ζ value of LdA change towards negative ones. Under 
nonequilibrium conditions, the sample surface roughness influences ζ, 
as it contributes to dissolution. Thus, the larger effective surface area of 
LdA caused the strongest increase in solution pH, especially in the initial 
stages of the experiments. Pore conductivity was found to cause up to 
90% underestimation of the absolute value of ζ as assessed by streaming 
potential. Thermal treatment causes charge reversal from negative to 
positive for both stones as a result of calcium hydroxide solubility and 
the supply of Ca2+ cations. Therefore, when mixed calcium hydroxide 
and calcite surfaces are present, the more reactive phases govern the net 
electrokinetic potential, even when their fractional surface coverage is 
low. Owing to the ability of these phases to affect conductivity and pH of 
the probing electrolyte solution, the amount of reactive phases also 
affect the IEPpH. The pH-dependent electrokinetic measurements further 
highlight the different behavior of the studied stones. ζ of thermally 
treated AM is positive due to calcium hydroxide and a recovery of ζ is 
evident due to re-carbonation. No such effect can be seen on LdA 
because it is porous and therefore re-carbonates faster and it more easily 
dissolves already in its pristine state. As a final remark, when due to 
experimental constraints an asymmetric cell configuration must be 
employed the fractional contribution of the reference polypropylene on 
the IEPpH must be considered. In our case the fractional contribution was 
found to amount to 0.3 and to the overall determined ζ it can reach 
values of up to 0.5. The obtained data suggest that caution must be taken 
in the interpretation of results obtained from different cell 

configurations in the case of reactive surfaces preventing reliable com-
parison of quantitative data. 

Supplementary data 

Permeability of the flow channel; chemical composition as measured 
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Figure S1. Permeability (volume flow rate vs. pressure difference) for the flow channel in the 
insert for axial core analysis of the SurPASSTM clamping cell for (a) Apuan Marble and (b) 
Lumaquela de Ajarte. The tangent at ∆p → 0 mbar shown in (b) shows the slope for calculating 
the correct gap height. The linear regression of these data underestimates the gap height. The 
slope of the second-order polynomial fit describes the permeability of the flow channel more 
reliably. Note that both samples display an acceptable flow rate in both flow directions inside the 
channel.  
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Table S1. Chemical compositions determined through XRF and reported as wt.% for Apuan 
Marble (AM) and Lumaquela de Ajarte (LdA). 

 Elemental Concentration [%] 
Sample O Ca Si Al Mg K Fe Na P, Ti 
AM 50.3 48.4 0.14 0.05 0.82 <0.05 <0.05 0.2 <0.01 
LdA 51.21 45.44 1.37 0.75 0.48 0.34 0.2 <0.05 <0.05 
 

X-ray fluorescence (XRF) was used to obtain information on chemical composition. The 

instrument used was a Panalytical AXIOS advanced PW4400/40.  

 

 

 

 

 

 

Table S2. Mercury intrusion data for specimens in pristine and increasingly thermally treated 
conditions up to 700 °C for Apuan Marble. Prior to these tests, He-pycnometry (average of four 
measurements) was carried out on the same samples (1 cm3 in size) to study changes in apparent 
skeletal density. 

Name Sample Conditioning Hg-Porosity % Density g/cm3 
AM Pristine Sound 0.557 2.718 ± 0.001 
AM 200° 200 °C 0.879 2.725 ± 0.011 
AM 300° 300 °C 1.027 2.724 ± 0.009 
AM 400° 400 °C 1.125 2.712 ± 0.001 
AM 500° 500 °C 1.573 2.721 ± 0.001 
AM 600° 1st cycle 600 °C 1st cycle 2.635 2.715 ± 0.000 
AM 600° 3rd cycle 600 °C 3rd cycle 3.047 2.717 ± 0.000 
*AM 700° 700 °C  10.625 2.699 ± 0.002 
*Note that the sample named AM 700° has experienced massive degradation due to transformation processes, which 

is also indicated by the measured density. 

Porometric properties were determined using the AutoPore IV 9500 (Micrometrics) device. 

The use of He-pycnometry (AccuPyc II 1340, Micromeritics) allowed the assessment of changes 

in apparent skeletal density when mineral transformation occurred upon thermal treatment. 
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Figure S2a. Scanning electron microscopy micrographs taken with the concentric backscatter 
detector (CBS) before (a and b) and after thermal treatment (c and d) on surfaces of Apuan 
Marble. 

 

 

Figure S2b. Scanning electron microscopy micrographs of the BSED signal before (left) and 
after (right) thermal treatment on a chip (broken piece) of Apuan Marble exhibiting the loss of 
cohesion on a grain triple junction. 
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Figure S2c. Polarized microscope micrographs before (left) and after (right) thermal treatment 
of Apuan Marble. The fabric after thermal treatment displays mostly microcrack formation along 
grain boundaries. The scale bar is 200 µm. 

 

 

 

Figure S2d. Scanning electron microscopy micrographs taken with the concentric backscatter 
detector (CBS) before (a and b) and after thermal treatment (c and d) on surfaces of Lumaquela 
de Ajarte.  
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 (a) 
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Figure S3a. SEM/EDX analysis of the whitish discoloration in the nanosilica consolidating 
matrix in Apuan Marble, revealing the distinguished intensities for Ca-Si ratios. The SEM 
micrograph was obtained in backscatter electron mode, highlighting the concentration gradients 
around the Ca-rich grains. EDX measurements were focused on the newly formed 
rhombohedrons (SPOT 1), on the white rim in the silica matrix surrounding the rhombohedrons 
(SPOT 2), and on the silica matrix surface (SPOT 3) with Apuan Marble as the substrate. The Nb 
signal is in fact an Au peak (as Au and Nb signals are close together, the software frequently 
mistakes Nb for Au), so it is present due to the conductive gold coating layer.  
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 (b) 
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Figure S3b. Details of the SEM/EDX analysis of the whitish discoloration in the nanosilica 
consolidating matrix in Lumaquela de Ajarte, revealing the distinguished intensities for Ca–Si 
ratios. The SEM micrograph was obtained in backscatter electron mode. EDX analysis of the 
white rim present in the silica matrix (SPOT 1) and of the silica matrix (SPOT 2). 
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Exemplary XRD Diffractograms 

The weight fraction of each of the phases in the samples was obtained adopting the Rietveld 

method, in which the difference between the experimental XRD diffraction profile and the 

calculated one is minimized through a least-squares procedure. Typically, during the Rietveld 

refinement for quantitative phase analysis, the background, some parameters of the peak profile 

shape, the weight fraction and the parameters of the unit cell of each phase are left free to 

change, in order to match the experimental diffraction pattern and account for variations, such as 

those induced by temperature changes (thermal expansion). Few characteristic diffractograms 

(with measurements performed with constant wavelength) are shown below. Note that the 

difference in peak position between the spectrum collected at 35 °C and the others is due to the 

thermal expansion.  
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(b) 

 

(c) 

Figure S4. (a) Apuan Marble diffractograms collected at 35 °C and the first patterns (out of six) 
collected during the isothermal condition at 600°C per cycle exposed. (b) and (c) Overview and 
detail of Apuan Marble diffractograms as analyzed by in-situ XRD at isothermal conditions at 
600 °C (corresponding to six patterns per cycle). Displayed is the decomposition of calcite and 
formation of calcium oxide through the cyclic thermal treatments (green: 1st isothermal cycle at 
600°C, red: 2nd isothermal cycle at 600°C and blue: 3rd isothermal cycle at 600 °C).  
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(a) 

 

(b) 

Figure S5. (a) Lumaquela de Ajarte diffraction patterns collected at 35 °C and the first patterns 
(out of six) collected during the isothermal condition at 600°C per cycle exposed. (b) Detail of 
Lumaquela de Ajarte diffractograms as analyzed by in-situ XRD at isothermal conditions at 600 
°C (corresponding to six patterns per cycle). Displayed is the decomposition of calcite and 
formation of calcium oxide through the cyclic thermal treatments (green: 1st isothermal cycle at 
600°C, red: 2nd isothermal cycle at 600°C and blue: 3rd isothermal cycle at 600 °C).  
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Note that the quartz reflections do not disappear but they are shifted slightly towards lower 

angle in the high temperature regime (Figure S5a). To illustrate the changes better we include 

the difference of low to high quartz in a separate pattern: 

  
Figure S6. The structural evolution of quartz inversion as observed by XRD patterns  

 

Interatomic distances are correlated with unit cell lattice parameters and employing higher 

temperatures results in changes of these interatomic distances, which is reflected in the change of 

the peak position. In the case of quartz two forms are distinct, the alpha- or low quartz that is 

stable until 573 °C and the beta- or high quartz that is stable above 573 °C [1]. There are no 

further transformations that occur up to 600 °C. The transition from low- to high quartz is a 

sudden phase transition (change in crystal structure due to displacement but no bonds are broken 

[2]) accompanied by a linear expansion. This linear expansion, along with the linear expansion 

of calcite, is what is responsible for the variations as analyzed by Rietveld refinement (<1 wt.%). 

The expansion of the minerals causes changes in the penetration depth of the X-rays, which adds 

to the fluctuation in qualitative analysis. Please note that the specimen displacement was 

corrected through solving the lattice parameter in each diffractogram. 
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ζ and Pore Conductivity of Pristine and Thermally Treated Calcite 

The electrokinetic properties of the carbonates were studied in their pristine and thermally 

treated conditions also by employing single-point measurements, as shown in Figure S7. A 

significant difference between the apparent and corrected ζ values obtained from streaming 

potential measurements, ζ-App(UStr) and ζ-Corr(UStr), respectively, is prominent in all studied 

conditions for LdA, while it is significant (i.e., beyond the range of experimental error) only for 

the thermally treated samples in the case of AM. The resulting differences highlight the necessity 

of corrections for the effect of pore conductivity. The reason for the difference between ζ-

App(UStr) and ζ-Corr(UStr) for the thermally treated (Aged24 and Aged365) AM is the newly 

formed microcracks. Unlike AM, LdA does not exhibit alterations after thermal treatment, which 

is in agreement with the limited change in porosity (Figure S2d and porometric data from the 

corresponding manuscript). The higher the porosity, the more severe the underestimation of ζ as 

determined by streaming potential. The pore conductivity causes an underestimation of ζ-

Corr(UStr) values by approx. 90% in the case of the highly porous LdA for all studied conditions 

and up to 20% for the pristine dense AM. After the formation of microcracks, the 

underestimation of ζ-Corr(UStr) for the thermally treated AM increases to ~70%. It should be 

noted that pH-dependent data exhibit the same underestimation of ζ due to effects of pore 

conductivity as can be seen in Figure S8.  

 

Figure S7. Apparent and corrected (to account for permeability and pore conductivity) ζ-
potential values as obtained by streaming current (Istr) and streaming potential (Ustr) 
measurements under nonequilibrium conditions and neutral pH using a 10−3 M KCl probing 
solution. Measurements performed with a CC cell on pristine and thermally treated (Aged24, 
Aged365) surfaces of a) Apuan Marble and b) Lumaquela de Ajarte. The pH was varied stepwise 
from 7.5 to 7.7 for Apuan Marble and from 7.5 to 8.2 for Lumaquela de Ajarte.  
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Figure S8. Streaming current (Istr) and streaming potential (Ustr) titration in the 3 < pH < 11 
range performed on pristine and thermally treated (Aged24) surfaces of Lumaquela de Ajarte, as 
analyzed in the CC configuration (N2-purged 10−3 M aqueous KCl probing solution), to assess 
the influence of pore conductivity on ζ-Ustr readings. The resulting differences highlight the 
necessity for corrections of the effect of pore conductivity. 

 

For AM in its pristine state, both ζ-Corr(IStr) and ζ-Corr(UStr) yield values of −25 mV ± 4 mV. 

However, upon thermal treatment, they become positive (5 mV ± 4 mV). The thermally altered 

surface contains a fraction of highly reactive CaO that quickly hydrates as it comes into contact 

with the aqueous solution, resulting in positive electrokinetic charge as a consequence of partial 

hydroxide ionization and the release of hydroxyl ions, leaving a surface excess of calcium 

cations. These results indicate that reactive phases, when present, may govern electrokinetic 

charge, even when the surface coverage of the reactive phases is below 50% (note that half of the 

microchannel inner surface is made of PP and the other half is a mixed system of calcite and 

calcium (hydr)oxide). Different contributions to electrokinetic charge for mixed systems may 

involve the combined effects of both higher reactivity and larger effective surface area. 

Nevertheless, the present measurements were well reproducible, even for these nonequilibrium 

conditions. A shift in the electrokinetic charge to positive ζ values was detected for the freshly 

aged AM, as it re-carbonates less rapidly than LdA. Upon re-carbonation, the electrokinetic 

charge of AM changes sign again, yielding ζ-Corr(IStr) and ζ-Corr(UStr) of −13 mV. The 

observed difference between the average ζ-Corr for AM in its pristine and re-carbonated states 

can be partially explained by the more effective release of lattice ions after thermal treatment and 



 17 

re-carbonation (increased adsorption of Ca2+ yields more positive ζ values, source of ions is 

calcite dissolution) and due to the absence of organic matter (organic matter yields more negative 

ζ values when present). The decrease in the electrical resistance inside the streaming channel 

gives additional evidence for the thermally altered surfaces being more prone to dissolution (see 

cell resistance values in Table S3), as the interface between the bulk substrate and the phase-

transformed/re-precipitated deposits is known to be a weakly bound layer prone to cracking and 

detachment.  

For LdA, ζ-Corr(IStr) and ζ-Corr(UStr) remain comparable in magnitude at around −25 mV 

for all studied conditions, with the samples Aged24 exhibiting the greatest scattering (± 8.5 mV). 

Although organic matter may have an influence on the electrokinetic charge of pristine 

carbonates, making it more negative [3], such influence can be excluded for the surfaces exposed 

to cyclic heating at 600 °C, which results in the pyrolytic removal of all contaminating organic 

matter for both freshly thermally treated and re-carbonated samples. Similarly, trace-element 

incorporation that may affect ζ [4] can be disregarded in the present study, as shown by the 

substantial invariance of ζ to thermal ageing of the less-pure LdA, i.e., that containing iron 

oxide-hydroxides which undergo a thermally induced phase transformation [5,6] that is being 

irrelevant for ζ as it is only present at <1 wt.% (see chemical composition in Table S1). 
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Table S3. Summary of relevant properties for all testing conditions of Apuan Marble (AM) and Lumaquela de Ajarte (LdA) as 
determined in the asymmetric cell configuration (CC) and the symmetric cell configuration (AGC). 

Carbonate 
(Cell type) 

Condition(1) Testing 
mode 

ζ-Istr and ζ-Ustr [mV](2)  Testing 
pH 

IEPpH
(3)

 Gap Height 
[µm](4) 

κB 
[mS/m] 

Cell Res. 
[kOhm](5) 

AM (AGC) Pristine 
Non-Eq 

Time-resolved 
(62.5 h) 

Istr −19.5 ± 1.6 to −10.1 ± 0.3 
Ustr −18.9 ± 1.9 to −9 ± 0.4 

7 to 8.6 n/a 141 20.3 
(±1.5) 

623 (±53.3) 

LdA (AGC) Pristine 
Non-Eq 

Time-resolved 
(1.3 h) 

Istr 5.5 ± 3.6 to −5.1 ± 1.9 
Ustr 1.6 ± 0.3 to −1.3 ± 0.2 

8.2 to 9.1 8.9 137 17.1  
(±0.5) 

151 (±1) 

AM (CC) Aged1.5 
Non-Eq 

Time-resolved 
(8 h) 

Istr 45.3 ± 9.5 to 5.0 ± 16.4 
Ustr 5.9 ± 3.1 to 1 ± 1.6 

9.7 to 9.6 ~9.8 118 20.7 
(±0.8) 

170 (±27.9)* 

LdA (CC) Aged1.5 
Non-Eq 

Time-resolved 
(15 h) 

Istr 18 ± 13 to −6.5 ± 1.3 
Ustr 6.9 ± 6.4 to −0.7 ± 0 

6.7 to 9.6 ~9.6 113 17.7 
(±1.2) 

139 (±1.9)* 

AM (CC) Pristine 
Non-Eq 

Titration and 
single point 

−25.3 ± 4.5  
 

7.5 ± 0.2 3.4 132 19.5 1164 (±44.5) 

AM (CC) Aged24 
Non-Eq 

Titration and 
single point 

5.3 ± 3.6  
 

7.6 ± 0.2 11 128 20.3 310 (±43) 

AM (CC) Aged365 
Non-Eq 

Titration and 
single point 

−12.9 ± 0.2  
 

7.7 ± 0.1 4.6 141 17.8 453 (±1.2) 

LdA (CC) Pristine 
Non-Eq 

Titration and 
single point 

−23.4 ± 1.7  
 

7.8 ± 0.3 n/a 103 21.8 88 (±7.2) 

LdA (CC) Aged24 
Non-Eq 

Titration and 
single point 

−28.1 ± 8.9  
 

8.2 ± 0.2 n/a 110 21.9 101 (±11.3) 

LdA (CC) Aged365 
Non-Eq 

Titration and 
single point 

−23.4 ± 0.9  
 

7.6 ± 0.2 n/a 128 22 102 (±0.4) 

AM+PP (AGC) Pristine 
Non-Eq 

Titration and 
single point 

–28 to –33 7.9 5.6 148 
 

17.1 
 

680 (±10) 

PP (AGC) Pristine 
 

Titration and 
single point 

–50 to –55 5.8 4.8 115 15.9 
 

785 (±11) 

AM (AGC) Pristine 
Non-Eq 

Titration and 
single point 

–16 to –19 8.9 5.9 107 17.8 
 

1105 (±13) 
 

PP (CC) Pristine 
 

Titration and 
single point 

–49 5.8 4.6 105 16.2 
 

1088 (±2) 
 

(1) Open system and N2 purged during experiments. Time passed prior to recording was approx. 5 min, which is necessary to assure a complete wetting of the 
surface and conditioning for the flow rate measurement. If not stated otherwise, the initial pH of the 1 mM KCl aqueous electrolyte corresponded to 
approx. 5.5-6.5 due to the use of ultrapure water. 

(2) Average ζ-(Corr) values, otherwise time-resolved experiments with first and last recording reported.  
(3) Obtained either through titration or time-dependent streaming.  
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(4) The channel dimensions were corrected from a width of 5 mm and the length of 25 mm to a width of 6 mm and the length of 12.5 mm due to the use of a 
custom-made microchannel in the CC configuration. 

(5) The listed cell resistance inside the streaming channel corresponds to the shift from ζ-Istr to ζ-Ustr measurements in single-point mode or to the change 
from the beginning to the end of the experiments for time-resolved mode. Note that the decrease in cell resistance inside the streaming channel indicates 
ion accumulation, which can be correlated with porosity (compare AM and LdA or compare AM-Pristine to AM-Aged) and help to account for effects of 
pore conductivity when streaming potential measurements are obtained. Moreover, changes in cell resistance during the experiments might indicate the 
reactivity of the sample.  

*First recording excluded 
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Preparation of Polypropylene for Streaming Current Titration Studies 

Preparation of the Polypropylene (see Figure S9) was done by cutting and grinding the surface 

with an abrasive paper. To exclude any leaching the surfaces were rinsed with a 0.1 M HCl and 

0.1 M NaOH. Subsequently, ethanol was employed to clean the surfaces followed by multiple 

ultrasonic baths in ultra-pure water.  

 

 

Figure S9. Preparation of the PP 
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Abstract: This study compares the consolidation efficiency and compatibility of three selected
alkoxysilanes on two porous carbonate and silicate substrates. Emphasis was given to artificially
induced microstructural defects and subsequent restoration of mechanical and physical properties.
Two newly engineered formulations (1) a TiO2 modified tetraethyl-orthosilicate in isopropanol with
70% active content and (2) a TiO2 modified alkyl-trialkoxysilane in isopropanol with 75% active
content were compared to a commercial product (3), a solvent free tetraethyl-orthosilicate with
99% active content. Treatments were evaluated by scanning electron microscopy, mercury intrusion
porosimetry, colour impact and their effect on dynamic modulus of elasticity, splitting tensile- and
flexural strengths, capillary water absorption and water vapour permeability. A key outcome was
that mechanical strength gain induced by treatments is primarily governed by a stone’s texture and
microstructure, and secondarily by the gel deposition rate of consolidants. Likewise, the kinetics of
the gel-forming reaction during curing is dependent not only on the product but also on the substrate.
Therefore, the moisture related properties and the visual impact develop during time. There is no
general trend on how it evolves in time, which can lead to incorrect interpretations of treatment
compatibility. The results prove that wide-ranging treatment performance is obtained when applying
the same products on different substrates.

Keywords: stone consolidants; tetraethyl-orthosilicate; ethyl silicate; TEOS; alkyl-trialkoxysilane;
efficiency; compatibility; natural stone; mechanical testing; scanning electron microscopy

1. Introduction

A wide variety of natural stones are used as building materials; they exhibit a correspondingly
wide range of chemical, physical and mechanical properties. When exposed to outdoor environments,
they undergo changes that range from surface decay and erosion to deep structural disintegration [1].
This decay features often display complex morphological patterns and may necessitate the stone’s
consolidation to reinstate the lost cohesion. While the assessment of the success of laboratory
consolidation treatments of selected test specimens is not simple and depends on a variety of factors,
the assessment of on-site treatments of naturally weathered stones under real conditions is even harder
and sometimes unpredictable. Every characteristic of the stone as well as the treatment procedures
may have a major impact on the efficiency and compatibility of the treatment [2], and by varying one
of them, the results might change drastically.
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When testing a newly engineered consolidant, the basic conditions of the product application
need to be kept simple and reproducible to test the properties of the consolidant in a systematic manner,
following a tailored specific protocol. Three main alternatives may be followed in the testing process:
(i) to use homogeneous, fresh stone specimens; (ii) to test on naturally aged and (iii) on artificially aged
specimens. The first option reduces the number of variables in the process and makes results easier to
compare, while the second one tends to increase heterogeneity and dispersion of results. The second
alternative is usually supported with the argument that it is more representative of natural conditions.
Using samples taken from naturally aged stone would be a good option, but rarely are enough of
such samples available for extensive laboratory testing and, therefore, artificially aged samples were
used along this study. Most test methods are appropriate for homogeneous specimens of reasonable
dimensions; therefore, artificially aged specimens rarely entirely fulfil such requirements and the
interpretation of results becomes more difficult. To overcome this important limitation, some authors
prefer to use porous stone varieties of similar mineralogical composition in their sound state [3,4].

Artificial aging induces microstructural defects intended to mimic a certain type of natural decay
process, thus, it allows the study of the solely properties of a consolidant, and its ability to improve the
mechanical and physical properties of a stone. To prepare artificially decayed samples, e.g., thermal
treatment of stone specimens [5], and freeze-thaw cycles [6] have been used. Thermal treatment
induces micro cracks that correspond to a frequent type of de-cohesion formed by weathering on-site;
they reduce the stone soundness by decreasing its mechanical strength and increasing its porosity and
rate of capillary absorption [7]. As for freeze-thaw ageing, some stone varieties require many cycles
before a microstructural defect is induced and others break prematurely due to the formation of larger
cracks, which makes this method not adequate for large-scale testing purposes, especially mechanical
testing [8]. Other laboratory ageing methods e.g., with salt crystallization or acid attack produce a
pronounced gradient of degradation, which may lead to results difficult to interpret, even when the
obtained decay pattern appears to be close to reality. Thermal cycles on the other hand are likely to
produce a homogeneous decay pattern through the full diameter of the stone, a prerequisite for testing
the macro properties according to most standard natural stone test methods [9].

Whatever aging method is used, the aged samples will never fully mimic reality. Consequently,
the option for one or another strategy mostly depends on the available methods and means, and a best
fit scenario to test the given hypotheses.

A closer look on the meaning of the terms “efficiency” and “compatibility” of stone consolidants
is useful to understand how to assess them. The primary function of a stone consolidant is to
re-establish the cohesion between grains thus restoring the mechanical properties of the weathered
stone material [10]. Only in this way, the product can be assumed to fulfil its primary function of
enhancing a stone’s strength. Therefore, in order to assess its efficiency, the mechanical properties of the
specimen before and after the treatment need to be evaluated. The first issue that arises hereby is the
definition of the degree to which the mechanical strength needs to be increased in respect to a chosen
starting condition, i.e., sound or aged. There are no general rules and only the notion except the general
consensus that the treated stone should not be excessively stiffer than the substrate [11,12]. The reasons
for the variation in the mechanical strength need to be studied, but insofar as our knowledge of the
mechanisms involved in the strength increase due to the treatment is incomplete and vague, validation
of test results remains empirical. As an example, it is accepted that increasing the mechanical strength
by only a few percent—and this effect was observed in many studies—may be enough when certain
decay patterns are in question [13,14].

In the laboratory testing routine, a few techniques including drilling resistance, tensile strength
testing, and measurement of ultrasound pulse velocity are employed to evaluate the efficiency of
consolidants [15–20]. In addition, various types of tensile test, which include the pull-off adhesive,
splitting tensile- or flexural strength tests, are indicators of microstructural defects and thus are apt to
describe in the most effective way the action the consolidant exerts on a stone fabric [21]. Even though
these methods provide better insights into the effect of a treatment, it must be kept in mind that the
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applied stresses do not correspond to the micro- and macro mechanical stresses that a material has to
bear on-site where e.g., shear stresses parallel to the surface of exposure may play a major role.

A further technique used to assess the efficiency of a consolidation treatment is the determination
of the dynamic modulus of elasticity as described by the fundamental resonance frequency and
ultrasound pulse velocity. This is an accurate method capable of describing indirectly the closure of
pores and cracks. It can give a bulk indication of the amount of consolidant deposited in the stone.
Nevertheless, when a stone accommodates a large amount of a weakly strengthening consolidant,
the efficiency may still be poor, which is why a combination of different tests is recommended to assess
the treatment’s efficiency. Despite the variety of test methods currently available, a systematic protocol
to evaluate the efficiency of consolidants—with a multiscale approach—has yet to be defined in the
field of architectural conservation science.

The secondary role of a consolidant is its ability to restore the physical properties of the weathered
fabric without potential side effects [22]. This is particularly important for the compatibility with the
substrate, a broad term comprising issues such as the chemical affinity and the impact on physical
parameters relevant to identify and quantify the potential damages caused by the treatment [23,24].
The physical properties frequently used are porosity and moisture related properties, such as water
vapour permeability, pore size distribution, and the drying rate of treated vs. untreated stone.

Further means to study compatibility and predict harmfulness may comprise scanning electron
microscopy (SEM)-techniques on polished sections of treated specimens. This approach yields
information useful to understand both efficiency and compatibility criteria. It can give qualitative
insights into the treatment by showing the adhesion to the substrate, bridging capacities, consolidant
shrinkage, and the in-depth distribution of the solid consolidant residue in the substrate pore
system. Quantitative image analysis may show the depth and degree of pore filling [25–27]. It is of
utmost importance to correlate the macro properties of treated specimens with the SEM observations
related to the penetration depth and spatial distribution of the consolidant. SEM, for example,
is capable of detecting over-consolidation of surface areas, which could explain the results of a
drilling resistance measurement.

Compatibility also comprises the visual aspects of a consolidated stone. Well established
techniques are used to quantify colour changes and gloss induced by a treatment. It should be kept in
mind, however, that these types of changes may regress in time, thus reducing or eliminating their
negative impact [28]. Far too seldom have the various techniques employed to assess compatibility been
correlated with each other, and still much rarer are the cases where compatibility is comprehensively
assessed in a multiparametric approach.

A group of consolidants that has been in use for decades belongs to the family of
tetraethyl-orthosilicates (TEOS). Based on the general formula of Si(OR)4 the products have
been modified for different purposes. They were engineered to be water repellent [29,30],
have photocatalytic- [31,32] or elastified properties [33] or to have a coupling agent to better adhere
e.g., to a carbonate substrate [34]. The gel deposition rate, or the solid content after curing, plays
a crucial role in inducing mechanical improvement, and several products are on the market with
different gel deposition rates [35]. These modifications are supposed to have impact on the efficiency
and compatibility of the consolidation treatment.

This study aims at assessing the effectiveness and compatibility of three different alkoxysilanes
applied on one carbonate and one silicate substrates. Strength increase and physical changes induced
by the treatments are compared. Two consolidants were newly engineered in the framework of
the European project Nano-Cathedral—short for—“Nanomaterials for conservation of European
architectural heritage developed by research on characteristic lithotypes” (Grant Agreement No. 646178,
Call NMP-21-2014: Materials-based solutions for protection or preservation of European cultural
heritage). The products were developed for a large-scale technological applicability by two SME
partners. The details of the synthesis route are protected by a non-disclosure agreement. The two
novel products are based on nano-TiO2 particles linked to ethylic esters of silicic acid in isopropanol.
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The first product NC-25C is a tetraethyl-orthosilicate in isopropanol, doped with nano-TiO2 to have
photocatalytic activity. It has 70% active content and contains 10−2 ppm TiO2 with less than 100 nm
in size (generally between 5 and 40 nm, with the highest amount average in size between 10 and
15 nm). The second product NC-27CP is an alkyl-trialkoxysilane in isopropanol with 75% active
content and it is containing 10−2 ppm TiO2 particles with the same dimensions as described above.
The products typical Si–O–C chain was modified with organic groups to obtain higher elasticity by
forming Si–O–(CH2)n–O–Si. Nano TiO2 is added to reduce the shrinkage of the consolidating gel
and to confer photocatalytic activity to the stone surface. The spherical shaped TiO2 nano particles
occur in two crystal phases, namely anatase (78.8%) and rutile (21.2%). Although the modification of
consolidants with nano-TiO2 has been the subject of several laboratory studies [36,37], such products
are not yet available on the market in large quantities. The potential self-cleaning ability conferred
by the nano-TiO2 particles is an added functionality to the consolidants, but it was not integrated
in the research work reported here. Both TiO2 containing products were developed by the Italian
company Chem Spec Srl in the framework of the EU-funded Nano-Cathedral project. The supplier of
the nanoparticle is the Spanish-based industry Tecnan (Technologia Navarra de Nanoproductos, S.L.).
These products were selected due to their higher silica gel content when compared to the common
commercial products. In principle, higher silica gel contents should result in advanced mechanical
consolidation properties. The quantity of the silica gel deposited in the stone fabric after curing can be
varied by the mixing ratio of monomer and oligomer molecules in the product, that is to say, the smaller
the molecules, the lower the gel deposition rate. Further possible modifications include the addition
of catalysts that influence the reactivity of the product, and the addition of solvents. In this way the
products can be customized for varying substrates and decay phenomena. The product used as a
reference in the present study, traded under the name KSE 300, is produced by Remmers (Löningen,
Germany); it is the most widely used stone consolidant in Central Europe. This is a solvent-free
tetraethyl-orthosilicate with a gel deposition rate of approximately 30%, which corresponds to 300 g of
solid silica content per litre of consolidants.

The results of this study show that treatments’ effectiveness is primarily governed by the texture
and microstructure of the natural stone and secondarily by the solid content after curing. While in
general all studied alkoxysilanes showed to have a certain consolidating effect, the same product gives
different results in terms of strength and physical properties when applied on different substrates.
Moreover, reaction kinetics is also stone dependent and the time for curing through hydrolysis and
condensation differs between the substrates. Because of the curing time, all moisture related properties
and colour changes are time-dependent values. In respect to the substrate, the evolution of those
values in time follows no general trend and they even have opposing directions varying in absolute
and relative magnitude. These results lead to the conclusion that the interpretation of treatments
compatibility has to be done with care; especially as the speed of the gel deposit reaction is not only
temperature and humidity but also substrate dependent.

2. Materials and Methods

2.1. Petrographic Characterisation

Two porous lithotypes of historic monumental importance, one silicate and one carbonate,
were selected as testing substrates:

Schlaitdorf Sandstone, historically quarried in Baden-Württemberg, Germany, is a coarse-grained
siliciclastic arenite, classified after R.L. Folk [38,39] as subarkose from the Upper Triassic, with a light
to reddish colour and an average grain size of about 0.5 mm (Figure 1b). Quartz, feldspar and rock
fragments are roughly equigranular, vary from subangular to rounded and are tightly intergrown.
Its texture is mostly homogeneous without any marked layering. The authigenic minerals sum up to
15% and consist of sparitic dolomite, microcrystalline quartz, kaolinite and traces of illite, partly filling
the intergranular pores [40] (p. 56). The typical pore size ranges from 0.2 to 1 mm and the effective
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open porosity measured by Hg-porosimetry is about 15.4%. Schlaitdorf Sandstone has been used as
construction material for prominent buildings, such as the cathedrals of Cologne and Münster [41].
The main deterioration phenomena affecting this lithotype are sanding, flaking and scaling [42].

St. Margarethen Limestone is a porous calcareous arenite, quarried in the Rust Hills of Burgenland
(Eastern Austria). It is a biogenic detritic sedimentary rock from the Miocene (Langhian) age [43]. It can
be classified as a biosparite and grainstone [44,45]. Its colour ranges from yellow-brownish to light
grey. This lithotype mainly consists of small fragments of coralline red algae, foraminifers, fragments of
bryozoans and echinoids (Figure 1a). Calcite is the dominating mineral, with traces of siliciclastic detritus,
mainly quartz and muscovite. The components are cemented with a fine-grained, early diagenetic
dogtooth-calcite. Pores and voids range from a few micrometres to millimetre range, and the total
open porosity measured by Hg-porosimetry is about 20.7%. St. Margarethen Limestone has been used
as a construction and sculptural stone from Roman times until today [46]. The main deterioration
phenomena affecting this lithotype are granular disintegration, formation of black crusts, scaling, sanding
and bursting [47]. This lithotype was used for the restoration of the St. Stephens Cathedral in Vienna since
1845 and in countless monuments in Vienna (e.g., Vienna Town Hall, Palace and Gardens of Schönbrunn,
historic St. Marx Cemetery, etc.) and elsewhere in Eastern Austria [48].

 
(a) 

 
(b) 

(c)  
 

(d) 
Figure 1. Microphotos of thin sections recorded with a polarised‐light microscope (PLM): (a) St. 
Margarethen Limestone with different microfossils such as foraminifers, coralline red algae and debris 
of echinites; (b) Schlaitdorf Sandstone: a coarse‐grained quartz arenite with kaolinite and sparitic 
dolomite; Microphotos of cross sections recorded with a scanning electron microscope (SEM): (c) 
occurrence of kaolinite (red arrows) up to 15% in Schlaitdorf Sandstone indicating its even distribution 
throughout the fabric; (d) detail of kaolinite in the intergranular pore space between quartz and 
feldspar.  

Figure 1. Microphotos of thin sections recorded with a polarised-light microscope (PLM):
(a) St. Margarethen Limestone with different microfossils such as foraminifers, coralline red algae
and debris of echinites; (b) Schlaitdorf Sandstone: a coarse-grained quartz arenite with kaolinite and
sparitic dolomite; Microphotos of cross sections recorded with a scanning electron microscope (SEM):
(c) occurrence of kaolinite (red arrows) up to 15% in Schlaitdorf Sandstone indicating its even distribution
throughout the fabric; (d) detail of kaolinite in the intergranular pore space between quartz and feldspar.
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2.2. Artificial Ageing by Thermal Treatment

Stone specimens of defined geometry and dimensions as required for standardised stone test
methods were exposed to a cyclic heat treatment in order to create relevant microtextural defects.
The heating gradient was set to a rate of 40 ◦C/min with a peak temperature of 580 ◦C for one hour.
The cooling phase to room temperature took 24 h before the same procedure was applied. In total
three such cycles of heating and cooling were applied. These parameters had been established by a
systematic experimental study [9] to ensure the formation of micro fissures throughout the complete
sample thickness, which were expected to significantly alter the modulus of elasticity and the water
absorption coefficient. In principle, the optimum residence times and peak temperature for each
lithotype depend on the dimensions and shape of the specimen and had to be adapted accordingly.
To remove all loose dust from the specimens, after the artificial ageing the specimens were washed
and dried to constant weight.

2.3. Consolidation Treatment

As pre-conditioning before the application of consolidants, specimens were stored in a container
at 70% RH for one week. Then, they were placed on a metal grid with their bottom in contact with the
consolidant for one hour, to enable absorption by capillary suction. Within that time, full saturation
was achieved in all cases. After the treatment with the consolidants, the specimens were weighed
and placed in an airtight container. After 24 h the same treatment procedure was repeated. For the
following three days, the consolidated specimens were placed in a sealed container next to cups filled
with the consolidation products in order to saturate the atmosphere with the corresponding solvents.
To control the backwards migration of the consolidant in the stone specimens by preventing overly
rapid evaporation, the box was opened gradually for a period of one week, during which the stone
was additionally covered with a plastic foil. In the container the specimens were placed on a grid
to assure drying from all surfaces. To observe the reaction and evaporation process, the weight of
each consolidated specimen was recorded until constant mass. However, it must be emphasised
that mass stability might not necessarily indicate complete reaction of the system, since several
products proved still water-repellent beyond the attainment of gravimetric stability, a condition that
is typically absent form fully reacted consolidant. Most tested properties of the treated stones are
dependent on the consolidant curing state, namely the products’ hydrolysis and condensation degree,
both implying mass change. The elapsed curing time before testing is indicated in the corresponding
tables and diagrams.

2.4. Test Methods for Determining the Efficiency and Compatibility of Consolidants

The artificially aged and subsequently treated specimens were compared to untreated artificially
aged and untreated sound specimens. The following test protocol was applied to evaluate
those conditions:

1. For the preparation of polished cross sections, laboratory treated specimens with dimensions
50 mm × 50 mm × 50 mm were vacuum impregnated with blue stained epoxy resin and cut
perpendicular to the consolidated surface. The section size ensured that treatments which had
reached the centre of the treated body could be traced by the analysis. The slices were then
polished and examined by SEM. The instrument used was a field-emission scanning electron
microscope of the type FEI Quanta 250 FEG. The working mode was low vacuum at 20 kV
acceleration voltage. Contrast and brightness of the backscattered electron (BSE) images were
adjusted to visualize the consolidant in the pores by distinct grey values. For visualisation
purpose and image analysis, post processing of the micrographs was done with Adobe Photoshop
by false-colour-mapping the silica gel inside the stone fabric. Furthermore, when calculations of
e.g., the penetration depth to filling degree was to be obtained, the software ImageJ proved to be a
valuable tool for such purposes.
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2. Mercury intrusion porosimetry (MIP) was performed with a Porosimeter Porotec Pascal 140/440.
Changes in the pore radii distribution and open porosity determined by Hg-intrusion for the
different conditions (sound, artificially aged and consolidated) were studied.

3. The dynamic modulus of elasticity was determined with the longitudinal resonance frequency
of an ultrasound signal in transmission, according to EN 14146 [49]. Prismatic specimens with
dimensions 10 mm × 10 mm × 40 mm were used and mean values of three specimens were
computed. The small specimen size was selected to ensure the consolidation of the entire body.
The test was performed by an ultrasound pulse generator (CONOSONIC C2-GS), a pair of
transducers (UP-DW), a clamping and pressure device for specimen’s assembly as well as and
a notebook preinstalled with the Light House DW software, developed by Geotron-Elektronik,
Germany. The UP-DW piezoelectric transducers, operating at a frequency band from 1 to 100
kHz, are specifically manufactured to determine the materials elastic parameter (DW stands for
“dehnwelle” and translated from German it means “extensional wave”). This device is equipped
with a built-in algorithm that calculates the longitudinal-, transverse-, surface- and extensional
waves as well as E- and G Modulus and the Poisson’s ratio. However, the principle on how to
obtain the dynamic modulus of elasticity (EdL) determined through the longitudinal fundamental
resonance frequency (FL) is given by Equation (1):

EdL = 4 × 10−6·l2·FL
2·ρ·T (1)

whereby (l) represents the specimens length and (ρ) the stones apparent density. As in our case
the width of the specimen is four times its length, the correction factor (T) can be assumed to be
1 in which case the equation is simplified to Equation (2):

EdL = 4 × 10−6·l2·FL
2·ρ (2)

(FL) was recorded when the deviation of the measured fundamental resonance frequency stayed
in a range of ±60 Hz, three times in a row. The dynamic modulus of elasticity is reported in GPa
or kN/mm2. As for all non-destructive tests, measurements could be performed on the same
specimen before and after treatment.

4. Splitting tensile strength was determined following the recommendations of ASTM D 3967-08 [50].
The electro-mechanical tension and compression-testing machine was a 150 kN Instron Model
4206, developed by Instron GmbH, in Germany. The apparatus consisted of a flat bearing block at
the bottom and, to reduce the contact stresses, a curved bearing block on the top. Bearing strips
with 0.6 mm thickness were used to reduce high stress concentrations. The loading rate was
100 N/s. 16 specimens per lithotype and condition (sound, aged and consolidated) were tested,
each 60 mm in diameter and 30 mm in thickness. For the aged stone specimens and the reference
product KSE 300, 10 out of the 16 specimens were tested in the frame of two master theses [51,52].
The test was executed in the direction perpendicular to the bedding plane, which was assessed
through ultrasound pulse velocity. For the latter purposes, the frequency for both lithotypes was
set to 80 kHz and the amplitude was adjusted according to the samples damping. Specimens
were measured without a coupling medium. The splitting tensile strength was calculated with
Equation (3) and is here reported in N/mm2.

σt = 2 × π−1·P·L−1·D−1 (3)

(P) is the maximum applied load indicated by the testing machine in newton [N], (L) the thickness,
and (D) the diameter of the specimen, in mm.

5. The three-point flexural strength was determined according to EN 12372 [53] with the load
increased uniformly at a rate of 0.25 ± 0.05 MPa/s (or 41.67 N/s recalculated for the given
dimensions) until the specimen broke. 10 specimens with 25 mm × 50 mm × 150 mm were tested,
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whereby the distance between the supporting rollers was 125 mm. The tests were performed with
an electronic spindle-drive testing machine of the type Testomeric Quicktester 100 kN and evaluated
by the Test & Motion software developed by DOLI Elektronik GmbH, Germany. The test was carried
out in the direction perpendicular to the bedding plane, which was assessed through ultrasound
pulse velocity. The flexural strength was calculated according to the following Equation (4):

Rtf = 1.5·F·l·b−1·h−2 (4)

where (F) is the breaking load in newton, (l) the distance between the supporting rollers, (b) the
width- and (h) the thickness of specimen adjacent to the plane of fracture, all reported in mm.
The results are expressed in MPa or here in N/mm2 (1 MPa = 1 N/mm2).

6. Water absorption coefficient after one hour was determined according to standard EN 15801 [54]
and is reported as kg·m−2·h−0.5. The test was carried out on three 30 mm × 30 mm × 30 mm
specimens per stone and treatment. After a stage of pre-conditioning, samples were placed on
water-soaked filter paper (Ahlstrom-Munktell laboratory filter paper, wet-strengthen grades) and
the absorption of water was monitored gravimetrically. The test was performed on the same
specimens before and after treatment.

7. Contact angle of water was determined on the stone surface treated with the water repellent
consolidants NC-27CP. Therefore, the Mobile Surface Analyzer from Krüss GmbH, Germany came
to use.

8. Water vapour permeability tests were performed according to EN 15803 [55] using the so-called
“wet cup” method with a cup system Type 1 according to the standard. In this case, the cups
were filled with water and placed in a climatic chamber at ambient conditions of 23 ± 1 ◦C and
50 ± 3% RH (Heraeus Vötsch Klimaprüfschrank VC3, model 4034). They were weighed every 24 h
for one week. The results were plotted as mass change (Δm) against time (t) and the slope of
the linear section of the curve (G, kg·s−1) was determined with the software OriginPro. (G) was
further used to determine the water vapour permeance (Equation (5), in kg·m−2·s−1·Pa−1):

Wp = G·A−1·Δpv
−1 (5)

where (A) represents the specimens surface area in m2 and Δpv the water vapour pressure
difference reported as Pa across the test specimen. The water vapour permeability reported in
kg·m−1·s−1·Pa−1 was then determined with Equation (6):

δp = Wp·D (6)

where (D) represents the average thickness of the test specimens in m. Three specimens per
lithotype and treatment with dimensions of 50 mm × 50 mm × 10 mm were tested. The water
vapour permeability is reported as the ratio of treated to untreated values.

9. Finally, colour parameters were determined with a ColorLite sph850 spectrophotometer, according
to standard EN 15886 [56]. The output of the measurements is reported as CIE (International
Commission on Illumination) L*, a*, b* colour parameters, tested with a D65 illuminant at 10◦

standard observer with a reflectance spectrum in the range of 400 to 700 nm. ΔE* was reported
and describes the metric difference or distance between two colours before and after treatment
according to the standards of the International Commission on Illumination. Average (L*), (a*)
and (b*) values were used to obtain the total colour difference (ΔE*) between treated (t) and
untreated (nt) measurements with Equation (7).

ΔE∗
t,nt = [(L∗

t − L∗
nt)

2 + (a∗t − a∗nt)
2 + (b∗t − b∗nt)

2]
0.5

(7)
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In the latter equation (ΔL*) corresponds to the lightness difference, (Δa*) to the red/green difference
and (Δb*) to the yellow/blue difference of the tested stone specimens. Colour values measured
for treated and untreated specimens were performed on sound stones, in order to exclude any
possible impact induced by heat treatment. The results were calculated from an average of three
measurements obtained at the same spot, with the help of stencils, before and after the treatment.

3. Results and Discussion

3.1. Spatial Distribution of Consolidants after Curing Assessed by Scanning Electron Microscopy

The main features studied with SEM were the topographical and morphological appearance of
the consolidants and the location of the solid precipitates inside the pore system. This shows the
in-depth distribution of the consolidant from the treatment surface inwards and the way it is linked to
grains (e.g., coating, or bridging them across pores, the quality of adhesion, and degree of shrinkage).
Examples of these features are illustrated in SEM-micrographs shown in Figure 2a–d.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. SEM‐micrographs displaying some characteristic features of silica gels precipitated from 
various silicate treatments (gels are clearly visible by their grey value): (a) the adhesion of KSE 300 
gel to St. Margarethen Limestone due to the advantageous topography of the grain boundary, (b) worse 
adhesion of KSE 300 gel to Schlaitdorf sandstone, (c) the shrinkage of NC‐25C gel in intergranular 
pores of Schlaitdorf Sandstone, and (d) the interpenetration of the NC‐27CP gel (shown in pseudo‐
colour‐imaging) into the clayey matrix of Schlaitdorf Sandstone. 

Even if the penetration depth reaches the full depth of the test specimens (50 mm), as observed 
for all treatments and both stones, differences in the distribution of the solid consolidants are 
discernible. In the case of St. Margarethen Limestone a full and even in‐depth‐distribution of the solid 
residues after curing can be observed for treatments NC‐25C and NC‐27CP, while the solids 
distributions for KSE 300 can be classified as less homogeneous. In the case of Schlaitdorf Sandstone 

Figure 2. SEM-micrographs displaying some characteristic features of silica gels precipitated from
various silicate treatments (gels are clearly visible by their grey value): (a) the adhesion of KSE
300 gel to St. Margarethen Limestone due to the advantageous topography of the grain boundary,
(b) worse adhesion of KSE 300 gel to Schlaitdorf sandstone, (c) the shrinkage of NC-25C gel in
intergranular pores of Schlaitdorf Sandstone, and (d) the interpenetration of the NC-27CP gel (shown in
pseudo-colour-imaging) into the clayey matrix of Schlaitdorf Sandstone.
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Even if the penetration depth reaches the full depth of the test specimens (50 mm), as observed for
all treatments and both stones, differences in the distribution of the solid consolidants are discernible.
In the case of St. Margarethen Limestone a full and even in-depth-distribution of the solid residues after
curing can be observed for treatments NC-25C and NC-27CP, while the solids distributions for KSE
300 can be classified as less homogeneous. In the case of Schlaitdorf Sandstone the most homogeneous
solids distribution was achieved with NC-27CP while KSE 300 and NC-25C accumulated in the upper
parts (approximately 2 cm below the treated surface), as well as on the lateral planes of the samples
indicating different rates of back migration upon drying. For both lithotypes, the adhesion of the
consolidants to the grains of the substrate is in general not satisfactory, with NC-27CP showing a
somewhat better adhesion, followed by KSE 300 and NC-25C treatments. St. Margarethen Limestone
displays slightly better adhesion because its grain fabric favours the mechanical interlocking (Figure 2a).
High shrinkage is visible within all three treatments and for both stones, with KSE 300 and NC-27CP
revealing slightly lower shrinkage than NC-25C.

In the case of St. Margarethen Limestone, all three products show a high tendency to accumulate
in smaller intragranular pores, while only KSE 300 and NC-27CP can be partially observed in the
smaller cracks induced by thermal aging. For Schlaitdorf Sandstone a slightly better accumulation of
all three consolidants within smaller cracks can be determined. A special microtextural feature of
Schlaitdorf Sandstone was the penetration of the clayey matrix that acts as a filler in the stone while in
the consolidated state it might develop properties of a binding medium in the fabric of the sandstone
(Figure 2d). Here a better adhesion and a lower shrinkage in the clayey matrix can be observed.

Alkoxysilanes are known to develop cracks inside their gels. Therefore, it is difficult to assess
the bridging capacities of these consolidants and report values for their maximal bridging without
evaluating this issue in a statistical manner. Due to the drying stresses inside the fabric cracks
develop, leaving a plate-like structure of the silica gel as observed in polish cross section. The product
manufacturer [57] of classic KSE systems indicates a medium size silica gel plates of approximately
10 µm in size, while Wendler et al. [24] (pp. 47–48, 91) reported bridging capacities to be maximum
about 50 µm. In general, the SEM micrographs presented in this study display smaller and larger
gel-plates than 50 µm.

It can be concluded that the characteristic properties of the consolidants, namely in-depth
distribution, adhesion, shrinkage and bridging capacities, differ for the studied lithotypes.
The differences might be explained through the stones texture and topography, while the role played by
the stones chemistry cannot be ascertained with these methods and will be the subject of further studies.
However, all these properties can be best assessed through SEM of polished cross sections which reveal
unambiguous insight into the microstructure, while SEM imaging of fractured surfaces, though more
commonly used to visualize consolidants in porous substrates [58–60], is more difficult to interpret.

3.2. Porometric Characteristics Examined by Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) was used to study the pore space characteristics in sound,
aged and consolidated conditions, thus providing insights into the shift of the pore radii distribution,
the typical pores size ranges where consolidants were preferentially deposited, and the possible appearance
of secondary porosity created within the consolidating gels (Figures 3 and 4). Furthermore, total pore
surface, average pore diameter and total porosity by Hg-intrusion are reported in Table 1. The gel
deposition rate or solid content of cured consolidants calculated gravimetrically is reported in Table 2.

Due to its inhomogeneity, the effective total porosity of St. Margarethen Limestone shows
inconsistent values, which could explain why the specimen in aged condition revealed lower porosity
as compared to the sound specimen. This indicates the limitation of the used test method for certain
types of stone and the caution that needs to be taken when interpreting these results. St. Margarethen
Limestone has an inhomogeneous structure and the size of the tested specimen is not fully representative
since fossils may reach dimensions up to a few centimetres. Therefore, analysis of both the artificially
aged and consolidated conditions, leaves some ambiguity in how to interpret the results. As an
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example, which can be observed on Table 1, the sample of St. Margarethen Limestone treated with KSE
300 shows a porosity higher than the aged one, a treatment that is supposed to leave approximately
30% insoluble residue. Samples heterogeneity may be an explanation, but no definite elucidation has
been found. As a consequence of this anomaly, all the values in Figure 4 result mostly uninformative
and hard to interpret, especially for the range of pores larger than 10 µm.

Figure 3. Range of porosimetric parameters (pore radii distribution and open porosity by Hg-intrusion)
for the—from top to bottom—sound, aged and consolidated (KSE 300, NC-25C and NC-27CP)
conditions determined by mercury intrusion porosimetry; six months after consolidation treatment:
values for St. Margarethen Limestone (left side) and Schlaitdorf Sandstone (right side).
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Figure 4. Differences in open porosity for each class of pores determined from the Hg-intrusion
porosimetric data. Results for St. Margarethen Limestone (left side) and Schlaitdorf Sandstone (right side).
To read this comparative graph, from aged to sound conditions, the positive values represent the newly
created pores in the respective class. When comparing ages to consolidated conditions, the positive
values represent the amount of pores that were filled with the consolidant. Negative values for treated
St. Margarethen Limestone in the range of pores higher than 10 µm would represent an increase in large
pores caused by a treatment, which signify a physical impossibility and are due to the inhomogeneous
nature of this lithotype.
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Table 1. Results from mercury intrusion porosimetry for specimens in sound, aged and consolidated
conditions for St. Margarethen Limestone and Schlaitdorf Sandstone.

Porometric Characteristics of Materials
Conditions

Sound Aged KSE 300 NC-25C NC-27CP

St. Margarethen Limestone
Total pore surface [m2/g] 0.824 1.326 2.168 0.523 0.569

Average pore diameter [µm] 0.483 0.253 0.183 0.526 0.568
Total porosity [%] 20.65 17.53 20.63 14.76 16.88

Schlaitdorf Sandstone
Total pore surface [m2/g] 0.800 0.518 0.477 0.864 0.242

Average pore diameter [µm] 0.349 0.643 0.533 0.223 0.463
Total porosity [%] 15.42 18.02 14.20 11.15 7.10

Nevertheless, accepting the limitations of mercury intrusion porosimetry, we can still conclude
that the major difference between the reference product KSE 300 and the NC products is the tendency
of the NC consolidants to deposit in pores larger than 10 µm, which is especially well seen in Schlaitdorf
Sandstone. Similar for all three consolidants is the deposition of silica gel in pores smaller than 10 µm.
Even after the consolidation, pores in the range of 50–100 µm still represent the largest amount of pores
present in the fabric. Treatment KSE 300 most likely indicates cracks in the silica gel, visible through
an increase in pores approx. smaller than 0.01 µm, which were not there before. Moreover, treatments
NC-25C and NC-27CP cause a disappearance of pores smaller than 0.05 µm, most likely due to the
deposition of consolidants in these pores.

Schlaitdorf Sandstone is relatively homogeneous, even in respect to the pore size distribution and
geometry of the more or less equi-sized pores, and for this reason MIP values are more informative
and easier to interpret. The artificial ageing created an evident shift in the pore radii distribution and
an increase of the total open porosity. After ageing, and due to the pore shift, more pores larger than
10 µm and fewer pores smaller than 10 µm are present within the stone fabric when compared to the
sound specimen. For both stones, PLM- and SEM studies are more appropriate to explain creations of
micro cracks be it due to the artificial ageing or gel shrinkage (see Figure 5).

For Schlaitdorf Sandstone, the main modifications in Hg-porosimetry by treatments NC-25C and
NC-27CP when compared to KSE 300 are striking (see the comparative graph in Figure 4). The key
difference of NC-25C and NC-27CP products is their higher deposition in pores larger than 10 µm.
For all three treatments, it can be concluded that the silica gel formed is deposited within a wide range
of pores, only in different percentages. Furthermore, all treatments seem to produce a slightly higher
amount of pores in the range of 5–10 nm, most probably due to the porosity of the gel shrinkage cracks.

In conclusion, a general tendency that can be extracted from the MIP measurements is that the
NC products are able to fill the pores that govern and make up the largest percentage of porosity in the
stone fabric and have thus the greatest impact on changes of the pore radii distribution. While all three
consolidants are deposited in pores smaller than 10 µm, the capability of NC products to deposit also in
larger pores seems to be the main cause for the increase in high mechanical strength, as explained below.

Comparing the values of mercury intrusion porosimetry for the studied stones, it can be concluded
that each ageing protocol and the following treatment had their specific impact on the studied
substrates. The treatments induce changes of the surface area, average pore size and geometry,
pore radii distribution and total open porosity. All those alterations occur to different extents, pointing
to the central role of the substrate in governing the effects. Not only are the consolidants different
regarding their solid content after curing, but also the substrates capability to accommodate those
products differs. However, even though the test results indicate measurable impacts on the physical
stone parameters and hence the possible resistance towards weathering [61], potential consequences
of those modifications are difficult to evaluate without predictive models and further studies in this
area. In addition, the usefulness of this technique for certain types of stone needs to be evaluated with
more precision and by statistical means. Until then, tests of mercury intrusion porosimetry will remain
empirical and more of an indicative nature.
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Figure 5. Microscopic views of thin sections made with a polarised-light microscope under UV-light
using a fluorescent resin: (a) St. Margarethen Limestone in sound condition and (c) St. Margarethen
Limestone in artificially aged condition displaying micro cracks mostly of an intra-granular nature
passing through the microfossils; (b) Schlaitdorf Sandstone in sound condition and (d) Schlaitdorf
Sandstone in artificially aged condition showing micro cracks mostly of an inter-granular nature
affecting the grain boundaries.

Table 2. Gel deposition rate or solid content of cured consolidants calculated gravimetrically on three
specimens per stone and treatment after 4 weeks of curing. As already mentioned in the text, the values
reported may not be definite because of the incomplete reaction at this age.

Product Specification St. Margarethen Limestone Schlaitdorf Sandstone

Consolidant KSE 300 NC-25C NC-27CP KSE 300 NC-25C NC-27CP
Solid Content [%] 31.62 47.82 59.73 32.12 46.59 59.98

Standard Deviation ±1.46 ±0.57 ±0.54 ±1.04 ±0.67 ±0.50

3.3. Evaluation of the Consolidation Efficiency (Mechanical Analysis)

3.3.1. Effects of Thermal Treatment Prior to Consolidation

To assess the efficiency of stone consolidants, changes in strength and deformability (Young’s
modulus) of sound, aged and consolidated specimens are the key parameters to be studied. The micro
cracks induced by thermal ageing have caused a sufficient reduction of soundness in both lithotypes to
study the capability of the consolidants to increase the mechanical strength of the samples. The decrease
in soundness could be observed by all mechanical properties, namely by means of the dynamic Young’s
modulus, splitting tensile- and flexural strength. However, the results differ in extent when comparing
the lithotypes and test methods (Table 3 and Figure 6).
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Figure 6. Illustration of Young’s modulus [kN/mm2], splitting tensile strength [N/mm2], and flexural
strength under concentrated load [N/mm2] for St. Margarethen Limestone (left side) and for Schlaitdorf
Sandstone (right side). All tests performed six months after consolidation. Please note that the dynamic
modulus of elasticity was performed on the same specimens before and after treatment. Bars with
orange filling represent aged samples before consolidation.
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Table 3. Rounded values for relative decrease/increase [%] for sound (S), aged (A) and consolidated
(C) samples and absolute average values of Young’s modulus [kN/mm2], splitting tensile strength
[N/mm2], and flexural strength under concentrated load [N/mm2] for St. Margarethen Limestone and
Schlaitdorf Sandstone. The graphical visualisation of the same values can be found in Figure 6. All tests
were performed six months after consolidation.

Consolidant (S) Sound
± Std.N

(A) Aged
± Std.N

(C) Consolidated
± Std.N

Decrease
(S-A, %)

Increase
(A-C, %)

Magnitude
(S-C, %)

St. Margarethen
Limestone

Young’s Modulus
(kN/mm2)

KSE 300
22.7 ± 2.4

9.2 ± 0.7 18.1 ± 1.1 −60 +97 −21
NC-25C 10.0 ± 2.9 22.2 ± 4.1 −56 +123 −2

NC-27CP 13.6 ± 7.9 32.7 ± 9.5 −40 +141 +44

Splitting Tensile
Strength (N/mm2)

KSE 300
3.3 ± 0.4 1.2 ± 0.2

1.7 ± 0.4
−63

+42 −48
NC-25C 2.1 ± 0.6 +76 −35

NC-27CP 2.5 ± 0.5 +111 −23

Flexural Strength
(N/mm2)

KSE 300
7.2 ± 1.8 3.8 ± 1.7

5.0 ± 1.8
−47

+31 −31
NC-25C 6.2 ± 1.1 +64 −13

NC-27CP 6.9 ± 1.1 +82 −4

Schlaitdorf
Sandstone

Young’s Modulus
(kN/mm2)

KSE 300
15.7 ± 1.9

5.5 ± 1.3 11.7 ± 1.4 −65 +114 −26
NC-25C 6.4 ± 1.0 33.6 ± 3.3 −60 +429 +114

NC-27CP 5.9 ± 0.6 26.8 ± 1.1 −63 +356 +70

Splitting Tensile
Strength (N/mm2)

KSE 300
3.2 ± 0.2 2.2 ± 0.5

2.5 ± 0.8
−34

+16 −24
NC-25C 4.1 ± 0.5 +89 +25

NC-27CP 3.9 ± 0.4 +80 +19

Flexural Strength
(N/mm2)

KSE 300
6.6 ± 1.2 2.8 ± 0.6

7.2 ± 1.9
−58

+156 +8
NC-25C 9.0 ± 1.2 +223 +37

NC-27CP 8.4 ± 1.3 +198 +26

In the case of St. Margarethen Limestone, the thermal treatment reduced the soundness on average
in terms of the dynamic Young’s modulus about 52% and 63% for Schlaitdorf Sandstone. Figure 5
displays fissures formed by thermal treatment. In St. Margarethen Limestone, the fissures are of a
trans-granular type, i.e., crossing the biodetritic components, as opposed to Schlaitdorf Sandstone,
where intergranular fissures affecting grain boundaries are present. Moreover, cracks presented in
Schlaitdorf Sandstone seem to be more homogeneously distributed through the fabric when compared to
St. Margarethen. The decrease in soundness determined through the Young’s modulus cannot provide
direct information about the amount of cracks formed. The distribution of cracks and newly generated
pores inside the fabric is also important since sound waves will propagate along the fastest traveling
path. However, the Young’s modulus did reveal a greater deviation from the mean value in the case of
St. Margarethen Limestone, which is in general an indication of a more inhomogeneous fabric in respect
to the grainsize and pore radii distributions as comparison to Schlaitdorf Sandstone.

As for the splitting tensile test, strength decreased by ≈ 63% for St. Margarethen Limestone and by
≈ 34% for Schlaitdorf Sandstone. The flexural strength under concentrated load decreased by ≈ 47%
for St. Margarethen Limestone and ≈ 58% for Schlaitdorf Sandstone. For both lithotypes, the absolute
values determined by flexural strength are higher than corresponding properties measured by splitting
tensile strength. For brittle materials, the main reason for such a behaviour is explained often with
different volumes of material tested and the presence of material defects [62] (pp. 13–14). In other
words, in larger samples the probability of defects density and distribution is higher, so the resultant
values should be lower. However, Baumgartner [63] pointed out that more effort is necessary to
distinguish which features may account for the differences in splitting tensile- and flexural strengths
for natural stone. In general, the main factors influencing the indirect tensile strength values depend
on the test method, the stone type with its scale and size effects, as well as the loading rate and
testing procedure [64]. The actual tensile strength can be derived from indirect tests but only when the
moduli ratio in tension and compression is known [65] or other measured properties like e.g., the crack
initiation [66]. Moreover, to determine the influence of micro cracks also a closer look on the initial,
elastic response of the stress-strain curves is necessary [67]. Such mechanical investigations, including
simulations, would go beyond the scope of this study, but are desired in the field of stone conservation
due to the microstructural heterogeneity of weathered and consolidated stone. However, even if at the
moment closer interpretations are not part of this study, some conclusions can be drawn. Comparing
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both test methods, the anisotropy of the absolute average values for aged Schlaitdorf Sandstone is
0.76 and 0.31 for St. Margarethen Limestone. For Schlaitdorf Sandstone, this might be due to a more
homogeneous distribution of cracks inside the fabric, while for St. Margarethen Limestone, the higher
widespread of the absolute values indicate higher inhomogeneity and thus a strong influence of the
sample geometry on the obtained values.

In any case, all test methods applied confirm the usefulness of the laboratory ageing prior to
testing the efficiency of stone consolidants.

3.3.2. Effects of Consolidation Treatment

All studied consolidation products induced a clear increase in the modulus of deformability
(Young’s modulus) and strength. This phenomenon can be explained with the porous nature of both
stones and the fissures induced through thermal aging, thus thanks to their ability to absorb and
accommodate significant amounts of consolidants. Increases in Young’s modulus and strength have
different impacts on the measured properties for the two lithotypes, with a tendency of Schlaitdorf
Sandstone to show higher amount of increase (Table 3 and Figure 6). Increases followed a general
trend for all three test methods employed with increments of KSE 300 < NC-25C < NC-27CP for
St. Margarethen Limestone and KSE 300 < NC-27CP < NC-25C for Schlaitdorf Sandstone.

All three treatments had a great impact on the dynamic Young’s modulus. While KSE 300
exerts a similar effect for both lithotypes in respect to the relative increase of the modulus, for
NC-25C and NC-27CP the modulus increased, respectively, two and three times more for Schlaitdorf
Sandstone than for St. Margarethen Limestone (compare aged to consolidated condition in Table 3 and
Figure 6). These latter treatments even raised the modulus to values above those recorded for the
sound conditions of Schlaitdorf Sandstone–as a consequence of the better distribution of the silica gel
in the newly formed fissures, clayey matrix and party also in the equi-sized voids, thus allowing a
faster propagation of the elastic sound wave. The results cannot solely be explained through the solid
content after curing since Schlaitdorf Sandstone accommodates less consolidant due to its less porous
structure when compared to St. Margarethen Limestone. Here it becomes clear that the more intense
crack network induced by ageing in Schlaitdorf and the given microstructure of the fabric have played
a role in the treatment performance.

In general, there is no doubt that mineralogical, textural and structural features directly affect the
strength of a stone. The same holds for the consolidated stone. Thus, the lithological and mineralogical
composition, microstructural and microtextural features as well as petrophysical properties are
the keys to understand deterioration processes and mechanical properties of lithotypes in macro
scale. In view of this, the most likely reasons for why consolidation is more efficient for Schlaitdorf
Sandstone than for St. Margarethen Limestone, as far as the strength increase is concerned, is the
considerable amount of clay minerals and the equi-sized porosity. The non-swelling kaolinite is
evenly distributed in the stone fabric, present as a filler component in the intergranular voids of
this lithotype. After consolidation, clays seem to have been preferentially strengthened (Figure 2d),
which probably helped to increase the mechanical strength above the sound condition. Clay minerals
are known to be the governing factor influencing specific stone properties like e.g., sensitivity to
weathering [68,69] or the hydro-mechanical behaviour with an extensive loss of strength [70]. In his
book about alkoxysilanes and the consolidation of stone, Wheeler [24] (pp. 43–45) dedicated a section
to the clay problem and consolidation. Herein he pointed out the contradictory results reported in the
literature and the difficulty to draw definitive conclusions about consolidation efficiency of materials
containing clays. However, numerous authors report successful treatment of clay bearing materials,
for carbonate [24] (pp. 43–45, 54) and silicate varieties [71]. The issue of durability and potentially
damaging consequences a consolidated clayey matrix may have is another question and, although not
part of this study, it is worth further investigation.

Generally, the silicate substrate Schlaitdorf shows the highest consolidation effect and there are
two possible reasons for that. The first reason is the often-mentioned concept of chemical affinity of
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alkoxysilane to silicate substrates. This means that the consolidation mechanisms in siliceous substrates
are of a cohesive nature. It is explained by the formation of Si–O–Si bonds between consolidant and
substrate [72]. In the case of the carbonate substrate, the consolidant is often referred to as a mere
compacting agent, since it is deposited in the pore space of the fabric. There are two aspects that do
not fit well in this concept: (i) in our study, the carbonate variety morphologically shows slightly better
adhesion of the consolidant to the substrate, which was explained through the higher microrugosity
of the grain interfaces. However, for both stones the adhesion was reported to be poor. In addition,
(ii) since the beginning of its use and up to now, successful consolidation performances of alkoxysilanes
have been reported for carbonate substrates in numerous studies [4,33,73–79]. Therefore, to explain
better consolidation efficiency by solely referring to a chemical concept seems to be insufficient.

Consequently, the second possible reason for the higher effect of consolidation of the silicate
substrate is the stone fabric itself. As stated above, the type of stone substrate plays the most
significant role in both strength and deformability. Other authors have also pointed out that different
fabrics and mineral compositions significantly influence the efficiency of stone consolidants [80,81].
Wheeler addressed the issue of structure by trying to consolidate larger quartz grains, which remained
unconsolidated despite their chemical affinity [24] (pp. 46–48). It was pointed out that alkoxysilane
gels tend to deposit in pores <50 µm and lesson their relative amount. The latter observation suggests
that, depending on the deposition of the silica gel in certain pores representative for the studied fabrics,
this will lead to efficiency in terms of mechanical strength. As can be extracted from the MIP data in the
present study, the highest impact on pore radii can be observed for Schlaitdorf Sandstone treated with
NC-25C and NC-27CP. Despite their influence on porosity due to the gel deposition rate, the unique
property of the NC products is their capability to deposit also in larger pores, which make up the
highest percentage in terms of open Hg-porosity (Figure 4). This phenomenon, together with the
already described interpenetration of the clayey matrix located between the grains, form the main
factors for the increase in mechanical strength.

Further studies are recommended to analyse the main factors (physico-mechanical features)
influencing the efficiency of consolidation in terms of strength as well as the actual role of the chemical
compatibility (chemi- and physisorption to the surface).

Regarding the practical conservation, the effect of Schlaitdorfs drastic increase in strength could
result in the overconsolidation of surface layers known to cause harmful effects. In other words,
to achieve a high mechanical strength through consolidation is not automatically linked to better
performance of a treatment. Given the difficulty to produce a homogeneous in-depth distribution of
any consolidant by surface treatment of an object, overconsolidation of certain layers can be hazardous.
To avoid this risk, efforts are needed to optimize all controllable parameters related to a product and
its mode of application for a lithotype in its given conditions. In stone consolidation, differences in
strength and deformability are the most relevant parameters to assess. As thermal behaviour is critical
in this respect, it should be included in further studies.

Regarding the mode of mechanical failure in the flexural strength test, it was observed that the
sound stone can be categorized as brittle and the aged one rather as ductile (Figure 7). NC-25C has the
capability to shift the failure mode from ductile back to quasi-brittle. Moreover, in the case of Schlaitdorf
Sandstone this treatment restores the mechanical strength by exceeding the level of the sound stone
condition. As the silica gel, formed after the curing of the consolidants, is a brittle material, there is no
surprise that the stiffness is increased. On the other hand, the silica gel acts as a kind of filler, deposited
inside the stone fabric, and reduces the absolute porosity hence the ductile deformability of the stone
fabric is decreasing, which is why the failure mode is restored after the consolidation.
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Figure 7. Examples of stress‐strain curves exhibiting average values of the flexural strength under 
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For both lithotypes, the micro cracks induced by ageing have increased the open porosity and 
correspondingly WAC (Table 4). After consolidation, the WAC is always reduced due to the presence 
of the consolidant residue in the stone fabric. However, consolidants such as TEOS, need an unknown 
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conditions it appears that the system may stay water repellent for much longer time spans. In our 
study, the first set of tests were made after approximately 6 weeks, but it was considered necessary 
to repeat the WAC tests 6 months after the application of the consolidants. As evidenced by the results 
of Table 4 it appeared that for the products KSE 300 and NC‐25C the rate of reaction accompanied by 
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Limestone but it does affect Schlaitdorf Sandstone resulting in a water repellent surface even after 6 
weeks of curing. On contrary, NC‐25C does affect the WAC in the same manner within St. 
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after the application are stabilized and reveal a probable end state of the curing process. This indicates 
the importance of the timing of the test protocol and points out that even mechanical parameters 
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Figure 7. Examples of stress-strain curves exhibiting average values of the flexural strength
under concentrated load. Sound, artificially aged, and subsequently consolidated conditions for
(a) St. Margarethen Limestone specimens; and (b) Schlaitdorf Sandstone specimens, both tests performed
six months after the consolidation treatment.

3.4. Evaluation of the Compatibility (Moisture Related Properties and Visual Impact)

In laboratory studies of compatibility, the main objective is to identify to what degree the stones’
physical properties change after treatment and to assess to which extent those changes may put the
stone in jeopardy of an accelerated deterioration. While in the case of hydro-repellent treatments it
is well known that some key physical parameters related to water transport get drastically changed.
Within certain limits this is also observable for non-hydrophobic consolidation treatments. In this study,
the two lithotypes were evaluated in respect to water absorption coefficient (WAC), water vapour
permeability (WVP), and colour change. The respective measurements were performed for the
lithotype samples in their sound, aged and consolidated conditions. Comparable to tests used to
determine the efficiency, all results from the above-mentioned tests show changes of physical properties
due to the treatments which, however, utterly differ between the studied lithotypes.

For both lithotypes, the micro cracks induced by ageing have increased the open porosity and
correspondingly WAC (Table 4). After consolidation, the WAC is always reduced due to the presence
of the consolidant residue in the stone fabric. However, consolidants such as TEOS, need an unknown
period of time to fully react by hydrolysis and remain water repellent meanwhile, which results in an
overestimation of their effect on WAC. Producers state that reaction times may last to approximately
three to four weeks at 20 ◦C and 50% RH ambient conditions [82], but in laboratory conditions it
appears that the system may stay water repellent for much longer time spans. In our study, the first
set of tests were made after approximately 6 weeks, but it was considered necessary to repeat the
WAC tests 6 months after the application of the consolidants. As evidenced by the results of Table 4 it
appeared that for the products KSE 300 and NC-25C the rate of reaction accompanied by the loss of
this temporary hydrophobicity not only differs between the products, but also between the substrates.
Thus, the treatment KSE 300 does not affect the WAC in the case of St. Margarethen Limestone but it
does affect Schlaitdorf Sandstone resulting in a water repellent surface even after 6 weeks of curing.
On contrary, NC-25C does affect the WAC in the same manner within St. Margarethen Limestone but
does not affect Schlaitdorf Sandstone. At the present stage, it is not clear which of the stone parameters
influences the reaction rate of TEOS. Measurements taken six months after the application are stabilized
and reveal a probable end state of the curing process. This indicates the importance of the timing of
the test protocol and points out that even mechanical parameters would evolve within the prolonged
periods of curing. These observations are particularly relevant to on-site follow up of restoration and
conservation activities.
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Table 4. Values of water absorption coefficient after one-hour (WAC) [kg·m−2·h−0.5] and ratio of water
vapour permeability values (WVP c/a) [kg·m−1·s−1·Pa−1], for sound (s), aged (a) and consolidated (c)
specimens of St. Margarethen Limestone (SM) and Schlaitdorf Sandstone (S) evaluated six weeks (6w) and
six months (6 m) after treatment.

Stone Treatment WAC(s) WAC(a) WAC(c) (6 w) WAC(c) (6 m) WVPc/a (6 w)

SM
KSE 300 4.49 ± 0.05 5.23 ± 0.02 4.52 ± 0.06 4.56 ± 0.03 0.89 ± 0.06
NC-25C 4.50 ± 0.18 5.05 ± 0.11 0.76 ± 0.27 2.99 ± 0.28 0.84 ± 0.03

NC-27CP 4.51 ± 0.15 5.17 ± 0.18 0.47 ± 0.51 0.54 ± 0.26 0.55 ± 0.02

S
KSE 300 3.29 ± 0.30 3.66 ± 0.28 0.18 ± 0.15 2.14 ± 0.50 1.75 ± 0.45
NC-25C 2.74 ± 0.72 3.57 ± 0.25 1.65 ± 0.15 1.21 ± 0.28 0.81 ± 0.03

NC-27CP 2.74 ± 0.59 3.53 ± 0.16 0.08 ± 0.04 0.20 ± 0.04 0.35 ± 0.00

As for the treatment NC-27CP, a consolidant with explicitly hydrophobic components, its lasting
water repellence could be proved by the low WAC values even after 6 months of curing. The WAC
values can be classified as water repellent and water hindering [83] (p. 215). The slight differences
in the 6 months WAC of this product between both lithotypes is also confirmed by the contact
angles of water—96.78◦ for Schlaitdorf Sandstone and 87.26◦ for St. Margarethen Limestone. In the case
of St. Margarethen Limestone the WAC can be classified as water hindering as it is higher than the
referenced threshold (<0.5 kg·m−2·h−0.5). Moreover, it is also slightly below the threshold for the
contact angle of water of 90◦ as reported in some studies [84,85].

The drying properties of consolidated materials are important and are recommended to be
analysed further as they can give more insights into potentially damaging consequences.

As regards water vapour permeability (WVP), its drastic reduction is not advantageous for several
reasons like, e.g., water trapping and subsequent contour scaling, decreased drying rate and thus
mobilization of salts or advancement of bio-growth, etc. Different thresholds (between 5 and 20%)
are reported in literature related to an acceptable percentage of decrease in WVP [86,87]. Since in the
present study this test was performed only 6 weeks after the treatment of the specimens, the state
of progress of the gel forming reaction and hence the temporary water repellency were undefined,
possibly under- or overestimating the WVP after consolidation (Table 4). The reason for the behaviour
of KSE 300 on Schlaitdorf Sandstone is unknown and the increase in WVP after the treatment needs
further clarification. On the other hand, increased WVP values following a water repellent treatment
have been reported for some cases [88,89]. Generally, it must be assumed that any treatment would
have an impact on the polar properties of the mineral surfaces of a porous body and hence influence
the wettability in one or the other way. WVP values of KSE 300 in the case of St. Margarethen Limestone
are reasonably close to the untreated stone and thus a low impact in the overall incompatibility may be
anticipated. Changes reported for treatment NC-25C are <20% and display thus the most promising
results for both lithotypes. An interesting phenomenon that can be observed within St. Margarethen
Limestone is that WAC is drastically affected by the rate of the solid content after curing (differences
between 30% and 50%) while the corresponding WVP values remain almost identical.

Nano titania exhibits super hydrophilicity when it absorbs a photon with energy equal or greater
than its band-gap (3.0–3.2 eV) [90]. At the moment, this property cannot be distinguished from the
hydrophilicity of the silica gel. For such purposes, the same consolidant should have been tested with
and without nano titania. The eventual hydrophilic properties of nano titania induced by exposure to
UV light will be investigated in subsequent research. The differences in capillary water absorption and
water vapour permeability of consolidated stone can at the present stage be attributed to the different
amount of solid content after curing, rather than to a hydrophilic behaviour induced by nano TiO2.

The hydrophobic treatment NC-27CP shows reductions of WVP ranging from 45% for
St. Margarethen Limestone to 65% for Schlaitdorf Sandstone. This eventually corresponds to a higher
impact in respect to incompatibility and related risks, even though no distinct threshold can be stated
for all conditions. In addition, numerous authors have reported that the effectiveness and compatibility
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of a water repellent treatment depends on the substrate under study [91–93]. What is usually studied
in regards to hydrophobic treatments is their durability and subsequent loss of water repellency [94,95]
but not the potentially damaging consequences of the treatment. Potential damaging consequences
would include studies related to water transport and undesired condensation phenomena, vapour
pressure and corresponding temperature differences, comparable to reports obtained elsewhere [96].

For the study of alkoxysilanes, further determination of WVP measurements at different time
intervals is desired to better understand the delay due to the chemical reaction. This might be of great
importance for on-site conditions where larger penetration depths play a major role and the kinetics
of the reaction are often complicated by different contaminants. Moreover, a study of different decay
patterns (e.g., biological growth, black crusts, profile of degradation, etc.) in regards to their WVP is
also recommended to further analyse the effect of consolidants on-site.

The values regarding colour measurements taken six weeks and one year after consolidation are
summarized in Table 5. It was observed that even under laboratory conditions, the colour changes
over time due to the chemical reaction and not following the same trends as found in the field. In fact,
some values increase while others decrease from 6 weeks to 12 months’ time interval. By now, it is
clear that the studied substrates affect differently the treatments performance. As a general overview,
colours tend to evanesce with time, more systematically in the silicate substrate, coming close to a
value of ΔE* < 5, normally accepted as a threshold of perceptible colour impacts [11,97]. The impact
was higher in the carbonate substrate and its evolution in time was less favourable.

Table 5. Colour values measured on sound St. Margarethen Limestone (SM) and Schlaitdorf Sandstone (S)
before and after treatment at different intervals: six weeks (6 w) and twelve months (12 m).

Stone Treatments ΔL*
(6 w)

ΔL*
(12 m)

Δa*
(6 w)

Δa*
(12 m)

Δb*
(6 w)

Δb*
(12 m)

ΔE*
(6 w)

ΔE*
(12 m)

SM
KSE 300 4.51 6.62 0.87 0.45 5.30 4.53 7.01 8.03
NC-25C 0.87 2.71 1.29 0.92 5.15 3.98 5.38 4.90

NC-27CP −1.41 0.44 2.10 1.51 7.31 6.15 7.74 6.35

S
KSE 300 −5.49 2.46 1.10 0.81 5.80 3.84 8.06 4.63
NC-25C 0.30 2.77 0.76 1.39 2.86 5.04 2.97 5.92

NC-27CP −2.57 1.63 0.61 0.75 0.76 0.66 2.75 1.91

L* the lightness coordinate ranging from 0 (black) to 100 (white), with positive values meaning darkening; a* the
red/green coordinate, with +a* indicating redness and –a* indicating greenness; and b* the yellow/blue coordinate,
with +b* indicating yellowness and –b* indicating blueness.

As usually happens in stone consolidation, the studied products have modified the stone
properties, and some modifications signify that they may be responsible for a certain degree of
incompatibility, in terms of the methodology proposed by Delgado Rodrigues and Grossi [11].
Given the specific character of this research, a more thoughtful application of that methodology
was not considered. However, it needs to be emphasized that the values reported for the compatibility
assessment should not be considered as solely entities that must satisfy a rigid requirement.
A compatibility assessment, that would include also tests of durability, is a result of multivariate
processes that requires the treatment of several parameters simultaneously to end up with an overall
risk evaluation. That is to say, not meeting a threshold of one of the above studied parameters cannot
result in excluding a consolidation treatment especially after the gained results in this study clearly
indicate a wide-ranging evolution of values in time and magnitude.

4. Conclusions

This study addressed the potential efficiency and compatibility of three alkoxysilanes on two
substrates of different chemo-mineralogical and petrophysical properties, namely a carbonate and
a silicate stone. Results clearly show that treatment performance depends primarily on the textural



Materials 2019, 12, 156 22 of 27

and microstructural parameters of the stone fabric. Under the same conditions, the same consolidant
applied on different substrates yielded differences in mechanical and physical properties.

For the studied lithotypes, there is a clear trend observed within all three test methods to
evaluate the efficiency. The relative percentage of deformability (Young’s modulus) and strength
increase, and the absolute values achieved, differ between the products applied and the lithotypes
studied. The tendencies of Schlaitdorf Sandstone to show higher increases in deformability modulus
and strength are related to its fabric. SEM studies provided insights into the preferential consolidation
and interpenetration of kaolinite that is homogeneously located in intergranular pores inside the fabric.
MIP analyses showed that the NC products not only deposit in smaller pores were the clay packs play
an important role but also in large pores that actually make up the leading pore ranges in terms of open
Hg-porosity. Therefore, it seems likely that the interpenetration of the clayey matrix combined with
the deposition of the consolidants in all pore ranges, causing the most pronounced shift in the pore
radii distribution, resulted in a mechanical strength above the values of the original stone material.

In what concerns the mechanical strength of the carbonatic lithotype St. Margarethen Limestone,
the treatments show a sufficient increase in strength and deformability but the fabrics inhomogeneity
with large voids and intragranular cracks passing though the microfossils did not allow the increase to
be as high as the one described for Schlaitdorf Sandstone. Moreover, the main pore radii, which makes
up the largest percentage of the open Hg-porosity in St. Margarethen Limestone seemed not to be filled
to the same degree with the silica gels as observed within Schlaitdorf Sandstone.

In regards to the strength parameters, the experimental data also show that the amount of a
consolidant deposited after curing has a relevant contribution for the overall consolidation action,
even if its incidence is not fully proportional, as seen by the lower increments in deformability and
strength caused by NC-27CP in Schlaitdorf Sandstone when compared to NC-25C. The reason for such
behaviour needs to be further studied.

Despite the differences in strength increase, all consolidants show a strengthening action, therefore
fulfilling their intended purpose.

The physical changes induced by treatments showed to be dependent on the time span after
application. The necessary duration needed to obtain stable physical properties is difficult to predict
and may primarily depend on the amount of consolidant deposited inside the stone’s fabric and are
therefore substrate dependent. Relating to water absorption by capillarity recorded six weeks after
application, the temporary hydrophobicity of KSE 300 lasts for longer time in the silicate substrate
but it does not affect the carbonate substrate. On the contrary, treatment NC-25C affects the carbonate
substrate in terms of six weeks hydrophobicity but not the silicate substrate. More research is needed
to analyse which stone parameters influence the reaction rate of TEOS. In respect to the substrate,
the evolution values in time, for WVP and colour, follow no general trend and display opposing
directions varying in absolute and relative magnitude.

It can be concluded that even with a system like alkoxysilanes, which have been in the focus
of scientific interest for decades, major differences in compatibility are evident. In this study,
it was demonstrated that for such reactive systems, an evaluation within the first months is not
representative and yields an over- or underestimation of parameters. This study clearly demonstrated
how widespread the gained results are when one system is applied on different substrates, both in
time and relative and absolute magnitude.

To tailor the performance of a treatment, an experimental study prior to field application seems
unavoidable. This is in order to understand the relationship between substrate and treatment, since all
evaluated products, the newly engineered and the reference material, react unpredictably and depend
primarily on the substrate. Only with the analysis of several parameters simultaneously, is an overall
risk evaluation possible.
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Abstract: A nano-silica consolidant and nano-titania modified tetraethyl-orthosilicate were applied
on two building stones, a carbonate and a silicate, by brush, poultice or capillary absorption.
Neutron radiography was used to monitor capillary water absorption, and to analyse changes in
physical properties caused by heat treatment of specimens for the purposes of artificially ageing and
different treatment applications with stone consolidants. Moreover, ultrasonic pulse velocity and
gravimetrically determined water absorption were analysed to cross-validate neutron radiography.
The results reveal that reactive systems like tetraethyl-orthosilicates need an unknown period for
polymerisation, which makes nano-silica consolidants more favourable for construction follow-up
work. While polymerisation is incomplete, hydrophobic behaviour, water trapping and pore
clogging are evident. Within the tetraethyl-orthosilicate treatment, poultice and brushing are strongly
influenced by the applicant, which results in wide ranging amounts of water absorbed and anomalous
water distributions and kinetics. The carbonate lithotype displays polymerisation initiated in the core
of the specimen, while the lateral surfaces are still mostly hydrophobic. Reaction time differences
can be attributed to the different amounts of consolidants applied, which is a result of the chosen
application settings. Artificial ageing of stone specimens is a prerequisite when mechanical strength
gain is studied, as demonstrated by sound speed propagation.

Keywords: neutron radiography; stone consolidation; treatment application; artificial ageing; water
absorption; brushing; poultice; capillary absorption

1. Introduction

In the field of built cultural heritage, the preservation of monumental stone represents a challenging
task. Basically, preservation can be divided into the protection and the consolidation of stone materials,
which are accomplished by applying materials onto the stone surface. In the case of protection, products
are applied to prevent harm from environmental factors, while in the case of consolidation, they are
used to restore the mechanical strength of the stone by re-establishing the lost grain cohesion. As natural
stones vary, so do their decay patterns. The vast majority of these decay phenomena are summarised
in the ICOMOS-ISCS glossary on stone deterioration patterns [1]. A great number of these phenomena
exhibit a necessity for consolidation. The most important of such phenomena is disintegration, which
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can further be subdivided into crumbling and granular disintegration, where the last includes decay
patterns like powdering or chalking, sanding and sugaring. Moreover, deterioration patterns like
peeling and flaking might also require consolidation. In certain cases, micro fissures induced through
differential stresses may be consolidated in order to compensate for the lost mechanical strength.
However, all those phenomena occur to a different extent, complexity and can be accompanied by
material loss (e.g., loss of the binding matrix, rounding, roughening, etc.). The cause and development
of such phenomena is beyond the scope of the present study, and, in most cases, the decay patterns
that are in need of consolidation are additionally overlapped with other decay phenomena, e.g.,
biological colonisation, cracks or deformation, that are in need of additional restoration actions.
For such a diversity in substrates and conditions, new products with multi-functional self-cleaning [2],
anti-fouling [3], water repelling [4] or anti-fungal [5,6] properties are continually being developed, with
the aim of incorporating functionalised systems in consolidants. With such a range of consolidating
materials in terms of chemical, physical and mechanical characteristics, the efficiency and compatibility
of these treatments are likely to vary. Therefore, study of the physico-mechanical interactions between
the substrate and different consolidating materials seems mandatory, in order to prevent eventual
harmful effects caused by the treatment itself. It is known that the efficiency and compatibility of a
treatment strongly depends on the interplay of several factors [7,8], including the substrate features
and its conservation state, application methods and, as already mentioned above, the consolidating
product itself.

Porosity and pore geometry of natural stones modified by weathering processes result in different
pathologies. To better understand these decay patterns, artificial ageing of stone materials is frequently
employed prior to applying and testing stone consolidants. The emphasis lies in the development
of micro-cracks caused by differential stresses, which are induced through heat treatment [9,10].
However, several other laboratory test methods exist that supposedly mimic natural weathering decay
phenomena, like salt crystallisation, thermal stresses, freeze–thaw and chemical weathering, to name
a few. Specific protocols of accelerated aging are difficult to recommend because of the manifold
dependency of different lithotypes, with varying degrees of resistance towards the induced stresses,
leading to difficulties in adjusting the ageing protocol [11].

Regarding the protocol of treatment in monumental stone consolidation, three application
methods—namely brushing, poultice and partial immersion—are commonly employed [12,13].
Brushing seems to be the preferred application technique in Italy, as reported in the literature [14].
It allows control of the amount of consolidant applied, and thus possibly assures reproducibility of
the treatment procedure. However, treatment application varies and every country favours its own
technique, mostly based on traditions and common local practice. Other application techniques not
often discussed in the literature, but still widely employed in stone consolidation, include methods like
run-off with different utensils (such as wash bottles, syringes and pipettes), spraying or pumping with
different pressures, capillary absorption, vacuum pumping and injections through boreholes [15–17].
It must be pointed out that the differences in application routines also relate to different conservation
problems that need to be managed (i.e., surface treatment or structural consolidation associated with
larger penetration depths) [18]. For example, if a stone exhibits decay patterns in the form of sugaring
or sanding, brushing will not be the method of choice, as it would remove an unknown amount
of original material before consolidating it. On the other hand, if a dense surface is followed by a
disintegrated subsurface zone, drilling boreholes to reach the material that needs to be consolidated is
a prerequisite to remedying the problem. General rules or guidelines for treatment applications are
difficult to assess, because of the manifold dependency of different stone types and their decay patterns.

As natural stone can accommodate different amounts of consolidants, and consolidants are used
in different concentrations of solid content, it is necessary to tailor those variables in order to study the
possible advantages and disadvantages connected to treatment performance. In addition, treatments
implemented with different application techniques will most probably result in different amounts of
product being applied, and thus different treatment performances. It has already been confirmed that
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treatment performance depends on the amount of product applied [19] or the number of application
cycles used [20]. In laboratory studies, treatment application is usually time-controlled, by allowing
a building material to absorb the consolidant within a defined time span. On-site, it is common
practice to apply the consolidant until refusal or full saturation of the substrate is observable. The latter
application practice will result in a higher amount of product absorbed than when a consolidant is
applied by, for example, a few brush strokes. The penetration depth might also differ when using
different application techniques, as in immersion of all surfaces versus absorption from one surface.

The application of nanotechnology has not bypassed the field of architectural preservation. In fact,
nano-particle based products have been emerging in recent years with the aim of tackling problems
that have not been solved yet in stone conservation. Due to their nano-metric size, the consolidating
materials are said to be more reactive and possibly better able to adhere to the surfaces, able to penetrate
deeper and into smaller passages, and chemically more compatible with the host substrate, as well
as protecting the building material from atmospheric pollution and further environmental agents.
The main inorganic nanomaterials include calcium hydroxide and calcium carbonate systems [21–23],
different metal oxides [24,25] and colloidal nanosilica [26], either used solely or incorporated into
a matrix to obtain a particle-modified consolidant [27]. As the materials are new, many aspects of
their use and durability remain unknown. It is certain that these systems will engage many further
conservation scientists to come, especially as the use of such systems is not only limited to mineral
materials but also regards materials such as wood [28] or paper [29].

Across the large range of chemically different stone consolidants, tetraethyl-orthosilicates—better
known as TEOS—are the most widely used group. Through a step-wise polymerisation, a silica gel is
formed by hydrolysis and condensation that, in consequence, consolidates the substrate. TEOS have
been modified for different purposes, including with regards to the application procedure. Dilution
of the consolidant was a common practice to reduce over-consolidation [30]. For the application
method known as the vacuum-circling process [31], used to enhance penetration depths, specially
tailored products have been engineered by Remmers (Löningen, Germany) [32]. The main purpose of
the modification was to facilitate the process of hydrolysis. Enhancement of hydrolysis was desired
because the consolidant could remain liquid in the stone material for an unknown period.

Any consolidation will ultimately change the stones’ petrophysical properties (e.g., reduction of
capillary water absorption or changes in water vapour permeability, shift in the pore radii distribution,
changes in modulus of elasticity, etc.). For building materials in general, modifications of water
transport and retention are particularly relevant. Moisture represents the most common cause of
damage in monumental stones, therefore, change in water absorption by capillarity is an important
property to be studied. To evaluate changes in water absorption before and after a treatment, laboratory
and on-site tests are often employed [33,34]. However, a non-invasive method, such as neutron imaging,
seems to be an adequate technique to fully investigate aspects related to local distributions of water
quantities and kinetics. This method goes beyond simple visual inspections of advancement fronts
of water, and the gravimetrical quantification of water absorbed [35]. Furthermore, neutron imaging
allows assessment of the penetration depth and distribution of products inside the material [36,37],
and it provides a direct non-destructive evaluation technique where the same specimens can be used
for further analysis.

Different natural stones, their varying decay patterns, numerous consolidating materials and
application techniques employed result in many variables that are responsible for the outcome of
a treatment performance. Research is lacking on all these variables, and they are thus not fully
understood. In view of this, the goal of the present experimental study is to analyse how water
absorption by capillarity is influenced when different consolidants are applied by different techniques.
Through this, an understanding of the possible advantages and drawbacks of certain application
techniques and consolidants can be gained, which is crucial for on-site work on monuments. For this
purpose, neutron radiography has been used at the IMAGINE beamline, located at the Laboratoire
Léon Brillouin (LLB), at the Orphée Reactor in Saclay, France [38]. This imaging technique allowed
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monitoring of the water absorption by capillarity in two different porous stones, consolidated with two
different products applied by three application techniques. The two newly developed consolidants
are a nano-silica suspension in a mixture of water-ethanol, called NC-12C, and a nano-titania particle
modified tetraethyl-orthosilicate in isopropanol called NC-25C. Both products were developed as part
of the European project named “Nano-Cathedral” (Grant Agreement No. 646178) [39]. The consolidants
were applied by brush, poultice or capillary absorption. Depending on the mode of application,
different amounts of product were applied, allowing us to assess whether possible changes of material
properties might be related to the treatment application itself, as well as the effective amount of solid
content after curing that is precipitated in the stone material. Furthermore, a specific task of the present
study included the analysis of the early stage of consolidant application, as this represents a crucial
time step and determines the follow up work on the construction site.

The results demonstrate that the application technique, and therefore the amount of product
absorbed, are relevant when reactive systems like TEOS are used. The amount of consolidant applied
also governs the speed of polymerisation. The apparent hydrophobicity, present due to incomplete
polycondensation even six weeks after application, causes pore clogging and water trapping. Poultice
and brushing methods are strongly influenced by the applicant, which results in wide ranging levels of
water absorption and anomalous water distribution and absorption kinetics within specimens treated
with TEOS. This study reveals that, in the case of the carbonate lithotype, while the lateral surfaces
remain mostly hydrophobic, polymerisation initiated in the core of the specimens might be present.
Nano-silica-consolidated stone displays homogenous water absorption regardless of the amount of
product applied and application technique used, which presents a clear advantage of such systems for
on-site use. For studies concerning the mechanical strength gain, artificial ageing of stone specimens
should be a prerequisite. While the cross-validation of neutron imaging with ultrasonic pulse velocity
and water absorption coefficient was successful, insights into water trapping and local anomalies were
only possible through neutron radiography.

2. Materials and Methods

2.1. Characterisation of the Lithotypes

Two porous sedimentary stones, a carbonate and silicate, were characterised by polarised light
microscopy (PLM, Zeiss, Italy). The selected stones exhibited different mineralogical compositions,
textures and structures, which were important prerequisites for this study in order to distinguish the
possible influences a stone material can have on treatment applications. The petrographic differences
of both lithotypes can be observed in Figure 1a–d. Results and a discussion concerning the mercury
intrusion porosimetry of both lithotypes can be found in a previous study [40].

  

(a) (b) 

Figure 1. Cont.
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Figure 1. Micrographs of the stone fabric taken with a polarized light microscope: (a) Fabric of St. 
Margarethen Limestone with nearly equally distributed debris of coralline red algae and rotaliide  
foraminifers; (b) detail of the so-called dogtooth cement displayed as yellow binder between the 
microfossils; (c) fabric of Schlaitdorf Sandstone mainly consisting of quartz beneath feldspar and 
carbonate (pinkish colour), with planar to lobate grain boundaries, and (d) detail of the grain 
boundaries, the kaolinite matrix and sparitic carbonate. 

Miocene (Langhian) calcareous arenite, known as St. Margarethen Limestone, can be classified 
as a porous grainstone or biosparite [41]. This limestone has been extracted from Roman times 
through to today in the quarry of St. Margarethen in Burgenland, Austria. It mainly consists of debris 
from coralline red algae, beneath foraminifers, and debris of echinoids and bryozoans, as well as 
traces of quartz and muscovite from the metamorphic geological hinterland. The cementation can be 
classified as early diagenetic fine-grained dogtooth calcite. The grainsize distribution can be 
described as nearly equigranular and moderate to well sorted. The mean grainsizes range from 0.5 to 
1 mm, and the total porosity is between 25 to 30 vol.%. Additionally, larger fossils such as rhodolithes, 
oyster shells and skeletons of sea urchins up to several centimetres in size can be observed. 

The Triassic (Keuper) lithotype, known as Schlaitdorf Sandstone, can be classified as a porous 
medium-grained siliciclastic arenite, which has been quarried since Roman times through to today 
in the province of Baden-Württemberg in Germany. This sandstone mainly consists of quartz (~72%), 
feldspar (~2%) beneath dolomite spar and calcite (~8%) and lithic fragments (~12%), as well as a 
clayey matrix which mainly consists of kaolinite (~6%) and traces of illite. The grainsize distribution 
can be described as well sorted, with an average grainsize of about 0.5 mm. The mean pore radius is 
about 3 µm, with a total effective porosity of approximately 20 vol. % [42]. 

Both lithotypes have been extensively used in construction of emblematic buildings across 
Austria and Germany, respectively. While Schlaitdorf Sandstone is still used for construction 
purposes, St. Margarethen Limestone is, in the present day, primarily used for restoration work. Their 
decay patterns range from surface deteriorations to structural disintegration, and both varieties are 
commonly in need of consolidation, since they are prone to weathering. 

2.2. Stone Consolidants 

The stone consolidants selected for the present study are newly designed products, developed 
in the frame of the European Horizon 2020 funded Nano-Cathedral project, short for “Nanomaterials 
for conservation of European architectural heritage developed by research on characteristic 
lithotypes” (Grant Agreement No. 646178). The project’s goal was to develop new, and modify 
existing, materials for the protection and consolidation of monumental stone. As many developed 
products never make it to the market, the project call for nanomaterials, advanced materials, and 
production (NMP-21-2014: materials-based solution for protection or preservation of European 
cultural heritage) aimed at large-scale production and application of the newly developed materials. 
Innovative SMEs (small and medium-sized enterprises) and industries have been partnered to 

Figure 1. Micrographs of the stone fabric taken with a polarized light microscope: (a) Fabric of
St. Margarethen Limestone with nearly equally distributed debris of coralline red algae and rotaliide
foraminifers; (b) detail of the so-called dogtooth cement displayed as yellow binder between the
microfossils; (c) fabric of Schlaitdorf Sandstone mainly consisting of quartz beneath feldspar and
carbonate (pinkish colour), with planar to lobate grain boundaries, and (d) detail of the grain boundaries,
the kaolinite matrix and sparitic carbonate.

Miocene (Langhian) calcareous arenite, known as St. Margarethen Limestone, can be classified as
a porous grainstone or biosparite [41]. This limestone has been extracted from Roman times through
to today in the quarry of St. Margarethen in Burgenland, Austria. It mainly consists of debris from
coralline red algae, beneath foraminifers, and debris of echinoids and bryozoans, as well as traces of
quartz and muscovite from the metamorphic geological hinterland. The cementation can be classified
as early diagenetic fine-grained dogtooth calcite. The grainsize distribution can be described as nearly
equigranular and moderate to well sorted. The mean grainsizes range from 0.5 to 1 mm, and the total
porosity is between 25 to 30 vol.%. Additionally, larger fossils such as rhodolithes, oyster shells and
skeletons of sea urchins up to several centimetres in size can be observed.

The Triassic (Keuper) lithotype, known as Schlaitdorf Sandstone, can be classified as a porous
medium-grained siliciclastic arenite, which has been quarried since Roman times through to today in
the province of Baden-Württemberg in Germany. This sandstone mainly consists of quartz (~72%),
feldspar (~2%) beneath dolomite spar and calcite (~8%) and lithic fragments (~12%), as well as a clayey
matrix which mainly consists of kaolinite (~6%) and traces of illite. The grainsize distribution can be
described as well sorted, with an average grainsize of about 0.5 mm. The mean pore radius is about
3 µm, with a total effective porosity of approximately 20 vol. % [42].

Both lithotypes have been extensively used in construction of emblematic buildings across Austria
and Germany, respectively. While Schlaitdorf Sandstone is still used for construction purposes,
St. Margarethen Limestone is, in the present day, primarily used for restoration work. Their decay
patterns range from surface deteriorations to structural disintegration, and both varieties are commonly
in need of consolidation, since they are prone to weathering.

2.2. Stone Consolidants

The stone consolidants selected for the present study are newly designed products, developed in
the frame of the European Horizon 2020 funded Nano-Cathedral project, short for “Nanomaterials for
conservation of European architectural heritage developed by research on characteristic lithotypes”
(Grant Agreement No. 646178). The project’s goal was to develop new, and modify existing, materials
for the protection and consolidation of monumental stone. As many developed products never make
it to the market, the project call for nanomaterials, advanced materials, and production (NMP-21-2014:
materials-based solution for protection or preservation of European cultural heritage) aimed at
large-scale production and application of the newly developed materials. Innovative SMEs (small
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and medium-sized enterprises) and industries have been partnered to achieve this, as the designed
products require a high technological readiness to enter the market after successful completion of the
project, which is why the synthesis routes of the materials are protected by a non-disclosure agreement.
Two newly developed products were tested in the present study.

The first product, NC-12C, is a silicon dioxide nanoparticle consolidant in suspension in a neutral
water–ethanol mixture. The consolidant appears as a milky liquid with a low viscosity. The active
ingredient is the suspended silica nanoparticles that make up 17 wt. %, and their average dimensions
are 35 nm. The density amounts to 1 kg/L and the viscosity to 2 mPa s (both determined at 25 ◦C). If the
consolidant is stored in a cool, dry place, the shelf life is at least one year. The product was developed
by the Italian based industry Colorobbia S.p.A. (Sovigliana-Vinci (Firenze) Italy). Nanoparticle-based
products are emerging more and more, as evidenced by recent publishing activities in the field of built
cultural heritage [43]. These materials can be beneficially tailored in terms of dimensions, concentration,
and use of solvent, to name just a few properties, all of which determine treatment performance.
As soon as the solvent evaporates, the deposited nano-particles are structured into a solid material that
is supposed to strengthen the stone.

The second product, NC-25C, is a tetraethyl-orthosilicate in isopropanol with 70% active content
and TiO2 dispersed particles. The spherical TiO2 particles come in two crystal phases, namely anatase
(approximately 80%) and rutile (approximately 20%). Approximately 1% added titania has a positive
effect on the self-cleaning abilities of the consolidant, which can be considered an additional value when
compared to commercial TEOS. The average size of the nano-titania is 10 to 15 nm. The consolidant
appears white and has a low viscosity. The specific weight is ~1 g/cm3, while the viscosity is 3,3 cSt
(both determined at 25 ◦C). The reaction takes place after four weeks at room temperature (~20 ◦C)
and with a relative humidity of 45 ± 5%. If the consolidant is stored in a cool, dry place, the stability of
the product is at least six months. The consolidant was developed by the Italian industry Chem Spec
S.r.l. while the supplier of the nanoparticle is the Spanish based industry Tecnan (Technologia Navarra
de Nanoproductos, S.L., Los Arcos (Navarra) Spain). TEOS are favoured for their low viscosity and
thus good penetration depths, chemical resistivity and induced mechanical strength. As nano-particle
based consolidants, TEOS can also be tailored to obtain different properties. This is achieved through
the pre-polymerisation degree, addition of solvents, admixtures of catalysts, ratio of different mono- to
oligomers, or the addition of compounds to gain more elasticity, better adhesion to carbonate substrates,
and so forth. According to the manufacturers of the products, the ideal condition for polymerisation
is four weeks at a temperature of 20 ◦C and a relative humidity of 50%. During the curing period,
the system is known to possess hydro-repellent properties. The silica gel formed in the pores of the
substrate undergoes continuous drying accompanied by shrinkage over an unknown time span.

2.3. Artificial Ageing of Stone

Cyclic heat treatment was chosen as an artificial ageing technique, as it showed sufficient ability
to cause a reduction of soundness. The aim of the ageing was to cause microstructural defects in the
form of micro cracks, and to observe the alterations caused by the cracks to the stone’s capillary water
absorption. Two main reasons motivated the use of temperatures as high as 600 ◦C. The first reason
is the porosity of the stone, where higher temperatures needed to be employed to assure sufficient
microstructural damage. In the case of St. Margarethen Limestone, large pores and microfossils are
able to accommodate more stresses during thermal expansion, which is why higher temperatures
and cyclic stresses were preferred. The second reason is that, for the silicate variety Schlaitdorf, only
temperatures above 573 ◦C cause sudden volumetric expansion when transforming from α- to β quartz,
which results in thermal expansion and subsequent micro cracking.

The stones were heat treated in an electric furnace of 3.5 L volume from Thermo Scientific (Fisher
Scientific Austria GmbH Vienna), model Heraeus K 114. The heating rate was 40 ◦C/min until a static
temperature of 600 ◦C was reached and maintained for one hour. This procedure was repeated three
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times, with a cooling of the specimens between the cycles. To guarantee the same starting point, all
samples were washed and dried to a constant weight before the consolidation treatment.

2.4. Consolidation of Stone: Treatment Procedure and Curing

In total, 60 specimens with dimensions of 2 cm × 2 cm × 5 cm were washed with deionized water,
dried at 50 ◦C until they reached a constant mass and kept under laboratory conditions for 24 h before
the treatment application. The dry mass of the stone specimens was recorded before the treatment
procedure. For each studied condition (sound, aged and consolidated), three specimens were used for
both lithotypes (see Table 1). The consolidants were applied by capillary absorption, brushing and
poultice (see Figure 2).

Table 1. Labelling for the studied conditions: sound and aged stone specimens as reference conditions,
consolidated specimens with either NC-12C or NC-25C applied by different application techniques:
capillary absorption, brushing and poultice for both lithotypes.

Reference Specimens Consolidated Specimens

Capillary Brushing Poultice

Sound C_NC-12C_P 1 B_NC-12C_P 1 P_NC-12C_P 1

Aged C_NC-25C B_NC-12C_wP 3 P_NC-25C
C_NC-25C_Oc 2 B_NC-25C

1 Pre-wetting. 2 Overconsolidated. 3 Without pre-wetting.

Figure 2. Schematic representation of application techniques used to consolidate stone specimens.
Capillary absorption for one hour (left), brushing with 10 strokes (middle), and poultice, where a
cellulose pulp packed in Japanese paper was placed on the stone surface for 1 h (right).

Treatment by capillary absorption was performed by placing the samples in contact with the
consolidants for one hour. The specimens were placed on a wide meshed plastic grid, allowing
the absorption of the products to take place from one side by capillary forces. The consolidant was
refilled to assure a constant contact with the treated surface, making sure that no immersion of the
specimen occurred through the lateral sides of the specimens. For such purposes, a wider box filled
with consolidants was suitable. In the case of capillary absorption treatment with the product NC-12C,
pre-wetting with ethanol was conducted. The aim of such pre-treatments was inspired by on-site
work. Apparently, a pre-treatment using the corresponding solvent of the product allows a deeper
penetration of the consolidants into the stone and avoids glossiness through particle efflorescence at
the surface. Moreover, a so-called over-consolidation in the case of the capillary absorption specimens
treated with the product NC-25C was mimicked by repeating the procedure three days in a row. In the
case of over-consolidation, the sample was left under laboratory conditions between the application
cycles (T: 20 ◦C ± 3 ◦C and RH: 55% ± 3%), where a chemical reaction might already have started.
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The aim of such a procedure was to study the impact of over-consolidation [20]. According to technical
guidelines, such an application procedure should be avoided, as pore clogging may occur due to the
already-started polymerisation. The right approach when working with reactive consolidants like
TEOS is to do the treatment wet-in-wet to avoid such phenomena as pore clogging and accumulation
of the consolidant into the sub-surface zone. In the present work, the goal was to study, indirectly,
through the absorption of water, if such an over-consolidation would retard the polymerisation.

Treatment application by brushing was done following the recommendations reported in the
literature [44], by a continuous application of 10 strokes onto the stone surface. Concerning consolidation
with NC-12C, one set of specimens was pre-wetted with ethanol, while a second set was consolidated
without pre-wetting. The aim of such a procedure was to compare the possible influences of the
pre-treatment on the behaviour of water absorption by capillarity. Pre-wetting with ethanol was
completed by brushing the surface 10 times in a row.

For treatment application by poultice, it was applied following procedures reported elsewhere [12];
a cellulose pulp soaked with the consolidating products was stirred for two hours prior to application
onto the stone surface. During stirring, evaporation of the solvent was avoided by the use of a sealed
container. A weight ratio between cellulose pulp and consolidants of 1 to 8 was mixed. The layer of
the consolidant-soaked cellulose pulp which came in contact with the stone surface was approximately
2 cm thick. The poultice was wrapped in a so-called Japanese paper that was subsequently placed in
contact with the stone surface for one hour. The Japanese paper was used to avoid direct contact of
the stone with the cellulose derivate, to avoid gluing or even soaking of the pulp into the substrate.
For the application of NC-12C, specimens were pre-wetted with ethanol by stirring the solvent with
the cellulose pulp for two hours, and subsequently placing the mixture for one hour on the surface of
the sample.

After treatment, samples were weighed, placed in a sealed box and wrapped for 48 h in a plastic
foil to prevent quick evaporation and back-migration of the consolidants. The next step was outdoor
curing, which took place in a sheltered area in the courtyard of the Department of Earth Sciences at the
University of Pisa in Italy. The consolidated specimens were gravimetrically monitored every day for
three weeks, and the environmental conditions were recorded once per day in the early afternoon (see
Figure S1 in Supplementary Materials). The daily temperatures ranged from 17 ◦C to 28 ◦C, while the
relative humidity varied between 30% and 85%. It must be noted that a day to night fluctuation of the
temperature and relative humidity during the curing period was not recorded. The values recorded
can be viewed as quasi-ideal for curing conditions (according to common technical sheets, 20 ◦C and
50% RH for three to four weeks), but it must be emphasised that the temperatures dropped during
the night.

Prior to neutron radiography studies, the stone specimens were stored under laboratory conditions
for three additional weeks, which means that the first scans were determined six weeks after
treatment applications.

2.5. Neutron Radiography and Image Processing

Neutron radiographs were acquired at the instrument IMAGINE of the Laboratoire Léon Brillouin
in Saclay, France. A neutron beam was sent onto the samples. Some of the neutrons were absorbed
or scattered. One measures the intensity of the so-called transmitted beam—the part that crosses the
sample without interacting with it. The flux of the incident beam was 2 × 107 neutrons cm−2 s−1. It was
a so-called white beam that included a large spectrum of cold neutrons, with a wavelength in the range
of 3 to 20 Å. The optical setup was defined by the L/D ratio of 400. The L/D ratio (ratio of L being the
distance between the entrance aperture of the beam to the image plane over D that is the diameter of
the beam aperture) represents a key factor determining the quality of the resolution [45]. The bigger the
L/D ratio, the lower the angular resolution of the neutron beam and the better the resolution. Detection
was achieved using a sCMOS camera (Andor) coupled with a lithium scintillator of 100 µm thickness.
This set-up allowed a spatial resolution of about 250 µm. In our case, the main contrast was due to
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hydrogen atoms being more present in water than in the samples. The cross section of a hydrogen
nucleus is almost two orders of magnitude larger than those of the majority of nuclei, including those
of the stones. For details regarding a closer description of the technique and the use of neutrons in
cultural heritage, the reader is referred to References [46,47] for further information.

Dark field and open beam images were first acquired and used for further corrections. Stone
specimens were placed on a stack of filter paper and arranged in an aluminium container so that
the whole stone specimens, from top to bottom, could be scanned. Reference images in dry state
were acquired. To monitor the water absorption by capillarity, water was manually added into the
aluminium box, which ensured the saturation of the filter paper pack (with a 10 mm thickness, obtained
from Kaltek S.r.l. Padova Italy). After the addition of the water, scans were acquired with an exposure
time of 10 s until full saturation, or after a maximum duration of 30 min.

The images were pre-processed according to the in-house protocol at the IMAGINE beamline,
performing a correction with dark-field images, normalization with open beam images and noise
filtering (dead camera pixels and spurious gamma events). Absolute transmission images of the
samples were obtained with an absolute precision in the 1% range. Neutrons, being strongly scattered
by hydrogen atoms, with equivalent thicknesses of 20 µm of H2O in a sample, can be detected in
favourable cases. To analyse the absolute water content, water absorption images were normalised
with the steady-state dry images taken prior to absorption, to obtain images in which the measured
transmission was directly related to the amount of water in the sample [48]. A similar approach
was performed on a staircase-like sample holder containing twelve different water volumes with
standardised thickness. The neutron transmission was plotted over these twelve water thicknesses
from 0.09 mm to 5.00 mm and used as a calibration curve for the water content of the water absorption
images. This procedure was necessary because for high water contents (>2 mm equivalent thickness),
the transmission does not follow a simple Beer–Lambert law. Pre-processing and image analysis were
performed using Fiji ImageJ (Fiji Is Just ImageJ - Image Processing and Analysis in Java, open source,
general public license) [49].

2.6. Ultrasonic Pulse Velocity and Water Absorption Coefficient

Two additional non-destructive natural stone test methods were carried out in the laboratory
to investigate a possible cross-validation for the use of neutron radiography. For this purpose, the
determination of the ultrasonic pulse velocity (UPV) and water absorption coefficient (WAC) were
used on the same specimens that were studied by means of neutron radiography. Three specimens for
each condition were analysed.

The velocity of propagation of pulses of ultrasonic waves was determined according to the
standard EN 14579 [50]. The device used consisted of an electrical pulse generator (type Conosonic
C2-GS) and a pair of transducers (UP-DW, with a diameter of 24 mm but a coupling surface as a
probe tip), all developed by Geotron-Elektronik (Pirna, Germany).UPV is reported in [km/s], and the
frequency used for both stones amounted to 80 kHz, while the amplitude was selected according to
samples damping; for the studied stones, it was between 200–500 mV.

The water absorption coefficient was determined after 30 min (WAC30). The specimens were in
direct contact with the wet filter paper (obtained from Kaltek S.r.l. Padova Italy ), and the weight
increase was recorded at time intervals of 1, 3, 5, 10, 15, 20, 25 and 30 min. The surface that was in
contact with water was the surface that was treated by the consolidants. It is important to note that, for
porous stones, the slope of the curve represents the speed of adsorption and the plateau of the curve
represents the full saturation of specimens, and these two phenomena are not distinguished in WAC30.
In order to differentiate between these two processes, WAC5 was also introduced, which represents
the water absorption coefficient after 5 min. The latter coefficient solely considers the speed of the
water absorption, or the initial part of the curve. Both coefficients, WAC30 and WAC5, are reported as
[kg/(m2·t0.5)].
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UPV and WAC were tested eight weeks after the treatment applications. It must be stressed
that, in the latter case, the consolidated specimens already came in contact with water during neutron
radiography tests and that, therefore, the polymerisation was at an advanced stage.

3. Results and Discussion

3.1. Evaluation of Artificial Ageing

The impact of heat treatment on artificially aged stone substrates prior to consolidation was
successfully evaluated by neutron radiography, the water absorption coefficient and the ultrasonic
pulse velocity (see Figures 3 and 4).

Figure 3. The effect of thermal ageing on St. Margarethen Limestone (SM) and Schlaitdorf Sandstone
(S) determined by the water absorption coefficient after 30 min, as well as the ultrasonic pulse velocity
before (sound) and after artificial ageing (aged). WAC was calculated from image analysis obtained
from neutron radiographs and gravimetrical laboratory analysis. The corresponding values can be
extracted from Supplementary Materials, Table S1.

Figure 4. Neutron studies of sound (a) and artificially aged (b) water absorption kinetics (reported
as wt. % and as a function of the sample height at intervals of 1, 3, 5, 10, 15, 20, 25 and 30 min) for
three stone specimens of St. Margarethen Limestone, as well as sound (c) and artificially aged (d) water
absorption curves of three stone specimens of Schlaitdorf Sandstone.
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In the case of highly porous materials, the WAC sometimes displays marginal differences between
sound and artificially aged substrates, due to the limits of accommodating water. That is, with
only a few induced micro cracks, the magnitude of absorbed water might be negligible in terms of
weight increase. For such cases, the initial slope of water absorption curves can give more insight
into fabric alterations and the speed of absorbed water than the water absorption coefficient itself.
Franzoni et al. [9] have already demonstrated that, for some lithotypes, the initial part or the slope of
the curve remains unchanged, because this part is associated with the size and amount of coarser pores,
while the second part of the curve increases because the latter part is linked to smaller pores, especially
those induced by heat treatment. Following these considerations, Table 2 gives the difference between
water absorption coefficients calculated after 30 min and 5 min from both neutron radiographs and
gravimetrical increases. In the case of the more porous lithotype, St. Margarethen Limestone, the
difference between these two coefficients is apparent. As for Schlaitdorf Sandstone, the values are
significantly close, because this stone does not reach the saturation equilibrium like St. Margarethen.
St. Margarethen Limestone is a typical example of a one-dimensional Fickian diffusion process, where
the initial part of the curve displays a linear increase of water absorption with the square root of time
until it reaches a plateau, which represents the saturation of the specimen. Schlaitdorf’s curve also
gradually increased with a linear dependency, but no equilibrium plateau can be reached for the given
test time.

Table 2. Difference between water absorption coefficients calculated after 30 min (t) and 5 min (t) for
sound and aged St. Margarethen Limestone and Schlaitdorf Sandstone, reported as [kg/(m2 t0.5)].

St. Margarethen Limestone

Calculation Neutron Radiography Gravimetrical Increase

Condition Sound Aged Sound Aged

WAC [min] WAC30 WAC5 WAC30 WAC5 WAC30 WAC5 WAC30 WAC5
Coefficient 9.15 19.92 11.36 22.28 10.92 20.94 12.83 23.64

SD.N. ±0.61 ±1.41 ±0.87 ±1.76 ±0.80 ±1.01 ±0.23 ±0.94

Schlaitdorf Sandstone

Calculation Neutron Radiography Gravimetrical Increase

Condition Sound Aged Sound Aged

WAC [min] WAC30 WAC5 WAC30 WAC5 WAC30 WAC5 WAC30 WAC5
Coefficient 4.94 5.70 5.51 6.47 6.26 6.81 5.75 6.75

SD.N. ±0.34 ±0.56 ±0.41 ±0.47 ±0.22 ±0.41 ±0.18 ±0.24

Figure 3 displays the trend of the WAC30 calculated through neutron radiography, and WAC30

obtained in the laboratory by gravimetrical means. The WAC30 values calculated through neutron
radiographs are slightly underestimated in magnitude due to different effects, including: (i) averaging
during image analysis, which also assumes a mean density and uniform specimen dimensions, (ii) crop
of the bottom of the radiographs for reasons of shift corrections and (iii) effects considering the ratio
of the signal to noise, timing and setting of the instrument, which might also include evaporation
phenomena. Nevertheless, it was demonstrated that the artificially aged stone had an increase in water
absorption by capillarity and a decrease in ultrasound pulse velocity, caused by the formation of micro
cracks. Furthermore, in the case of St. Margarethen Limestone, a wider spread of the results is visible
when the WAC30 was calculated from radiographs, indicating a more inhomogeneous distribution and
speed of water absorbed in the artificially aged specimens (see Figure 3, data marked in red). UPV is
suitable for the detection of micro cracks, especially when sound reference values are available.

Neutron radiography was able to detect changes in the speed and amount of water absorption
in the case of both lithotypes due to the inducement of micro cracks. The speed of capillary suction
was slightly higher for aged compared to sound stone specimens (Figure 4a–d). In the case of
St. Margarethen Limestone, after ageing there was a wider spread in kinetics of absorbed water,
indicating that the induced micro cracks resulted in a more inhomogeneous substrate. On the contrary,
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in the case of Schlaitdorf Sandstone, the recorded speed was more uniform after artificial ageing
because of the induced cracks (compare Figure 4c,d).

Changes caused by heat treatment had a measurable impact on water absorption kinetics in
both lithotypes, but for practical considerations and because the lithotypes are porous enough even
in their sound states, the treatments were performed on sound stone specimens. However, neutron
radiography proved to be useful when studying different pathologies of the stones’ fabrics caused by
artificial ageing. Moreover, as will be demonstrated below, the impact of thermal treatment on the
mechanical properties of the stone is a requirement for studies regarding mechanical strength gains,
and thus treatment efficiency.

3.2. Evaluation of Treatment Application with TiO2 Modified Tetraethyl-Orthosilicate on St. Margarethen
Limestone and Schlaitdorf Sandstone

In the case of St. Margarethen Limestone, the acquired experimental data show that for the
consolidant NC-25C, the reaction kinetics are influenced by the amount of product applied, and therefore
it is application treatment dependent. Neutron radiographs clearly demonstrate that six weeks after the
treatment application, the system was still largely hydrophobic. Derived from residual ethoxy groups,
the system remained water repellent for an unknown period of time, depending on numerous factors.
This apparent hydrophobicity disappears with continued hydrolysis–condensation reactions, and can
even be overcome by a post-treatment with water, as demonstrated by Franzoni et al. [51]. When in
contact with liquid water, the surfaces become less water repellent as hydrolysis proceeds. However, a
long-lasting partial hydrophobicity might still be present after years, as shown in previous work [52].
It was determined that this effect of temporary hydrophobicity was most pronounced in the set of
samples treated by capillary absorption, where the highest amount of product was deposited inside
the stone’s fabric (see Figure 5a). Stone specimens treated with brushing and poultice accommodated a
smaller amount of product due to the given application settings, thus allowing, on average, a faster
polymerisation reaction. It is important to note that it is hardly possible to make assumptions about
competing processes of hydrolysis and condensation in the period after initial treatment with neutron
radiography, as it cannot provide direct evidence of polymerisation (consumption and production of
water), but indicates indirectly the chemical process through which the water is absorbed. A couple of
phenomena, not able to be distinguished with the present methodologies, might now be relevant in
understanding the polymerisation process in a stone fabric in respect to water absorption: i) capillary
flow in mixed patterns of hydrophobic–hydrophilic surfaces, where the latter might correspond
to unconsolidated surfaces or already polymerised residues, ii) influence of the compositional and
micro structural features of the stone fabric, including effects like surface area to volume ratio of
the deposited consolidant [30], surface polarities, effects like vapour pressure, steric hindrance and
inductive effects, and iii) dynamic changes occurring due to direct contact with liquid water during the
tests. Even without further clarification of the above-mentioned phenomena, neutron radiographs
acquired for sound and consequently consolidated stone allowed evaluation of what kind of impact a
treatment application might have with respect to capillary water absorption (see Figure 6).
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(a) (b) 

Figure 5. Comparison of the amount absorbed versus amount deposited inside (a) St. Margarethen
Limestone and (b) Schlaitdorf Sandstone. For the calculation of the absorbed amount of consolidant,
the weight of the stone in the initial dry state was subtracted from the weight after consolidation. To
calculate the deposited amount of consolidant, the cured stone was weighed and subtracted by the
weight of the initial dry state. The cured state corresponds to the mass recorded at the last day of
outdoor curing, three weeks after the treatment application.

Figure 6. The top graph displays water absorption kinetics reported in weight percentage for three
St. Margarethen Limestone specimens treated with NC-25C, while the bottom graph displays the same
for Schlaitdorf Sandstone.

It was demonstrated that the specimens consolidated with NC-25C and applied by poultice and
brushing result, due to the apparent hydrophobicity, in so-called ‘water trapping’ (see effects of this
phenomenon in Figure 7b,c). This water trapping occurred in the inner core of the stone specimens,
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while the lateral surfaces were still mostly hydrophobic with the exception of small passages where
capillary forces sucked the water inside the material. This inner core of the stone specimens that was
filled with water possibly indicates a polymerisation that was initiated inside the stone or parts of
the structure that were not consolidated in the first place. Particularly, Figure 7b suggests that the
very bottom of the stone was hydrophobic, and above the water trapping zone the specimen was also
hydrophobic, even though it was a highly porous lithotype. The latter radiograph therefore indicates
that water was trapped in between the very bottom and first third of the specimen. This represents an
unusual phenomenon where hydrophobic and hydrophilic patterns intersect. Trapping of liquid water
inside an incompletely polymerised consolidant could jeopardise the silica gel structures, promote
the solubility of salts, increase bio-growth or cause spalling of the surface due to differential stresses,
all phenomena that potentially lead to harmful effects. Furthermore, neutron imaging was able to
show that in the presence of fabric inhomogeneities like the so-called vugs (large pores with calcite
crystallization on the pore walls), water uptake was promoted along those structural paths, since
these interfaces were most probably not completely covered by the consolidant during the treatment
(Figure 7d,e).

   
(a) (b) (c) 

  
(d) (e) 

Figure 7. St. Margarethen Limestone radiographs recorded after 30 min of water absorption by 
capillarity and displaying the water amount in wt. % for specimens treated with NC-25C by (a) 
capillary absorption, (b) brushing and (c) poultice. A radiograph (d) displays the water absorption by 
capillarity in the presence of a vugular porosity and (e) the so-called vugs, which are large cavities in 
a natural stone, usually exhibiting mineral precipitants on the pore walls. 

The apparent hydrophobicity present due to an incomplete reaction could also be confirmed by 
the amount of consolidant absorbed and deposited, which was recorded gravimetrically (Figure 5). 
The mass percentage of the silica gel that formed after curing could be calculated, but only when 
complete hydrolysis and condensation took place, which in the present study was not the case. 
Incomplete reactions lead to higher values, as can particularly be seen in the case of samples labelled 
as over-consolidated (C_NC-25C_Oc). It can be supposed that the over-consolidation of specimens 
retarded the polymerisation. However, at the present moment it is not clear if the delay of the 
polymerisation was caused solely by the amount of consolidant applied, or possible pore-clogging 
caused by repetitive treatments—where gelation has already started but a second application cycle 
was performed onto the already gelled surfaces. In any case, the results indicate that an important 
factor for reaction kinetics is the amount of product applied. To further enhance our understanding 
of this, it would be desirable to study the reaction kinetics of consolidated stone exposed to different 
environmental conditions in terms of temperature and relative humidity, and with respect to varying 
amounts of consolidants applied on different substrates. 

In view of the above observations, it is suggested that the stone fabric plays a decisive role in the 
polymerisation process, as it can accommodate different amounts of consolidants, which in turn lead 
to different reaction kinetics. Recent studies by Sena da Fonseca et al. [53] have demonstrated that 
the silica gel formed in carbonate substrates exhibit poor structural features due to the stone 
composition, and an in-depth gradient of the polymerisation mechanisms was evident. St. 
Margarethen Limestone also displays a gradient of polymerisation that is indirectly evident through 

Figure 7. St. Margarethen Limestone radiographs recorded after 30 min of water absorption by
capillarity and displaying the water amount in wt. % for specimens treated with NC-25C by (a) capillary
absorption, (b) brushing and (c) poultice. A radiograph (d) displays the water absorption by capillarity
in the presence of a vugular porosity and (e) the so-called vugs, which are large cavities in a natural
stone, usually exhibiting mineral precipitants on the pore walls.

The apparent hydrophobicity present due to an incomplete reaction could also be confirmed by
the amount of consolidant absorbed and deposited, which was recorded gravimetrically (Figure 5).
The mass percentage of the silica gel that formed after curing could be calculated, but only when
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complete hydrolysis and condensation took place, which in the present study was not the case.
Incomplete reactions lead to higher values, as can particularly be seen in the case of samples labelled
as over-consolidated (C_NC-25C_Oc). It can be supposed that the over-consolidation of specimens
retarded the polymerisation. However, at the present moment it is not clear if the delay of the
polymerisation was caused solely by the amount of consolidant applied, or possible pore-clogging
caused by repetitive treatments—where gelation has already started but a second application cycle
was performed onto the already gelled surfaces. In any case, the results indicate that an important
factor for reaction kinetics is the amount of product applied. To further enhance our understanding
of this, it would be desirable to study the reaction kinetics of consolidated stone exposed to different
environmental conditions in terms of temperature and relative humidity, and with respect to varying
amounts of consolidants applied on different substrates.

In view of the above observations, it is suggested that the stone fabric plays a decisive role in the
polymerisation process, as it can accommodate different amounts of consolidants, which in turn lead
to different reaction kinetics. Recent studies by Sena da Fonseca et al. [53] have demonstrated that the
silica gel formed in carbonate substrates exhibit poor structural features due to the stone composition,
and an in-depth gradient of the polymerisation mechanisms was evident. St. Margarethen Limestone
also displays a gradient of polymerisation that is indirectly evident through the amount of water
absorbed. Moreover, St. Margarethen Limestone displays anomalous water distributions, evident to a
higher degree than can be observed in the more homogeneous silicate variety Schlaitdorf (comparison
of the same application techniques on the two studied substrates can be seen in Figure 7b,c and
Figure 8b,c). This effect can be ascribed to the different structural features of the studied lithotypes.

   

(a) (b) (c) 

Figure 8. Radiographs of Schlaitdorf Sandstone recorded at 30 min of water absorption by capillarity
for specimens treated with NC-25C by (a) capillary absorption, (b) brushing and (c) poultice. The
calibration bar displays the water amount in wt. %.

The results concerning the Schlaitdorf Sandstone in many regards overlap with the
above-mentioned observations concerning St. Margarethen Limestone. With this stone variety,
reaction time differences also resulted from different amounts of applied product. For specimens
treated with NC-25C, all three application methods allowed the same amount of product to be
absorbed by the stone (see Figure 5b and compare C_NC-25C, B_NC-25C and P_NC-25C). This kind
of behaviour cannot be observed with St. Margarethen Limestone, and thus can be viewed as a
substrate-dependent characteristic of Schlaitdorf Sandstone. The same behaviour for both lithotypes
can be seen within the overconsolidated set of specimens, wherein the amount of deposited consolidant
does not represent a complete polymerisation, and thus the values of the deposited amount of
consolidant are overestimated. Schlaitdorf Sandstone exhibits a slightly faster polymerisation in
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specimens treated by capillary absorption, which was observed in one out of three studied specimens
(Figure 8a). Brushing and poultice caused a more pronounced clogging of the pores, so that water
penetrated through small, unconsolidated or already polymerised passages in minor amounts.

The water absorption curves obtained from neutron radiography, as shown in Figure 6, are an
average of the entire sample width-depth as a function of the height. The same kind of averaging is
present within gravimetrically recorded samples. Imaging proves to be a great added value, because,
by qualitative, visual analysis of the radiographs, a more profound discussion of the measured values is
possible. Locally, increased amounts of water could be found (compare Figure 6, showing the kinetics
of three St. Margarethen specimens treated with brushing, and Figure 7b, showing one radiograph
where this kinetic was extracted from). Neutron radiography proved to be a valuable tool to examine
anomalous water distributions with a strong gradient of water quantities in the stone, which relates to
a gradient in polymerisation.

The optimal curing conditions until complete polymerisation, namely 20 ◦C and 50% relative
humidity for four weeks, can rarely be met in time, which is why treatments with alkoxysilanes must
be carefully evaluated, as the outcome of treatment performance is multi-dependent and evolves
in time as a function of the substrate, temperature, relative humidity, amount of product and the
application method employed. Moreover, the role of sample pre-conditioning in the speed of the
chemical reaction is unknown and should be further investigated. That is, laboratory storage before the
treatment application should be avoided, because the equilibrium humidity inside the stone structure
plays a central role in the initiation of the hydrolysis.

3.3. Evaluation of Treatment Application with Nano-SiO2 Consolidation on St. Margarethen Limestone and
Schlaitdorf Sandstone

Radiographs of samples treated with NC-12C are easier to interpret. As this consolidant
is non-reactive, the application technique used, and thus the amount of product deposited, in
St. Margarethen Limestone leads to marginal changes with respect to water absorption by capillarity
(typical radiographs can be seen in Supplementary Materials in Figure S2). This is a clear advantage of
such consolidants when compared to reactive systems like TEOS, at least in the initial stage after the
treatment application. As soon as the solvent evaporates, the nano-particles aggregate and strengthen
the stone, thus follow-up restoration and conservation activities can be implemented immediately
afterwards. The latter is not possible with TEOS until the apparent hydrophobicity vanishes.

However, it was observed that the set of samples treated with poultice displayed the highest
spread of results and anomalous water kinetics, indicating an inhomogeneous product deposition
inside St. Margarethen Limestone when compared to the brushing and capillary absorption techniques
(Figure 9). Even with the observed differences in kinetics, all three application methods are relatively
comparable and display a negligible impact on the water behaviour of consolidated specimens.
The nano-particle based systems can be applied in most environmental conditions if proper aftercare is
provided (i.e., sun protection, rain coverage, etc.). Moreover, re-application and cyclic treatments are
more likely to succeed within such systems. Finally, pre-wetting with the corresponding solvent prior to
consolidation seems to have an insignificant impact on the outcome for the given specimen dimensions.
Therefore, such pre-treatments for the product NC-12C are safe to perform, as they might reduce the
glossiness on the surface. However, as a consequence of pre-wetting, smaller amounts of nanoparticles
could be deposited inside the stone, because it dilutes the active content of the consolidant.

Schlaitdorf Sandstone consolidated with NC-12C exhibits similar properties to the carbonate
variety St Margarethen Limestone. A comparable amount of product is deposited despite the
three different application techniques. The latter is a characteristic attributed to the structure of
Schlaitdorf Sandstone, and differs entirely from St. Margarethen Limestone where the amount of
adsorbed consolidant depends upon the application technique used (compare the values in Figure 5).
The nano-silica consolidation slows down the capillary water absorption, with comparable trends
among application techniques (compare the sound set of specimens in Figure 4c with the Figure 9
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bottom graphs). However, based on water absorption profiles extracted from neutron imaging, it
can be noticed that the water behaviour was more homogenous in specimens treated by capillary
absorption. Brushing and poultice is less favoured, as the widespread nature of the results indicates a
more inhomogeneous behaviour of water kinetics caused by the treatment application.

Figure 9. The top graph displays water absorption kinetics reported in weight percentage for St.
Margarethen Limestone treated with NC-12C, while the bottom graph displays the kinetics of water
absorption by capillarity for Schlaitdorf Sandstone, also treated with NC-12C.

3.4. Cross-Validation of Neutron Radiography with the Water Absorption Coefficient and Ultrasonic
Pulse Velocity

To cross validate the water absorption by capillarity, monitored by neutron radiography, the
WAC calculated from the laboratory mass increase, as well as UPV, were determined on the same
specimens. The comparative values displayed in Figure 10a,b show that there is a clear trend between
all tests employed to study alterations caused by the treatment application. When the WAC increased,
UPV decreased accordingly. As already mentioned above, the slight difference between absolute
values reported for the WAC gained from neutron radiography and laboratory-based gravimetrical
results can be explained through averaging when image analysis is used. The impact of the advanced
polymerisation is visible in the WAC values, based on gravimetrically determined laboratory studies.
Those values evolved over time, thus suggesting a more advanced chemical reaction, when compared
to the WAC obtained through neutron radiography. The latter effect is evident when comparing
calculations from neutrons and laboratory studies of NC-12C with NC-25C values. This comes as no
surprise, as these tests were performed eight weeks after consolidation and the specimens had already
been in contact with water through previous water absorption tests when the neutron radiographs
were acquired.
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Figure 10. Comparative graph displaying water absorption coefficients reported as [kg/(m2·t0.5)] after 
30 min for (a) St. Margarethen Limestone and (b) Schlaitdorf Sandstone, calculated from (top) neutron 
radiography and (middle) gravimetrically determined laboratory studies, and compared to values of 
(bottom) ultrasonic pulse velocity reported in [km/s]. Corresponding numerical values of the 
graphical representation can be extracted from Supplementary Materials, Table S2. Moreover, all 

Figure 10. Comparative graph displaying water absorption coefficients reported as [kg/(m2·t0.5)]
after 30 min for (a) St. Margarethen Limestone and (b) Schlaitdorf Sandstone, calculated from (top)
neutron radiography and (middle) gravimetrically determined laboratory studies, and compared to
values of (bottom) ultrasonic pulse velocity reported in [km/s]. Corresponding numerical values of the
graphical representation can be extracted from Supplementary Materials, Table S2. Moreover, all water
absorption curves extracted from neutron radiographs can be seen in Supplementary Materials, Figure
S3 (St. Margarethen Limestone) and Figure S4 (Schlaitdorf Sandstone).

One of the main findings is that, in order to study petrophysical changes caused by treatment
application by means of neutron radiography, sound samples proved to be convenient. However,
the use of sound stone specimens to evaluate the efficacy of a consolidant should be discarded.
The reason for this is evident in the comparative graph, because the increase in UPV is minor and
can be misinterpreted. Such a slight increase does not rest solely on the treatment’s performance, but
rather on the conditions of the substrate under study. The hypothesis is that when a sound stone is
consolidated, the product will precipitate inside the pores but might not influence the grain contacts, as
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these will be intact in a freshly quarried specimen. Thus, the fastest way for a sound wave to propagate
through the sample might still be the same as before the consolidation, since the grain contacts were not
affected. Therefore, if mechanical strength gain is the subject of study, it is recommended to artificially
age and subsequently consolidate specimens and compare those two states with each other. Only in
this way can the potential of the consolidant’s efficiency, which is defined as the restoration of the
mechanical strength of the material, be obtained.

Regarding Schlaitdorf Sandstone, the values of UPV are higher in magnitude when compared to
St. Margarethen Limestone. The reason for such a behaviour lies in its micro-texture, which was already
reported in a previous study [40]. The consolidation of the clayey matrix, which is homogeneously
deposited between the grains of Schlaitdorf Sandstone, lead to a faster propagation of the sound wave,
and thus higher values after consolidation. The consolidant NC-25C had a higher impact on the
velocity, indicating a higher efficiency than the nano-particle based NC-12C. Moreover, an increase in
the amount of applied consolidant resulted in an increase in UPV; thus, higher efficiency is the result.
The latter also demonstrates that the efficiency and compatibility of treatments will depend on the
amount of applied consolidant.

The water absorption curves are more complicated to interpret when the stone specimens are
consolidated, especially when reactive treatments are present. Figure 11b,c displays two curves,
depicted as part (i) and (ii) in the graphs, which correspond to changes in slope and thus in water
absorption kinetics. For both cases, it can be observed that the water absorption increased steadily, and
after five minutes a speed increase of the capillary suction took place. The accelerated water absorption
rate, represented as part (ii) where the slope increases, represents a phenomenon where a greater pore
volume contributes to the suction and increases the slope. Figure 11d represents a water absorption
curve of a hydrophobic specimen, where water is initially absorbed on the surface (measurement
at 1 min) and diffuses gradually with time. In the latter case, the magnitude of absorbed water per
surface area displays the water repellence or hindrance of the stone specimen. The evolution of water
absorption kinetics as the polymerisation proceeds should be investigated more in depth by means of
neutron radiography and additional laboratory water-based methods.

Figure 11. Examples of water absorption curves after 30 min (here reported as the square root of time
in hours), extracted from gravimetrical monitoring. Graph (a) represents absorption curves from sound
stone specimens, (b) Schlaitdorf Sandstone, (c) St. Margarethen Limestone where the consolidant
NC-25C was applied by poultice and (d) a specimen of St. Margarethen Limestone representing the
over-consolidation attained by a repetitive capillary absorption of NC-25C.
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4. Conclusions

Weathering is known to cause a loss of grain cohesion, and thus a reduction of mechanical strength
in monumental stone. To regain the lost cohesion, stone consolidants are frequently applied. In the
present study, neutron radiography was used to monitor water absorption by capillarity, and to analyse
possible alterations caused by artificial ageing of stone and three treatment applications, applied on
two different substrates and treated with two consolidants.

The results show that artificially aged or heat-treated stone specimens must not be used when
physical changes are studied, as the impact seen by neutron radiography is limited. On the contrary,
when studying mechanical strength changes, artificial ageing is a prerequisite in order to study the
efficiency of stone consolidants, as findings with UPV demonstrate. When grain contacts are not
affected, as is the case in a sound material, the consolidation efficiency will yield underestimated
values, which are not representative of the capability of the consolidant to strengthen the substrate.

Concerning the evaluation of treatment applications with stone consolidants by means of neutron
radiography, the results reveal that the amount of product applied, and therefore the application
technique used, is relevant when using a reactive system like NC-25C—the nano-titania doped
tetraethyl-orthosilicate. On the contrary, the nano-silica-based consolidant NC-12C shows comparable
results regarding water absorption kinetics regardless of the substrate or treatment application used.
For the reactive system NC-25C, different amounts of product applied result in different speeds of
chemical reaction, which makes the nano-based consolidant NC-12C more favourable for on-site work.
However, the advantage of NC-25C is the higher mechanical strength when compared to NC-12C,
as observed by UPV. The differences in the degree of polymerisation are particularly visible on the
carbonate variety St. Margarethen Limestone, ranging from water repellence to anomalous water
kinetics ascribed to partial polymerisation and initiated in the inner core of the stone specimens. In the
latter case, when NC-25C was applied by brushing and poultice, pore clogging in the sub surface area
and water trapping, as well as anomalous capillary absorption, were recorded.

Neutron radiography proved to be an excellent tool for dynamic observations of the inner
pathways of adsorbed water in a consolidated substrate. It gave insights on the effects of stone texture
and structure, the preferential pathways of water being absorbed and distributed throughout the
material, which is relevant in determining the final behaviour that cannot be revealed by simple
lab-based water absorption tests. While WAC is simply averaging all phenomena and quantities,
neutron radiography allowed to see localised quantities, the degree of spreading of the same and
the kinetics of those processes. Without neutron imaging, the present study would not be able to
observe that the amount of absorbed water in aged samples was higher, but that the speed in some
lithotypes and localities slowed down. Furthermore, it would have been impossible to observe that the
polymerisation was initiated inside the stone while the outer surfaces were still mostly hydrophobic.
Moreover, the vugular porosity that is texturally different from the surrounding structure of the stone
indeed represented a preferential pathway for the water in a consolidated stone. Additionally, if the
specimens seemed hydrophobic, there was a small passage where the water penetrated into the depth
of the stone and did not just stay in the surface zone. All those conclusions would not have been
possible without the use of neutron imaging.

The present study focused on two porous lithotypes, but in order to draw wider conclusions
relevant to the field and to possibly establish guidelines for treatment applications, the same
experimental set-up should be employed on additional lithotypes and with additional consolidating
materials. Variation of the amount of consolidant applied, the studied time span after treatment
application and different curing conditions should be considered for further studies. Moreover, other
application techniques should also be analysed, as well as lithotypes with different natural and artificial
decay patterns.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/4/635/s1,
Figure S1. The upper plot displays the temperature (◦C) and relative humidity (%), recorded once per day in
the city centre of Pisa, Italy during May 2018. The bottom plot shows the monitored weight of consolidated

http://www.mdpi.com/2079-4991/9/4/635/s1
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St. Margarethen Limestone and Schlaitdorf Sandstone stone specimens. An average of three specimens is
shown for each treatment and lithotype. The labelling C_NC-25C stands for treatment application by capillary
absorption with nano-titania modified tetraethyl-orthosilicate, while P_NC-12C_P stands for treatment by poultice,
pre-wetted by ethanol prior to treatment application. Table S1. Water absorption coefficient [kg/(m2·t0.5)] after 30
min calculated from neutron imaging and gravimetrical laboratory analysis as well as ultrasonic pulse velocity
[km/s] before (sound) and after artificial ageing (aged) for St. Margarethen Limestone and Schlaitdorf Sandstone.
Average data of three stone specimens. Figure S2. Normalised images of sound (top) and consolidated (bottom) St.
Margarethen Limestone with the nano-silica consolidant (NC-12C) applied by brushing. Table S2. Comparative
graph displaying water absorption coefficients after 30 min [kg/(m2·t0.5)] calculated from neutron radiography and
laboratory tests by gravimetrical means and compared with ultrasonic pulse velocity [km/s] for St. Margarethen
Limestone and Schlaitdorf Sandstone. Figure S3. Water absorption (wt. %) extracted from neutron radiography
scans on three specimens per lithotype and condition (sound, aged, consolidated). Figure S4. Water absorption
(wt. %) extracted from neutron radiography scans on three specimens per lithotype and condition (sound, aged,
consolidated).
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h i g h l i g h t s

� Modelling and evaluation of distribution depth of stone consolidants.
� Colloidal suspensions exhibit an exponential decline to varying degrees.
� Drilling resistance shows over-consolidation which agrees with the applied model.
� Deposition of consolidants inside the stone determines a treatment’s performance.
� Mechanical tests confirm the treatments efficiency (i.e. mechanical strength gain).
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a b s t r a c t

An analytical model was applied in order to understand the distribution depth of cured stone consoli-
dants. The model is grounded on a case study of Vienna’s St. Stephen’s Cathedral and was verified against
drilled cores examined by SEM and image analysis, on-site drilling resistance measurements and
laboratory-based mechanical tests. The results reveal that the variation of the concentration gradient
with penetration depth resembles an exponential decline. The deposition of the cured consolidant is gov-
erned by capillary forces upon drying within water-based nano-zirconia dispersions and water/alcohol-
based colloidal silica. This effect is less pronounced within reactive consolidants, which undergo polycon-
densation reactions, as with alkoxysilanes.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Preservation of architectural surfaces is a common practice, and
for such purposes, new materials are continuously being developed
and modified. One of the most demanding tasks in built heritage
preservation is the restoration of the physical characteristics and
mechanical properties of a building’s surface that has naturally
aged. These surfaces usually exhibit a degradation pattern, more
severe at the exposed surface and less so towards the inner struc-

ture of the building’s wall material. To restore such complex pat-
terns, various stone consolidants are frequently applied. These
consolidants differ in chemical, physical and mechanical proper-
ties, and the choice and study of their interaction with a substrate
is often grounded on a case-by-case basis, considering certain
stones or architectural surfaces. Occasionally, a combination of
consolidants is used to remedy problems regarding damages of
varying sizes [1]. Moreover, efforts have been made to modify par-
ticle size and shape to overcome decay patterns of different mag-
nitudes and to treat substrates of higher porosities [2]. Some
consolidant modifications include the functionalisation of surfaces
to retard further decay caused by e.g. biological colonization [3] or
water penetration [4]. Some common consolidants include metal
oxides and colloidal silica in various solvents as well as alkoxysi-
lanes that form a silica gel that strengthens the substrate. Further-
more, synthetic organic polymers, calcium hydroxide, ammonium

https://doi.org/10.1016/j.conbuildmat.2020.120394
0950-0618/� 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail addresses: matea.ban@tuwien.ac.at (M. Ban), laura.aliotta@dici.unipi.it

(L. Aliotta), vito.gigante@dici.unipi.it (V. Gigante), elisabeth.mascha@uni-ak.ac.at
(E. Mascha), antonella.sola@unimore.it (A. Sola), andrea.lazzeri@unipi.it (A. Lazzeri).

1 Present address: Commonwealth Scientific and Industrial Research Organisation,
Manufacturing Business Unit, Metal Industries Program, Clayton, VIC, Australia;
antonella.sola@csiro.au.

2 These authors contributed equally to the work.

Construction and Building Materials 259 (2020) 120394

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2020.120394&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.conbuildmat.2020.120394
http://creativecommons.org/licenses/by/4.0/
mailto:matea.ban@tuwien.ac.at
mailto:laura.aliotta@dici.unipi.it
mailto:vito.gigante@dici.unipi.it
mailto:elisabeth.mascha@uni-ak.ac.at
mailto:antonella.sola@unimore.it
mailto:andrea.lazzeri@unipi.it
https://doi.org/10.1016/j.conbuildmat.2020.120394
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


oxalate or hydroxyapatite are just few additional consolidants fre-
quently used in architectural preservation.

A consolidation treatment is undertaken by applying the liquid
consolidant on the monument stone so that it penetrates into the
stone matrix. Consequently, the consolidant reacts by evaporation
of the solvent or chemical reactions to form a coherent material in
the stone structure, thereby strengthening the stone monument.
The latter process is known as curing; within this process, the
treatment’s performance depends on several variables. The mode
of application is known to influence the outcome [5,6], as is the
solid content of the consolidant after curing [7]. Furthermore, the
role of the solvent has been proven to be crucial for the penetration
depth and thus for treatment performance [8]. The macro- and
micro-climatic conditions on-site are important for chemical reac-
tions and evaporation processes. All these variables make this field
of scientific study active and vivid, particularly as many of these
processes can be assessed only by analytical and numerical mod-
elling. Regarding the latter, the transport and deposition of stone
consolidants on-site are one of the processes that can be studied
only with numerical modelling, as there is no method available
allowing examination of the penetration and distribution depth
of consolidants into a building wall. Furthermore, it is important
to know where the consolidating material is deposited inside the
stone structure after the curing process because the consolidant
needs to strengthen the identified decay patterns without any
harmful effect. Harmful effects of a consolidation treatment could
include over-consolidation of the surface, pore clogging or a deeper
penetration and consolidation of sound bulk material, causing dif-
ferential strength profiles. Study of consolidant deposition is cru-
cial in the field of architectural preservation, but consolidant
distribution alone does not give information about treatment effi-
ciency. The efficiency of a treatment must be evaluated through
physical tests.

The laboratory affords various possibilities for studying the effi-
ciency of a consolidant: tests of splitting tensile strength, bending
strength, compressive strength or pull-off adhesive strength. On-
site, only a few methods are capable of providing evidence for
mechanical strength gain. The methods used on-site to study
mechanical strength include drilling resistance and sound speed
propagation. Every method of study is accompanied by certain lim-
itations, and experience has shown that only with a combination of
on-site and laboratory-based methods may reliable results be
achieved [9]. As an example, scanning electron microscopy (SEM)
allows direct observation of pore clogging phenomena. Addition-
ally, SEM can give insights into the consolidant’s properties of
adhesion to the pore walls of the substrate and the distribution
or bridging capacities of the consolidating material. However,
SEM cannot provide evidence regarding the actual strength of the
consolidated material, which can be achieved by e.g. drilling resis-
tance measurements.

Neutron imaging shows a great potential in stone conservation
analysis [10]. With neutron imaging, the inner structure of a mate-
rial can be analysed, as can the liquid that flows through it. This
technique was used to investigate the deposition of consolidants
inside natural stones [11–13], but such large-scale imaging facili-
ties are not easily accessible. The complementary method, which
is available on laboratory scale, is X-ray microtomography, which
has shown promising results in a study that scanned the stone
before and after treatment [14]. However, when the substrate
under study and the consolidating material share the same chem-
ical composition (i.e. carbonates consolidated with nano-calcite)
and little consolidant is applied, no technique makes it easy to
obtain precise measurements of consolidant distribution after cur-
ing. The latter issue is more easily assessed through SEM analysis,
as the higher spatial resolution allows the differentiation of textu-
ral changes between the stone and consolidant. Microscopy in

combination with image analysis is particularly helpful in assess-
ing coverage of coatings for protection of architectural surfaces
[15].

Studies dealing with the flow or deposition of consolidants
inside a stone structure using analytical or numerical modelling
are not common in the field of built cultural heritage. Fractal mod-
elling is the most widely used method to describe the movement of
liquid in a pore network system of porous materials [16]. It is
rather the related disciplines of geoscience and environmental
science, as well as nuclear waste disposal, that have focused on
modelling phenomena regarding reactive transport, sorption and
diffusion [17,18]. Predictive modelling of phenomena in the field
of the built cultural heritage, although essential, is lacking in terms
of published research.

The present work provides an analytical approach that allows,
through simple calculations, the analysis of consolidant depth dis-
tribution. Thanks to the final equation’s basis in theoretical analy-
sis, this method can be easily applied by specialists on-site. The
present study provides an improved evaluation tool for treatment
performance. Three consolidants, namely, i) water-based nano-
zirconia dispersion, ii) water–alcohol-based colloidal silica and
iii) nano-titania-modified alkoxysilane, were applied on-site, on a
porous calcarenite. Drilled cores have been extracted from the
monumental site and investigated, in the laboratory, by SEM and
image analysis to obtain information on the distribution depth of
the consolidant’s solid content after curing. Analytical modelling
proved capable of describing the degree of exponential decline of
the concentration gradient with penetration depth and could also
fit the experimental data in a satisfactory way, allowing explana-
tion of differences in deposition pattern among the studied consol-
idants. The focus of the work was finding possible explanations for
differences in deposition profiles of the examined consolidants
and, where possible, to provide predictive indicators of their per-
formance. Example drilling resistance measurements on-site and
lab-based mechanical tests (i.e. sound speed propagation and split-
ting tensile strength) helped support the modelling-based evalua-
tion of treatment effectiveness.

2. Experimental section

2.1. Building stone

The stone studied in this work is a calcareous arenite, sourced
from lower Austria’s Burgenland and known under the name of
the quarry, St. Margarethen. It is a white to yellowish porous cal-
careous arenite consisting of calcite found in the form of fragments
of coralline red algae, bryozoans, echinoids and foraminifers as
well as traces of quartz (<1 wt%), as seen in Fig. 1a. The porosity
of this sedimentary lithotype amounts to ~ 20 vol%, with aggre-
gates reaching sizes of a few millimetres, cemented with fine crys-
talline calcite (see Fig. 1b). This lithotype is still quarried and used
for restoration purposes, especially in Vienna and lower Austria. It
exhibits typical decay patterns of granular disintegration, micro-
cracking and black crusts. Because it is prone to chemical weather-
ing and freeze–thaw cycling [19], conservation treatment is
unavoidable. However, high porosity and variable morphology of
damaged St. Margarethen makes the choice regarding a proper con-
servation treatment difficult. Please refer to Supporting Informa-
tion for more details on petrographic and petrophysical features.

2.2. Consolidation treatment On-Site and in laboratory

The on-site testing area is located at the south façade of St. Ste-
phen’s Cathedral in the city centre of Vienna, Austria. The buttress
used for this pilot study originates from the beginning of the 20th
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century, and it exhibits extensive granular disintegration and the
formation of black crusts (see Fig. 2). Granular disintegration is a
generic term describing lost cohesion between the grains of a sub-
strate, whereas the formation of black crusts is a form of mineral
replacement reaction to the detriment of calcite that can be traced
to the activity of sulphate agents and environmental pollutants
[20]. For detailed information about the predominant decay pat-
terns found on-site and a condition assessment, see Supporting
Information.

The preparation of the surface involved sensitive mechanical
and chemical cleaning, with micro chisels and poultice of ammo-
nium bicarbonate, respectively. However, an accurate removal of
the gypsum in depth was not possible due to the severely damaged
surface. A careful steam cleaning was carried out before consoli-
dants were applied. The application of the three consolidants,
listed in Table 1, was done by the run-off method using pipettes
until refusal of the consolidant was visible. This procedure was
repeated the next day, having in total a treatment application of
two cycles. The curing involved a loose 1 week coverage with foil
to protect the treated surface from sun and rain exposure and to
avoid a too fast evaporation.

The consolidants were developed during a recently finished
Horizon 2020 project known as ‘Nano-Cathedral’, short for ‘Nano-
materials for conservation of European architectural heritage
developed by research on characteristic lithotypes’ (Grant Agree-
ment No. 646178). The exact routes of synthesis for these consol-
idants are therefore protected by non-disclosure agreements, as
industrial partners were involved in product development. How-
ever, the project ensured a high technology readiness level (TRL)
of these newly engineered materials. They have been validated in
laboratory and relevant environment, including a development of
technical and safety data for their use. For specialists on-site,
industrial products are more relevant than consolidants developed
by academic researchers as the latter often fail to be implemented
on-site, also due to liability reasons. Most consolidants used in
construction work are industry developed products.

The effectiveness of each consolidant, that is, its capability to
increase mechanical strength after treatment, was assessed in a
laboratory-based study using sound speed propagation and split-
ting tensile strength. For that work, freshly quarried St. Mar-
garethen samples were artificially aged by heat treatment to
induce micro-cracks in the substrate. The ageing procedure is
described elsewhere [21] and involved preliminary studies con-
cerning residence time, cycles and heating rates to achieve
microstructural defects that reduce the soundness of the stone
without macroscopic failure (i.e. large cracks traversing the speci-
men). Thermal stresses are commonly employed for ageing pur-

poses prior to stone consolidation studies [22]. In the present
study, the stone samples were placed in an electrical furnace
(model Heraeus K114 from Thermo Scientific) with a heating rate
of 40 �C min�1 until the target temperature of 600 �C was reached
and maintained for 1 h. A rapid cooling of approx. 15 min to room
temperature followed. When the specimens reached room temper-
ature, the procedure was repeated. A total of three heating cycles
were completed. For more details on the effect of artificial ageing
please refer to Supporting Information.

Consolidation in the laboratory was performed by capillary
absorption for 1 h on the bottom side of each specimen (i.e. the
lower side was left dipped in a vat of consolidant for 1 h while
the lateral sides were sealed with a parafilm sealing tape) that
was equilibrated under laboratory conditions (22 ± 3 �C, ~50%
RH) beforehand. Thorough penetration of the specimens by the
consolidant was ensured by visual inspection. In fact, as often hap-
pens with water, the movement of the wetting front of the consol-
idant progressively changed the colour of the stone (i.e., darkening)
and this allowed to follow the penetration of the specimens with
the naked eye. A total of two consolidant application cycles were
completed, with 24 h between the two applications. Afterwards,
the specimens were loosely covered with a polyethylene foil for
1 week, simulating on-site aftercare conditions. After treatment,
the samples were weighed for 1 month once per day in order to
determine when equilibrium was reached. Testing of the speci-
mens was done 2 to 3 months after consolidation, to ensure that
sufficient curing time for complete alkoxysilane polymerisation
had passed. The latter point was particularly important as a poly-
condensation reaction might be ongoing for an indefinite period,
as reported by other authors [23,24].

It is important to note that a direct comparison of specimens
treated on-site and in the laboratory cannot be made, but rather
the latter should serve as supporting information in evaluating
on-site tests. Treatment application on-site and in laboratory is
not comparable and might lead to varying treatment perfor-
mances. Specifically, the applicability of the lab-based treatment
method (i.e., capillary rise from one side) cannot be mimicked
on-site and variable factors (e.g. gravity, pressure, precision, con-
tact area, etc.) might influence a treatments outcome. Moreover,
on-site conditions, including micro- and macro-climate, decay pat-
tern variation and application amount, cannot be properly mim-
icked in the laboratory and require further efforts in research
analysis. Nevertheless, laboratory-based methods are good indica-
tors for a treatment’s effectiveness [9] and a necessary step in eval-
uating newly engineered consolidants. Details regarding the
amount of consolidants applied on-site and in laboratory can be
seen in Supporting Information.

Fig. 1. a) Microstructure of freshly quarried St. Margarethen as observed in thin section under parallel-polarised light using a Nikon optical microscope. b) Detail of a
foraminifera fragment surrounded with the binding medium, a fine crystalline calcite cement observed in cross-polarised mode. Blue and black space represents the resin
used for embedment of the stone specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Ban et al. / Construction and Building Materials 259 (2020) 120394 3



2.3. Characterisation

Characterisation of the naturally weathered and consolidated
building stone included SEM examination on extracted drilled
cores and subsequent image analysis. Moreover, to cross-validate
the findings, drilling resistance was performed on-site in the vicin-
ity of the holes that originated from extracted drilled cores used for
image analysis. Additionally, sound speed propagation and split-
ting tensile strength were tested on laboratory specimens for the
purpose of studying mechanical strength gain after consolidation.

The polished cross-sections were observed by SEM (Philips XL
30 ESEM), at 20 kV under low vacuum, using back-scattered elec-
trons and employing energy-dispersive X-ray analysis. Detailed
phenomena such as adhesion were studied at high magnification
(normally 200x to 1500x, mostly 400 x), whereas SEM micro-
graphs, taken at low magnification of 100x, were assembled using
Photoshop� to observe the full depth of a sample and analyse the
distribution depth of a given consolidant. Analysed depth was lim-
ited to approximately 10 to 15 mm. SEM studies were also done on
laboratory-treated specimens to validate on-site observations.

The image analysis process was carried out using the software
ImageJ [25] (v 1.51r, National Institutes of Health, Bethesda, MD,
USA). In that analysis, each image was divided into vertical col-
umns, and each column-like micrograph was again subdivided into
horizontal bands 1 mm in height. The consolidant, within the
structure of the stone, was mapped using false colours. For each
band, the volume fraction occupied by the consolidant was calcu-
lated as the fraction of false-coloured pixels in the image. In this
way, the concentration of solid content after curing was deter-
mined as a function of depth within the stone. An average concen-
tration profile and corresponding standard deviation were
calculated over two subdivisions of each micrograph prior to mod-
elling. The assumption made in the SEM analysis was that all the
consolidant (i.e. 100% of its solid content) applied at the specimen’s
surface was contained within the analysed specimens and, in par-
ticular, within the depth observed in the image.

Drilling resistance measurements were performed on-site with
a DRMS cordless device developed by SINT Technology s.r.L. (Italy).
Drilling resistance measures the resistance in Newton to a penetra-
tion force. It is calculated as a function of the speed of rotation, the

Fig. 2. a) Architectural element on the south façade of St. Stephen’s Cathedral used as the testing area. Inset shows the surface during application of a consolidant and the
drilling resistance holes made for the purpose of testing the condition prior to treatment (red arrow). b) Typical decay pattern, observed in back-scattered mode on polished
thin sections, exhibiting damage more pronounced at the surface. Inset shows the presence of gypsum in the microstructure, visible in the form of needles (red arrow). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Characteristics of the studied stone consolidants.

Project
labelling

Commercial name
(producer, country)

Materials chemistry Dimension of Nanoparticles
(nm)

Concentration in wt% (***)

NC-25C HFES 70 (ChemSpec, IT) Nano TiO2 (1%) mod. TEOS(*) in isopropanol 10–20 TiO2
(**) 47 ± 0.5

NC-12C ZG12 (Colorobbia, IT) SiO2 in water/ethanol ~70 23 ± 0.5
NC-29C ZR110 (Tecnan, ES) ZrO2 in water ~119 11 ± 0.5

(*) Tetraethyl orthosilicate, also known under the general term alkoxysilane and abbreviated as TEOS, with the chemical formula Si(OC2H5)4. (**) Contains approx. 80% anatase
and 20% rutile. (***) The solid content after curing was calculated on laboratory treated specimens by dividing the residue weight of the consolidant after curing, assessed
approx. 2 months after application, by the applied weight of consolidant and multiplying by 100 to obtain percent; using 10 specimens with a dimension of 5� 5� 5 cm. Note
that the mass of NC-25C might deviate with time due to ongoing polycondensation reactions. .
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penetration speed, the drill bit diameter and the material tested.
The rotation speed of 600 rpm and the penetration speed of
10 mm/min were kept constant. The penetration depth amounted
to 15 mm, comparable with the image depth analysed by SEM. A
custom-made 5 mm polycrystalline diamond bit was used for each
treatment evaluation, which obviated the need for a correction for
drill bit wear. The drilling resistance test was performed before
treatment application and 1 year after application on-site.

Determination of the dynamic modulus of elasticity, by measur-
ing the fundamental resonance frequency, was performed by longi-
tudinal study on each of three prismatic specimens (1 � 1 � 4 cm)
in their pristine, artificially aged (i.e. heat treated) and subse-
quently consolidated states according to EN 14146 [26]. The tested
size ensured that the consolidants penetrated the entire body of
each specimen. A Conosonic C2-GS ultrasonic pulse generator, a
pair of UP-DW transducers and a notebook preinstalled with Light
House Touch software, all developed by Geotron-Elektronik (Pirna,
Germany), were used. The device used was equipped with a built-
in algorithm that calculated the dynamic modulus of elasticity, EdL,
in GPa, obtained from the measured longitudinal fundamental res-
onance frequency FL as

EdL ¼ 4� 10�6 � l2 � F2
L � q� T ð1Þ

where l represents the length and q the density of the stone. The
correction factor T can be assumed to equal 1, as the width of the
specimens is four times its length, so Eq. (1) is simplified by the cor-
rection factor.

The test method for splitting tensile strength, investigated
according to ASTM D3967 [27], was implemented with an Austro
Test Hrdina GmbH MA-CO89 four-column hydraulic servo control
loading device. The testing setup consisted of a flat bearing block at
the bottom and a curved bearing block on the top of the stone
specimen. Cardboard bearing strips of 0.6 mm thickness were used
to reduce the contact stresses. An average was calculated from six
specimens of diameter of 6 cm and thickness of 3 cm. The splitting
tensile strength rt in MPa was determined as

rt ¼ 2P
pLD

ð2Þ

where P represents the maximum load applied in Newtons as indi-
cated by the testing machine, and L and D correspond respectively
to the thickness and diameter of the specimen in mm.

An overview of the analysis carried out on St. Margarethen trea-
ted on-site and in laboratory as well as the methods used to inves-
tigate the treatments performance can be viewed in Table 2.

2.4. Analytical model to describe the distribution depth of the
consolidant after curing

An analytical model was obtained to evaluate the quantity, as a
function of depth, of consolidant present in the building stone, fol-
lowing an on-site treatment with three consolidants. The first
approximation to model this phenomenon is to view the system
(i.e. stone and consolidant) as a filtering system in which the stone
acts as a filter against the consolidant that passes through it. In the
literature, this approach is usually found in studies concerning oil
recovery. The probabilistic sieve model describing microfiltration
[28–30], used to analyse pore blocking processes, allows the deter-
mination of physicochemical parameters of nonstationary filtra-
tion phenomena of aqueous suspension.

In the present case study, the driving forces that carry the con-
solidant through the stone’s fabric are capillary forces. In order to
evaluate the concentration of consolidant c as a function of
depth � , a mass balance is applied in the following form:

V
dc
dx

¼ D
d2c

dx2 ð3Þ

where D is the diffusivity and V the filtration speed of the studied
system. As equilibrium conditions are reached (i.e. the curing of
the consolidant completes), time dependence becomes negligible.
Therefore, the boundary conditions to solve Eq. (3) are

B:C:
c x ¼ 0ð Þ ¼ c0

c x ¼ Lð Þ ¼ cL

�
ð4Þ

where C0 is the solid content concentration found on the stone’s
surface at the end of the curing process and CL is the solid content
concentration at the maximum depth reached by the treatment
within the analysed sample volume. As the system is described to
be a filtration system, where the treated stone is the filter, the
expression of velocity follows Darcy’s law [31,32]. Therefore, the
effective filtering speed V is connected to Darcy’s speed VD accord-
ing to the following relation:

V ¼ e � VD ¼ � k
l
DP
L

ð5Þ

In Eq. (5), the negative sign of the term on the right-hand side
provides for positive values of the velocity in the direction of the
motion. The suspension viscosity is given by l, whereas k is the
permeability and DP L-1 the pressure drop over a given distance.
e represents the average porosity of the stone, evaluated using
image analysis as described above. The permeability indicates the
capability of a viscous fluid to penetrate a porous system and can
be evaluated through experimental tests or, for well-known sys-
tems, found in the literature [33,34]. Otherwise, as a first approxi-
mation, the Blake–Kozeny relation (eq. (6)) can be used to calculate
the stones permeability k in terms of the average pore diameter Dp

and stone porosity e as follows:

k ¼ Dp
2 � e3

150 � ð1� eÞ2 ð6Þ

Table 2
Analysis carried out on St. Margarethen treated on-site and in laboratory.

Type of test
(Standard)

On-
site

Laboratory Note

SEM-EDX (Not
Stand.)

Yes
(1)

Yes (2) (1) One drilled core, 2 cm in
diameter, per test area (i.e.,
consolidant) extracted.(2) One
specimen per consolidant.

PLM (Not Stand.) Yes No Condition assessment and damage
analysis in combination with SEM-
EDX. Three specimens were
extracted on-site for damage
analysis.

Drilling resistance
(Not Stand.)

Yes No Distance of bore holes before and
after treatment application approx.
2 cm. Low-destructive test.

Drying behaviour
(EN 16322)

No Yes Average of three samples
(5 � 5 � 5 cm) per consolidant with
daily monitoring for four weeks.

Dynamic elastic
modulus (EN
14146)

No Yes Average of three samples
(1 � 1 � 4 cm). Direct comparison
of sound, artificially aged and
consolidated conditions. Non-
destructive test.

Splitting tensile
strength
(ASTM D
39967)

No Yes Average of 10 samples per
condition (i.e., sound, artificially
aged and consolidated). Destructive
test.

(1) For modelling purposes, doing false colour mapping using Photoshop� and
ImageJ. (2) Analysis of details regarding bridging capacity, cracking and adhesion to
substrate.
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As capillarity is the driving force of this system, it obeys the
Young–Laplace equation:

DP
L

¼ 2rcosh

Rp
2 ð7Þ

where r is the surface tension, h the wettability (contact angle) and
Rp the pore radii of the system. Inserting Eqs. (6) and (7) into Eq. (5),
the final expression of filtering velocity is obtained. Solving Eq. (3),
the degree of solid content concentration as a function of sample
depth can be described as an analytical solution as follows:

�2Dprcosh
75lDL

� e3

1� eð Þ2
" #

dc
dx

¼ d2c

dx2 : ð8Þ

In Eq. (8), it is possible to define the following parameters:

A ¼ e3

1� eð Þ2
ð9Þ

B ¼ 2Dprcosh
75lDL

; ð10Þ

where A is a function of the stone’s effective porosity, evaluated by
image analysis as the weighted average along the depth of the
stone, and B is an empirical parameter obtained through mathemat-
ical iterations (using the Generalized Reduced Gradient (GRG)
method until the convergence was obtained), encompassing the
wettability, average porous dimensions, permeability and diffusiv-
ity of the macroscopic system. Substituting the starting boundary
conditions (Eq. (4)) into Eq. (8), we obtain the following solution:

c xð Þ ¼ e�ABxðC0 � eABL � eABx
� �þ CL � eABLðeABx � 1Þ

eABL � 1
ð11Þ

which can be rewritten in the following form:

c xð Þ ¼ CL � C0ð Þ � e�ABx � CL � C0ð Þ þ C0 � ðe�ABL � 1Þ
e�ABL � 1

ð12Þ

The solution given through Eq. 11 or 12 makes it evident that
the distribution of the solid content after curing follows an expo-
nential growth or decline. To estimate the adequacy with which
the obtained equations describe the distribution depth of the con-
solidants, they have been verified in relation to the values obtained
from image analysis. The mathematical rearrangement from Eq.
(12) to Eq. (11) can be viewed in Appendix I.

3. Results and discussion

3.1. Image analysis and analytical solution for the distribution depth of
consolidants

SEM analysis provided the basis for the development of the ana-
lytical model as well as the evaluation procedure. The image-
analysed distribution depth for all three consolidants can be seen
in Fig. 3.

Additional information obtained through SEM analysis regards
the adhesion of the consolidants onto the grain surfaces and the
bridging capacity between grains. The latter is correlated with
cracking of the consolidating matrix. The SEM results are sum-
marised in Table 3, with examples shown in Fig. 4a–d. SEM analy-
sis shows that the nanoparticle-based consolidants exhibit better
adhesion and bridging capacities than alkoxysilane. The poor adhe-
sion and bridging of NC-25C can be attributed to drying stresses
and thus its susceptibility to cracking.

The micrographs analysed and reported in Fig. 3 indicate that
the solution of the differential equation based on the stone used
as a filter represents a good methodology to model the complex

system. In fact, Eq. (12) fits very well with the experimental data
for all the studied consolidants, as can be seen in Fig. 5. The exper-
imentally assessed and thus modelled curves exhibit exponential
decline to different extents.

The curves in Fig. 5 show that NC-12C and NC-29C deposit pref-
erentially on the stone surface compared to NC-25C. NC-12C exhi-
bits a more pronounced accumulation of solid content in the
subsurface area, through the first 3 mm of sample depth. This
slight difference from NC-29C might be related to the more volatile
solvent, namely, a water/ethanol mixture. The fast solvent evapo-
ration of the consolidated stone was further confirmed through
gravimetric analysis for the determination of solid content
reported in Table 1 and displayed in Fig. 6. It is evident that NC-
12C and NC-29C exhibit an equilibrium mass after ~ 5 days of
weighing, whereas treatment NC-25C requires approximately
4 weeks to establish equilibrium under laboratory conditions.
Therefore, an accumulation of solid content after curing on the sur-
face and in the subsurface zone can be related to a back-migration
of particles, carried with the solvent during evaporation (see
Fig. 6b). Specifically, the first drying phase is governed by capillary
forces; only during later stages, the drying behaviour changes and
can be attributed to diffusion velocities (i.e. vapor diffusion). Fran-
zen and Mirwald already demonstrated such a process in natural
stone using water [35]. The present study confirms that such beha-
viour is also present for colloidal water and water/ethanol systems.

Treatments NC-12C and NC-29C show comparable distribution
depth behaviour after curing, which is distinguishable from that of
treatment NC-25C. NC-25C shows the most promising depth distri-
bution, possibly explained through its chemistry. Namely, the
higher relative humidity and temperature on-site favour an imme-
diate gelation of the consolidant. Moreover, the pore walls of an
on-site object might contain more water, thereby catalysing poly-
merisation more effectively. An initiated gelation would hamper a
back-migration of the consolidant and could have a positive effect
on the distribution of the consolidant inside the stone.

The analytical model can be evaluated using two approaches.
The first possibility is to describe the results through the two terms
obtained from Eqs. (9) and (10). The first term A, in Eq. (9), corre-
sponds to the image-analysed porosity after consolidation (i.e. con-
centration of solid content that remained inside the stone). In
contrast, the term B, found in Eq. (10), is more difficult to analyse,
as it describes a variety of physical parameters, which, if assessed
experimentally one by one, could provide advanced insights (and
not average, mathematically derived values) that possibly fit with
more precision to the experimental data. Both terms are evaluated
in Table 4.

It is evident that the stone structure exhibits a range of porosi-
ties, given by term A, even though the examined drilled cores
belonged to the same architectural element. This explanation is
intuitive, as the material under study is a highly heterogeneous
stone, consisting of many fragments of various shapes and dimen-
sions. The term B describes phenomena such as permeability and
diffusivity, which are linked to structural changes. Moreover, wet-
tability of crystalline material also depends on microtextural vari-
ations and chemical composition, evident in various samples of the
stone. However, neither term can be explained solely through the
substrate; the interaction of the consolidant with the substrate
plays a role as well. Studies concerning the latter are lacking in
published research. As an example, it is not known how different
wettabilities influence a reaction between consolidant and sub-
strate or how a colloidal suspension diffuses with respect to vary-
ing roughnesses or distributions of pore radii. Such processes
would involve the study of capillary or interfacial forces, surface
complexations and electrostatic interactions, to name few phe-
nomena that would need to be considered when assessing the
interaction of substrate and consolidant. Nonetheless, a second
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possibility for evaluating the analytical model and giving predic-
tive indicators of treatment performance lies in modifying the
well-known exponential function f(x) = ex, with the following con-
stants added to the equation:

c xð Þ ¼ C1 þ C2 � e �c3 �xð Þ ð13Þ
The constants are obtained by a basic nonlinear exponential

curve fitting using the software OriginPro�. Herein, constant C1

describes the offset from the Y axis, constant C2 describes the offset
from the X axis and constant C3 relates to the vertical exaggeration
of the exponential curve. An evaluation based on Eq. (13) is often
used in cases in which exponential phenomena play a role, as is
the case with degradation patterns [36]. All constants found in
Eq. (13) are also reported in Table 4 for each of the three
consolidants.

Empirical meanings of these constants can be extrapolated
from the real-world results. A higher C1 value, in the present
case the value that is closer to zero, indicates deeper distribu-
tion, corresponding to the concentration of consolidant at the
maximum analysed depth in the specimen. This value does not
correspond solely to the distribution depth of solid content of
consolidant but also to the ratio of consolidant and to the stone
porosity at a given depth. The term C2 relates to the term C1 as
it describes the difference between the concentration present on
the surface and that present at the maximum analysed depth in
the sample. The C2 value gives insights into the homogeneity of
the distributed consolidant from the surface to the analysed
depth. The lower the C2 value, the more homogeneous the distri-
bution is along the depth transect. As regards the exponential
coefficient of the distribution depth curve given by C3, lower val-
ues indicate that the distribution is more homogeneous along

the depth transect. The higher the C2 and C3 values, the more
solid content is placed in the near-surface zone. However, these
interpretations are based on a mathematical treatment of the
constants, in which the concentration of solid content is not con-
sidered. That is, if the same distribution of fitted points on the
curve is present but with higher values, the constants yield the
same values, underestimating the importance of the solid con-
tent concentration. Still, C2 and C3 are valuable indices for
mechanical differentiation stresses that can come about if more
consolidant is present at the very surface followed by an abrupt
concentration change at shallow depth. Such distributions might
cause an over-consolidation of the near-surface zone. It is impor-
tant to note that consolidant distribution is itself an incomplete
criterion, since more solid content might be needed in the vicin-
ity of the surface, where a more pronounced decay is usually
found. To deepen the above described mathematical evaluation
regarding a treatment performance, the consolidants used must
be further evaluated with mechanical tests.

Finally, the used approach to mathematically describe the dis-
tribution depth could be extrapolated for the entire monument.
However, it should be noted that an extended diagnostic is neces-
sary. As different micro and macro climatic conditions are found
on-site, with varying exposures, different decay patterns will be
present. This might have an influence on a treatment’s perfor-
mance and thus the distribution depth of applied consolidants.
Nevertheless, the used approach can help identify various param-
eters that possibly influence a penetration depth (e.g. state of the
substrate, application cycle, application method, curing conditions,
type of consolidant, etc.). This methodology allows for an advanced
description and a possible preparation of a model that takes more
physical and chemical phenomena into account.

Fig. 3. Left: Example of distribution depths of a consolidant, assessed by image analysis and false-colour mapping. Right: A graph displaying the volume fraction occupied by
the consolidant in the stone structure as a function of sample depth.

Table 3
Qualitative SEM analysis of polished cross-sections of the treated stone.

Treatment Distribution depth (*) Adhesion between stone and consolidant Bridging between grains

NC-25C (HFES70) ~15 mm + average of ~ 50 mm
NC-12C (ZG12) ~10 mm +++ up to 100 mm
NC-29C (ZR110) ~10 mm +++ up to 100 mm

(*) The distribution depth is limited through the sample size analysed. Coding for the evaluation of adhesion: (+++) good and (+) poor.
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3.2. Cross-validation with mechanical tests

Mechanical tests performed on-site after application of consol-
idants included drilling resistance measurements in the vicinity of
the SEM analysed samples (approx. distance of 2–3 cm), whereas
mechanical tests performed in the laboratory included sound
speed propagation tests as well as splitting tensile strength tests
on sound, artificially aged and treated samples. The results from
drilling resistance measurements performed before and after the
treatment can be seen in Fig. 7. The outcome clearly mirrors the
results obtained through SEM image analysis. In particular, an
exponential decline is also visible through drilling resistance mea-
surements, for treatments NC-12C and NC-29C. Both of those con-
solidating materials exhibited an over-consolidation in the first
two millimetres, where the surface became higher in strength than
at higher penetration depths. However, consolidation treatment
was necessary, as conveyed by all the drilling resistance values
prior to treatment. That is, the very low values of drilling resistance
prior to consolidation reveal that the weathered stone was initially
of low mechanical strength and that the surface was disintegrated.
After treatment, an increase in drilling resistance was observed for
all three consolidants, implying some restoration of the strength of
the material. It is important to note that the starting stone condi-
tions are different for different samples even under a single consol-
idant’s treatments, as observed in Fig. 7cwithin treatment NC-29C.
In that case, a surface higher in drilling resistance was already pre-

sent before the consolidant was applied. Such situations are most
probably caused by the presence of gypsum inside the stone struc-
ture, as observed by SEM (see Fig. 2b).

Such over-consolidation phenomena might pose a danger by
setting up strong differences in mechanical and physical properties
in the material and abrupt transitions (i.e. higher strength at the
very surface, decreasing drastically as in the cases of NC-12C and
NC-29C). Consequently, over-consolidation can result in spalling
or pore clogging. However, more research concerning such phe-
nomena is needed in order to assess the effectiveness and compat-
ibility of a given consolidant that exhibits over-consolidation.
Micromechanical and nanomechanical studies of various consoli-
dants [37] should be performed in order to assess the cohesion
of the consolidant. In addition, macroscopic mechanical tests
should be performed with different stiffnesses present in the stone
[38] in order to assess the cohesion of the consolidated stone. Fur-
thermore, a possible way to overcome the accumulation of the con-
solidant near the surface, if caused by a back-migration, could be
pretreatment of the surface (e.g. prewetting with alcohol) or a
more controlled aftercare until curing completes. Likewise, cyclic
treatments or different application techniques might help control
the outcome of a treatment’s depth distribution. A promising
method might be the overlapping application of multiple consoli-
dants to combine their advantages.

Further laboratory mechanical analysis included the determina-
tion of the dynamic modulus of elasticity and the splitting tensile

Fig. 4. Example micrographs of laboratory-treated stone showing consolidant properties. a) Cracking present in the silica gel matrix of consolidant NC-25C. b) Partially loose
silica gel plates of NC-25C in the pore space. c) Good adhesion between St. Margarethen and nano-zirconia (NC-29C). d) Good adhesion between St. Margarethen and nano-
silica (NC-12C).
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Fig. 5. Comparison of experimental (symbols) and modelled curves (lines) obtained from image analysis of the drilled cores and the analytical model, respectively, for a) NC-
25C (titania-modified alkoxysilane), b) NC-12C (nano-silica) and c) NC-29C (nano-zirconia). d) Overlap of all three treatments as obtained through the analytical model, to
emphasise the differences in their depth distributions. The Y axis displays the percentage connected to solid content after curing as a function of the stone’s effective porosity.

Fig. 6. a) Gravimetric monitoring of the mass loss recorded after consolidation, for a total of 30 days. The height at equilibrium corresponds to the amount of solid content
residue in the stone structure, as determined for three specimens with dimensions 5 � 5 � 5 cm under laboratory conditions (~50% RH, ~22 �C). b) First derivative of the mass
loss to indicate the importance of capillary forces during the first days of drying for treatments NC-12C and NC-29C.

Table 4
Constants A and B calculated from image analysis and iterated through the analytical model, respectively. And, constants C1 to C3 used to assess the treatments performance, as
evaluated through the modified exponential function in Eq. (13).

Treatment A B C1 C2 C3

NC-25C (HFES70) 0.09 0.08 �28.042 41.555 0.024
NC-12C (ZG12) 0.09 0.85 �30.936 57.849 0.064
NC-29C (ZR110) 0.04 0.69 �53.270 74.096 0.031
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strength. These data supported the findings obtained on-site
through drilling resistance measurements, as can be seen in Fig. 8.

The Young’s modulus increased after the application of each of
the three treatments and equalled or exceeded the values of the
sound or fresh stone. Judged by these tests, treatment NC-12C
shows the largest increase. However, these values can also depend
on the deposition of the consolidant inside the structure. If the con-
solidant is well distributed in the sample volume and placed
between the grain contacts, it can attain higher values. Neverthe-
less, those high values may not correspond with the macroscopic
mechanical strength, as the cohesion of the consolidant itself
might be poor. Therefore, splitting tensile strength tests have been
done to confirm mechanical performance. In those tests, it was evi-
dent that the consolidant with the highest mechanical strength
gain was NC-25C, followed by NC-12C, itself followed closely by
NC-29C. The reason for this result lies most probably in the solid
content after curing. Notably, the solid content after curing for
NC-25C was two to four times higher than those of the other con-
solidants (see Table 1). If more consolidator solids remain in the
stone matrix, it is likely that the strength will increase that much
more. Earlier studies of a similar type, in which different alkoxysi-
lanes with varying gel deposition rates were tested, confirm this
hypothesis [39]. The amount of consolidant deposited inside the
structure is the governing aspect for the mechanical strength gain.
Moreover, the same trend can be confirmed through the drilling
resistance measurements in Fig. 7. In those measurements, NC-
25C showed the highest value, followed by lower drilling resis-
tance values observed for NC-29C and NC-12C.

All three treatments showed an essential gain with respect to
mechanical strength in laboratory and on-site measurements. To
determine the possibility of harmful over-consolidation effects,
additional studies concerning the compatibility of the treatments
(e.g. water vapour diffusion tests, durability tests, etc.) need to
be done in the laboratory with comparable depth distributions of
consolidants.

4. Conclusions

The aim of the present study was to analyse the distribution
depth of stone consolidants applied on-site after curing and to
mathematically model, with an analytical approach, the concentra-
tion of the consolidants’ solid content as a function of depth within
the stone. Three consolidants were applied on a historical façade of
St. Stephen’s Cathedral in Vienna, Austria. The drilled cores exam-
ined by SEM and image analysis showed that all consolidants
exhibited an exponential decline of consolidant solid content with
increasing depth into the stone, being highest on the surface and
subsurface area and declining towards the inner part of the struc-
ture to different extents. The model based on a version of one-
dimensional Fick’s second law successfully describes the depth dis-
tribution, allowing improved interpretations and performance
indicators for different stone consolidation treatments. We con-
clude that capillary forces, acting upon drying, are the governing
factor for the distribution of the consolidants within water-based
nano-zirconia and water–alcohol-based colloidal silica. For reac-
tive alkoxysilane, capillary forces acting upon drying are less pro-

Fig. 7. Drilling resistance measurements performed on-site on St. Margarethen before and after treatment with a) NC-25C, b) NC-12C and c) NC-29C.

Fig. 8. a) Young’s modulus and b) splitting tensile strength tested on sound (fresh), artificially aged (heat treated) as well as artificially aged and subsequently consolidated
specimens treated in the laboratory. Please note that for the determination of the Young’s modulus (Fig. 8a), the same specimens were tested in different conditions (non-
destructive testing method), while the determination of splitting tensile strength (Fig. 8b), was carried out on different sets of samples (destructive testing method).
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nounced, which is why such consolidants exhibit a more homoge-
neous depth distribution. Furthermore, we determine that drilling
resistance measurements performed on-site, in the vicinity of the
bore holes where the drilled cores have been extracted, confirm
the modelled and image-analysed findings. Young’s modulus and
splitting tensile strength tests on laboratory-treated specimens
further confirm the mechanical strength gain assessed through
drilling resistance measurements. Finally, we hope that the present
study lays a foundation for systematic activities of modelling in the
area of stone consolidation, which is lacking in published research
and is urgently needed in order to address the complexity of a
given treatment’s outcome.
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Appendix I

Equation (11) is a computed solution, using WolframAlpha LLC
(Software Mathematica), while equation (12) is analytically
derived. In the following, the mathematical rearrangement from
the analytical solution to the computed answer is shown:

c xð Þ ¼ CL � C0ð Þ � e�ABx � CL � C0ð Þ þ C0 � ðe�ABL � 1Þ
e�ABL � 1

ðA1Þ

c xð Þ ¼ CL � e�ABx � C0 � e�ABx � CL þ C0 þ C0 � e�ABL � C0

e�ABL � 1
� �eþABL

�eþABL

ðA2Þ

c xð Þ ¼ �CL � e�ABx � eþABL þ C0 � e�ABx � eþABL þ CL � eþABL � C0 � e�ABL � eþABL

eþABL � 1
ðA3Þ

c xð Þ ¼ C0 � e�ABx � eþABL � 1
� �þ CL � eþABL � e�ABx � eþABL

� �
eþABL � 1

ðA4Þ

c xð Þ ¼ C0 � e�ABx � eþABL � e�ABx � eþABx
� �þ CL � eþABL � e�ABx � eþABx � e�ABx � eþABL

� �
eþABL � 1

ðA5Þ

c xð Þ ¼ e�ABx � C0 � eþABL � eþABx
� �þ CL � eþABL � ðeþABx � 1Þ� �

eþABL � 1
: ðA6Þ

Corresponding constants obtained though Eq. (11) and Eq. (12)
as well as the modelled curves can be observed in Table A.1 and
Fig. A.1.

Table A1
Comparison between constants A, calculated from image analysis, and B, iterated through the computed solution (Eq. (11)) or the analytical model (Eq. (12)), respectively.
Constants C1 to C3 assess a treatments performance, as evaluated through the modified exponential function using Eq. (13).

Treatment A (Eq.11) B (Eq.11) A (Eq.12) B (Eq.12) C1 (Eq.13) C2 (Eq.13) C3 (Eq.13)

NC-25C (HFES70) 0.09 0.23 0.09 0.08 �28.042 41.555 0.024
NC-12C (ZG12) 0.09 0.63 0.09 0.85 �30.936 57.849 0.064
NC-29C (ZR110) 0.04 0.62 0.04 0.69 �53.270 74.096 0.031

Fig. A1. Comparison between the modelled curves obtained though the computed
solution (Eq. (11)) or the analytical model (Eq. (12)) for treatments NC-12C (nano-
silica), NC-29C (nano-zirconia) and NC-25C (titania-modified alkoxysilane).
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Table S1. Petrographic description of the studied lithotype St. Margarethen. 

General description 
Provenience St. Margarethen (Burgenland, Leithagebirge, Austria). The so-

called “Roman quarry” of St. Margarethen in Burgenland was an 
important Leithakalk quarry in eastern Austria with an exploitation 
history dating back to the roman times. The characteristic detritic 
limestone has been used since as dimension stone for buildings, 
monuments and their restoration. [1] 

Commercial name St. Margarethen Leithakalk 
Petrographic Group Sedimentary rock 
Petrographic Family Biogeneous sedimentary rock 
Lithotype Biosparite, grainstone, calcareous arenite 
Typical color Yellowish-brown to light grey 
Geological age Miocene/Langhian-Serravallian: Badenian 
Petrographic description  
Components Composed mainly of small fragments of coralline algae and 

foraminifera. Additionally, echinoderms, fragments of serpulides 
and ostracods can be observed. 

Granulometry and texture In thin sections it occurs very porous and is composed mainly of 
small fragments of coralline red algae and foraminifera.  

Grain contacts and binder minerals Components are cemented with microsparitic calcite, a fine-grained 
calcite. 

Technical Data [2] 
Stone properties Homogenous variety Coarse-grained variety 
Bulk density 2030 kg/m³ 2060 kg/m³ 
Open porosity 15.2 Vol. % 11.2 Vol. % 
Water absorption 7.5 M.% 5.4 M.% 
Sound speed propagation 3.37-3.52 km/s 3.55 - 4.20 km/s 
Compressive strength 25.4 (19.3 - 30.9) N/mm2 --- 
Bending tensile strength 5.25 (3.03 - 8.08) N/mm2 --- 

 
See Figure S1 for details on components, granulometry and texture as well as the binder material.  
 
The preparation of samples is done by vacuum-embedding of the specimen in a blue dyed epoxy 
resin (Araldite 2020). Blue colored epoxy resin is used in order to improve the visualization of 
the open pore spaces. Petrographic thin sections of about 25 µm thickness as well as polished cross 
sections were produced perpendicular to the surface.  
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Figure S1. Details of the microstructure exhibiting the rich textural and structural diversity of St. 
Margarethen. Figures at the top show details of the cementation, with the fine-grained calcite, while the 
bottom figures exhibit fragments of foraminifera (Heterostegina sp.).  
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Table S2. Porometric data from mercury intrusion tests for St. Margarethen specimens in fresh conditions 
with corresponding total pore size.  

Characteristics Double 
determination 

Pore diameter 
ranges [µm] 

Porosity 
1st test [%] 

Porosity 
2nd test [%] 

Number of tests 1st test 2nd test 150-125  0.000 0.000 
Total pore surface [m2/g] 0.82 3.08 125-100  1.373 2.920 
Average pore diameter [µm] 0.48 0.14 100-50 7.184 7.621 
Hg-total porosity [%] 20.65 22.54 50-20  4.070 3.925 
   20-10  1.661 1.530 
   10-5  1.209 1.106 
   5-2  1.281 1.061 
   2-1  0.865 0.748 
   1-0.5  0.710 0.676 
   0.5-0.2  0.656 0.546 
   0.2-0.1  0.407 0.313 
   0.1-0.05  0.386 0.507 
   0.05-0.02  0.807 0.166 
   0.02-0.01  0.037 0.750 
   0.01-0.005  0.000 0.656 
   0.005-0.002 0.000 0.000 
   0.002-0.001  0.000 0.000 

 
Note that the difference between the determined values (e.g. total pore surface) can be attributed to the 
intrinsic properties of this lithotype, that is, its textural and structural inhomogeneity. Moreover, mercury 
intrusion porosimetry tests use rather small specimens (1 cm3), exaggerating the effect of aggregate size 
and are therefore prone to deliver less meaningful results for such lithotypes in fresh or weathered 
conditions. 
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Determination of Frost Resistance after EN 12371 
The effect of freeze/thaw cycles on St. Margarethen was studied according to the Test B 
recommended in the EN 12371 standard. The test allows for estimating the mass loss after 168 
freeze/thaw cycles; moreover, in order to quantify the effects of freeze/thaw cycles on the petro-
physical proprieties of the stones, ultrasound velocity and Young’s modulus have been measured 
before testing and after 14, 56, 84, 140 and 168 cycles. 
The test has been carried out on six specimens. A total of 168 freeze/thaw cycles have been carried 
out. Each cycle consists of a 6 h freezing period in air (temperature variation from +20 °C to –12 
°C within the 6h), followed by a 6 h thawing period (+5 °C < T < 20 °C) during which the 
specimens are immersed in water. At the end of the tests (168 cycles), specimens have been 
weighted to estimate the possible loss of weight; finally, ultrasound velocity and Young’s modulus 
have been measured. Before the testing and after the 168 cycles the change in apparent volume 
according to EN 1936 was measured. Afterwards the specimens have been left under water for 
48h.  
For all testing’s the specimens were dried at 70 °C until a constant mass was reached. For 
determination of ultrasound pulse velocity and the Young’s modulus the device from Geotron-
Elektronik was used (see the corresponding manuscript for the details on the device). The climatic 
chamber MA-C314 with a controller MA-C314ET acquired from Austro Test Hrdina GmbH came 
to use. 
 
Table S3. Loss of weight [wt-%] after 168 freeze-thaw cycles. 

 
 
Table S4. Change of compressional wave velocities Vp [km/s] after 168 freeze-thaw cycles. 

 
 
Table S5. Change of Young’s modulus [kN/mm2] after 168 freeze-thaw cycles. 

SM0 SM168 [Δg] [Δwt-%] 
1378.30 1376.20 2.10 0.152 
1754.91 1753.20 1.71 0.097 
1425.98 1422.90 3.08 0.216 

SM0 SM168 ΔVp ΔVp [%] 
3.57 3.22 0.34 9.67 
5.22 4.93 0.29 5.50 
3.86 3.69 0.17 4.44 

SM0 SM168 ΔEd ΔEd [%] 
21.480 10.285 11.195 52 
50.977 49.140 1.837 4 
23.492 23.119 0.373 2 
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Figure S10. Corresponding visualization for Table S3 to S5 
 
 
 
Table S6. Change in apparent volume 

Sample Apparent Vol. Vb0 [ml] before and after 168 cycles Note 
SM1 730 to 725  
SM2 744 to 739  
SM3 732 to 723  
SM4 --- Specimens with major cracks 

and/or broken (e.g. Fig. S2) SM5 --- 
SM6 --- 
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Table S7. Visual inspection 

Sample 
 Cycles 14 56 84 140 168 

SM1 4 --- --- --- --- 
SM2 0 0 0 1 1 
SM3 0 4 --- --- --- 
SM4 4 --- --- --- --- 
SM5 0 0 4 --- --- 
SM6 0 0 0 1 1 

After the freeze-thaw cycles, the specimens are examined on all faces and sides and their behaviour is scored using 
the following scale:(0) specimen intact. (1) very minor damage (minor rounding of corners and edges) which does not 
compromise the integrity of the specimen. (2) one or several minor cracks (≤ 0,1 mm width) or detachment of small 
fragments (≤ 30 mm2 per fragment). (3) one or several cracks, holes or detachment of fragments larger than those 
defined for the ‘2’ rating, or alteration of material in veins, or the specimen shows important signs of crumble or 
dissolution. And, (4) specimen with major cracks or broken in two or more or disintegrated. The number of cycles at 
which the score of the visual examination attains 3 is noted. 
 
 
 
 

 

Figure S2. St. Margarethen after 56 cycles. Complete failure of the sample. 
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Figure S3. St. Margarethen after 14 cycles. Occurance of major cracks. 
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Interpretation and evaluation 
Different intrinsic and extrinsic properties (e.g. porosity, temperature, presence of salt and 
humidity, etc.) influence the frost-thaw resistance of a building stone, which represents one of the 
major causes of decay in the built environment.  
In the case of St. Margarethen, the frost-thaw induced star cracks in as few as 14 cycles (see Figure 
S3). However, it should be noted that the test consists in accelerate aging, accentuating the real 
exposure conditions and cycling rate. The observed decay phenomena cannot be found on-site in 
the same manner. We explain this behavior by the testing conditions, which exaggerate the water 
content in the stone during freezing and thawing and cause a premature failing of the specimens 
[3]. Moreover, to provide an in-depth analysis, more cycles would be necessary to account for the 
microstructural decay of the fabric [4]. Nevertheless, the results suggest a certain susceptibility 
towards intrinsic mechanical processes. 
No significant changes in apparent volume can be observed within the tested specimens although 
other methods show more significant alterations. The comparative measurements of ultrasound 
velocity and Young’s modulus before and after the artificial aging, show measurable changes for 
St. Margarethen. It can be concluded that there is a significant difference in deterioration 
phenomena caused by frost and thawing for this lithotype, also indicated through the three out of 
six samples that could be analyzed.  
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Table S8. Overview of stone decay patterns found on-site, on the studied architectural element. The damage 
analysis was done by means of visual inspection and sample extraction for scanning electron microscopy 
(coupled with energy dispersive X-Ray spectroscopy) and optical microscopy. Three samples of different 
size have been extracted and investigated in form of stone chips, thin section, and polished cross section in 
the frame of the condition assessment analysis. 

St. Margarethen calcareous fossil arenite – biosparite grain stone 
 
 Predominant decay phenomena Secondary decay phenomena 

 
Decay pattern Sulphation 

(gypsum crust 
formation) 

Sulphation Granular 
disintegration 

Erosion 

Key origin of 
microstructural 
defect 

Mineral 
replacement 
reaction and 
pollutants 
incorporation 

Mineral 
replacement 
reaction 

Loss of 
microsparitic 
calcite binder, 
dissolution. 

Selective loss of 
components due 
to chemical 
weathering (i.e., 
dissolution). 

Depth of defect On the surface of 
the rain-shadow 
areas 

Up to 4 cm 
evidenced 

Up to 2.5 cm in 
depth 

Surface and 
subsurface zone 

Width/thickness 
of defects 

~5 mm thickness 
of black crust. 

--- 100 µm need to be 
bridged 

--- 

Conservation 
requirements 

Mechanical 
removal (e.g. 
micro chisels) and 
steam cleaning. 

Pre-consolidation 
after chemically 
converting 
gypsum. 

Consolidation: 
structural. 
Protection: 
coating can be 
considered. 

Consolidation: 
structural. 
Protection: 
coating can be 
considered. 

 
The predominant decay phenomenon is the calcite to gypsum transformation in varying depths and 
densities as well as the creation of black crusts on the surfaces of the studied lithotype. Secondary 
decay patterns observed on-site include granular disintegration and erosion. The consolidation 
focused on the former to restore the lost cohesion between the grains. Granular disintegration 
caused a weakened stone substrate and in severe cases, overlapping with additional decay patterns, 
a scaling and delamination. The granular disintegration was observed in form of micro cracks and 
a loss of the microsparitic calcite binder by means of microscopic techniques (see Figures S4 to 
Figure S8). Furthermore, it was confirmed by means of drilling resistance measurements that the 
substrates soundness and mechanical strength were reduced (see Figure S9). 
Beside these above-mentioned main decay phenomena, many other typical deterioration patterns 
have been documented according to the Icomos glossary on stone deterioration patterns [5]. The 
observed decay patterns included different types of biological colonization on the stone surfaces 
(e.g. moos, liches, fungus, algae, etc.), leaking joints, efflorescence, macroscopic cracks, the loss 
of stone substance and many more. It should be noted that an extensive restoration and 
conservation campaign including chemical and mechanical cleaning of black crusts and biological 
colonization was undertaken but is not presented in the frame of this work. Instead, the present 
work focused solely on the granular disintegration decay patterns that needed to be consolidated.  
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Figure S4. SEM-BSE, overview of the surface and subsurface zone 
exhibiting cracks parallel to the surface and between the fragments. 

Figure S5. PLM micrograph, thin section, //N. View of a larger crack 
parallel to the surface. 
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Figure S6. SEM-BSE, stitched micrograph, overview of 
dissolution effects (upper part of the sample), granular 
disintegration with inter- and intragranular micro cracks and the 
porous microstructure.  
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Figure S7. Upper figure: SEM-BSE, details of cracks and presence of 
gypsum (arrow-indicated). Lower graph: SEM-EDX analysis of the 
gypsum. 
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Figure S8. SEM-BSE, details of intragranular micro cracks and gypsum 
needles within the pores (arrow-indicated) 
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One of the main disadvantages of the studied on-site area was its variable morphology and thus 
varying porosity, as can be observed in Table. S9, Figures S10 and Figure S11. 
 
Table S9. Comparison of water absorption tests on-site to determine the condition of the substrate. An 
average of four tests was performed with the Contact Sponge method, with a contact time of 90 s. In 
addition, three tests have been performed with Karsten Tube and nine tests with the Mirowski Pipe to 
determine the water absorption coefficient after one hour. 

Contact time Contact Sponge Karsten Tube Mirowski Pipe 
90 s [g m–2 s–1] 6±4 197±187 12±6 
60 min [kg m–2 h–0.5] --- 23±12 31±18 

 
These water absorption tests are commonly used to assess the condition of architectural surfaces 
[6]. The results reveal how inhomogeneous the substrate is, even when it seems homogeneous by 
visual inspection. Moreover, the wide spread of values in the initial stage of adsorption (i.e, 
Contact Sponge) as well as after one hour (i.e, Karsten Tube and Mirowski Pipe) indicates that an 
averaging is not possible. Furthermore, not only the surface but also the profile of degradation 
exhibits a substrate which condition is in need of a consolidation treatment (see Figure S9). 
 
 

 
 

 
  

Figure S9. Drilling resistance measurement of weathered and 
fresh quarried St. Margarethen. The curve represents an 
average of three drilling holes for each condition. The 
weathered surfaces belong to the studied on-site areas where 
the consolidants were applied.  
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Figure S10. Intermediate restoration state, during the cleaning procedure and before treatment application. 
The rain exposed surfaces marked in red (top figure) have been used for consolidation purposes in the frame 
of this work. Bottom figures exhibit the differences in densities and decay patterns. 
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Figure S11. Intermediate restoration state, during the cleaning procedure and treatment application. The 
consolidants were applied by means of run-off methods with varying utensils.  
 
  



 19 

Table S10. Effect of artificial ageing in respect to water absorption and ultrasound pulse velocity. The 
reported values were determined on six samples (5 x 5 x 5 cm) heat-treated from 500 °C to 600 °C. 

Lithotype 

Capillary absorption coefficient 
Initial value [kg/(m2h0.5)] 

Increase ΔWAC [%] 

Ultrasound pulse velocity 
Initial value [km/s] 

Decrease ΔUPV [%] 
Mean Min Max Mean Min Max 

St. Margarethen 7.98 
+12.07 

6.03 
+5.27 

8.98 
+27.56 

3.57 
–55.06 

3.36 
–43.41 

3.87 
–65.93 

 
 

    

Figure S12. (a) Increase of water absorption coefficient [kg/(m2h0.5)] and (b) decrease of ultrasound pulse 
velocity (km/s) after each cycle of heat treatment at 600 °C. An average of three specimens, 5 x 5 x 5 cm 
in size, is reported. 
 
The predominate methods for checking the efficacy of the artificial ageing was ultrasonic pulse 
velocity (apparatus Labek, oscillation frequency 40 kHz) and water absorption coefficient after 
one hour. One concrete, reproducible result that could be attained quickly with thermal aging was 
a reduction in ultrasound pulse velocity and an increase of water absorption capillarity, both of 
which correspond to a reduction in a stone sample’s soundness by formation of new micro cracks 
and the opening of existing cracks (see Table S10 and Figure S12). A general finding of this pre-
screening was that heating the stone is by far the most time efficient way to deteriorate and to reach 
a reduction of soundness reflective of the degradation processes observed in-situ (compare Figure 
S4 to Figure S8 with Figure S13), that is, the formation of micro cracks.   
The degree of degradation is of major importance when studying stone consolidants; thus, a 
systematic approach to age the substrate is required. Moreover, the decay level can be specifically 
tailored, and a systematic investigation of the efficacy is possible. Therefore, the large-scale 
production of samples on which to test consolidants was mainly achieved through thermal 
treatment. Nevertheless, it should be noted that the results may vary drastically if specimens with 
different size are subjected to the same conditions of thermal aging.   
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The artificially aged or heat-treated specimens allowed an inducement of micro cracks that can 
also be found on-site. However, their quantity and extent are not equivalent. The artificially aged 
specimens exhibit a more severe decay pattern when compared to the naturally weathered samples. 
Anyhow, the type, that is, the intergranular and intragranular micro cracks, can be observed on 
both, naturally and artificially aged specimens.  
  

Figure S13. SEM-BSE, overview of artificially induced 
micro cracks by means of heat-treatment. 
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Table S11. Amount of consolidant applied on the test areas on-site. Two application cycles were performed 
by run-off, with an intermitted pause of 24 hours in between the cycles. 

Consolidant Area [cm2] 1st cycle [ml] [ml·cm-2] 2nd cycle [ml] [ml·cm-2] Total [L·m-2] 
NC-25C  
(HFES70) 

400 80 0.200 75 0.187 387 

NC-12C  
(ZG12) 

400 90 0.225 70 0.175 400 

NC-29C  
(ZR110) 

187 30 0.160 100 0.535 695 

 
Note that the second application cycle of the treatment NC-29C (ZR110) tripled in comparison to 
the first cycle. It was observed that the consolidant did not equally penetrate the test area, some 
regions were adsorbing more while others stayed dump during the entire application procedure. 
We explain this behavior by either an intrinsic property of the lithotype (e.g. big inclusions of shell 
fragments) or a different aging pattern (e.g. varying degrees of mineral replacement reaction and 
thus formation of gypsum) causing distinct porosities.  
It is important to note that the volume of the architectural element is large when compared to the 
chosen test areas. Therefore, we cannot make confident statements of where the consolidant was 
distributed. In other words, the actual penetration depth is not known as the consolidants might 
penetrate in the depths of the architectural element or they might also be distributed along the 
subsurface zones, or a combination of both.  
 
Table S12. Amount of consolidant applied in laboratory on artificially aged (i.e., heat-treated) specimens 
with a size of 5 x 5 x 5 cm. The values represent an average calculated on 10 specimens per consolidant. 
Two application cycles were performed by capillary absorption for one hour, with an intermitted pause of 
24 hours in between the cycles. 

Consolidant Area [cm2] 1st cycle [ml] [ml·cm-2] 2nd cycle [ml] [ml·cm-2] Total [L·m-2] 
NC-25C  
(HFES70) 

25 13.0 
±5.4 

0.521 3.5 
±1.3 

0.140 661 

NC-12C  
(ZG12) 

25 18.3 
±3.5 

0.732 2.8 
±0.3 

0.110 842 

NC-29C  
(ZR110) 

25 18.9 
±3.1 

0.755 1.8 
±0.4 

0.072 828 

 
The absorbed amount changes with size and volume of the specimens as well as the conservation 
state of the substrate. It should be emphasized that a comparison between treatment applications 
performed in laboratory and on-site are not reliable. Effects like gravity, different treatment 
application (i.e., run-off and capillary absorption) and curing conditions (e.g. differing relative 
humidity, micro- and macroclimatic conditions, etc.) affect the outcome of the treatments 
performance and can therefore not be compared. It is particularly difficult to give meaningful 
specifications in the case of highly porous architectural elements, where the penetration depths 
and paths are unknown. In the case of laboratory treatment, for purposes of testing stone 
consolidants, capillary absorption is a preferred application method [7], as it assures a reproducible 
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way to apply a consolidant, making the interpretation of results easier. The total absorbed amount 
can therefore be described reliably only on laboratory treated specimens. In fact, not the total 
absorbed amount but the solid content after curing, is the governing factor and a direct function of 
the effectiveness of the consolidant [8]. As the solid content decreases in the following order NC-
25C > NC-12C > NC-29C, it is easily accepted that the mechanical strength gain will follow the 
same trend, as can be confirmed by splitting tensile strength (performed in the laboratory) and 
drilling resistance measurements (performed on-site), see here for Table S13.  
 
Table S13. Splitting tensile strength performed on laboratory specimens and average values (from 2 to 13 
mm) of drilling resistance measurements performed on-site, before and after treatment application. 

Test NC-25C NC-12C NC-29C 
 Before After Before After Before After 
Splitting Tensile 1.13±0.1 2.13±0.2 1.13±0.1 1.52±0.2 1.13±0.1 1.42±0.3 
Drilling Resistance 2.29±1 8.67±1.4 1.96±1 3.53±1.5 1.98±1.2 4.95±1.5 

 
Note that the average values of drilling resistance measurements for the treatments NC-12C and 
NC-29C are not following the same trend regarding the above-mentioned solid content after curing 
when considering the mechanical strength gain. This deviation might be explained through the 
higher amount of consolidant applied on-site (see Table S11).  
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Table S14. Measures of variability for splitting tensile strength data. 

Measures of Variability Sound 
σt [N/mm2] 

Aged 
σt [N/mm2] 

NC-25C 
σt [N/mm2] 

NC-12C 
σt [N/mm2] 

NC-29C 
σt [N/mm2] 

Average 3.27 1.13 2.13 1.52 1.42 
Standard deviation 0.41 0.14 0.19 0.24 0.34 
Median 3.19 1.14 2.12 1.51 1.41 
Minimum 2.79 0.88 1.89 1.23 0.89 
Maximum 4.02 1.38 2.48 1.94 1.79 

 
 
Table S14 reports on the measures of spread for the destructive test determining splitting tensile 
strength, as it is not possible to analyse a treatments performance on the same specimens before 
and after consolidation. Please note that the artificially aged specimens have been consolidated. 
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ARTIFICAL AGEING TECHNIQUES ON VARIOUS LITHOTYPES 
FOR TESTING OF STONE CONSOLIDANTS 

M. Ban1*, A.J. Baragona2, E. Ghaffari2, J. Weber2 and A. Rohatsch1 

Abstract 
This paper focuses on a series of ageing tests performed in the frame of a wider study on 
the use of innovative consolidants for various architectural stone types. The tested 
lithotypes can generally be broken down into two categories: silicate (quartz sandstone with 
a clayey matrix) and carbonate (porous detrital limestone and marble). The predominant 
deterioration phenomenon of all these stones on-site is loss of grain cohesion and the 
formation of micro cracks. Thus, the emphasis lies on reproducing this key-deterioration 
effect in every lithotype. An additional effect to be studied for porous limestone is the 
formation of a gradient of compactness within the specimen, mimicking a crust on loose 
substratum. The ageing progress was evaluated by the methods of determining changes in 
ultrasound velocity and water absorption coefficient by capillarity. At critical stages the 
micro defects created are analysed by polarizing light and scanning electron microscopy on 
petrographic thin sections and mercury intrusion porosimetry. The methodologies for 
artificial ageing are as following: 1.) The samples were treated thermally by temperatures 
up to 600°C to induce various types of decay; 2.) All samples were additionally subjected 
to acid attack, freeze-thaw cycles and salt crystallization alone or in combination with 
thermal treatment. The approach of matching the ageing procedure for each lithotype to its 
predominant sensitivity and methods used to assess the effect of the ageing treatments are 
discussed in terms of relevance to the natural decay phenomena found in exterior 
environments of buildings. Thermal treatment proves to be a cost and time efficient method 
for assessing artificial ageing for testing of stone consolidants. 

Keywords: artificial ageing, deterioration phenomena, consolidants, material testing 

 

1. Introduction 
Using sound stone to test the efficacy of consolidants in laboratory programs is likely to 
produce unrealistic results, due to the fact that these differ in their key properties from the 
weathered material. Unless a poorer quality of the same lithotype can be employed (Pápay 
and Török 2007, Ahmed 2015), ageing of the specimens prior to treatment is a prerequisite 
for such studies, though it must be kept in mind that artificial ageing will hardly result in a 
perfect mimic of true weathering states. While surface defects which could eventually be 
produced through salt or frost cycles causing, e.g. scaling or sanding, could in principle 
reflect true states of weathering usually associated with in-depth gradients, they don’t 
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match the needs of modern test standards, most of which base on the assumption of 
properties evenly distributed over the full diameter of the test body, e.g. a cube of 
5×5×5 cm³. Lubelli et al. (2015) designed a method where the stones were ground and 
sieved to a grain size approximate to that of the fresh stone with the particles then re-
aggregated on top of the fresh stone by the addition of air lime. While this method seems 
appropriate to study prerequisites of consolidants and promises to create different decay 
profiles going from granular disintegration to the sound fabric, it still needs further 
investigation in terms of physical and mechanical characteristics. The literature reveals 
some possibilities of ageing different lithotypes but most of them are time consuming, 
costly and bear negative side effects, e.g. salt contamination (Labus and Bochen 2012). 
Moreover most standards for determining the resistance of building materials by applying 
artificial ageing techniques (e.g. EN 12371:2010) focus on describing the failure of a 
material rather than achieving the level of degradation necessary to study consolidation 
products. It is generally accepted that salt as well as ice crystallisation causes major 
deterioration phenomena in building materials. Even though it is certain that damage will 
occur with Mg- and Na-sulphate solutions, it is first likely that decay processes induced by 
the action of salt are limited to the surface of the test body, and second it may be very 
difficult to desalinate the samples to the extent that a novel consolidants can be applied in 
order to study its fundamental principles. On the other hand, freeze-thaw weathering often 
causes premature damage in certain lithotypes while others remain unaffected. Systematic 
observation of fabric decay by frost action is not often considered after a material collapses 
or shows cracks going through samples. Ruedich et al. (2011) describes that in most cases 
at least 50 cycles need to be accomplished in order to investigate clear deterioration 
patterns. An important decay process induced by the action of water is described within 
clay-containing stones, which can be damaged through the swelling and shrinkage of clay 
by wetting and drying cycles (Jiménez-González et al. 2008). Generally, the observation of 
these deterioration mechanisms is rather slow and can be obtained only in long-term 
studies. Clay minerals can be treated with different acids, with the aim of partly dissolving 
them. Concentrated hydrochloric-, nitric- and sulphuric acid may dissolve clay minerals but 
due to their reactivity they preferentially dissolve carbonate binding materials by destroying 
their grain boundaries and consequently causing sanding and granular disintegration. 
Sulphuric acid and sulphur dioxide are used to form gypsum by reproducing a gradient of 
compactness within the specimen mimicking a crust on loose substratum (Janvier-Badosa 
et al. 2015). However, a negative side effect of using acids to age stone is the formation of 
salts, which hinders the ability to study innovative consolidants. Thermal ageing is a widely 
studied technique for fissure formation in compact stones. In particular, various marbles but 
also limestones have been studied in terms of their anisotropic behaviour and main factors 
that influence deterioration caused by thermal stresses (Siegesmund et al. 2000, Andriani 
et al. 2014). Researchers Sassoni and Franzoni (2014) have systematically studied 
weathering levels induced by heating prior to test consolidants. However, Franzoni et al. 
(2013) summarises that the process of heating may differ between the stones significantly 
and thus necessitating a development of suitable heating procedures for every lithotypes. Of 
these, the method that shows the best performance in terms of reproducing damage as found 
in-situ will be applied on a large number of specimens prior to test stone consolidants.  
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2. Lithotypes selected and their typical deterioration phenomena 
Samplings of small specimens were taken to study typical decay phenomena occurring on 
three cathedrals, namely the Cologne Cathedral (Germany), the Cathedral in Pisa (Italy) 
and the Cathedral in Vienna (Austria). The tested lithotypes were two silicate based 
sandstones with a clayey matrix from Cologne and two carbonate based stones, a porous 
detrital limestone from Vienna and a marble from Pisa. Two basic types of defects can be 
observed and need to be reproduced: (1) granular disintegration is a characteristic feature of 
clastic sedimentary and some types of volcanic rocks as well as granular metamorphic 
rocks like marbles; and (2) fissuring of various kinds, characteristic of compact rocks such 
as dense limestones, siliceous metamorphic and plutonic rocks. In addition to the described 
defects, shales and crusts that tend to detach from the surface can be found in all lithotypes. 

The main materials from the 19th century reconstruction used for the load bearing structure 
of Cologne Cathedral were quartz arenites named after the towns in which they were 
quarried: Obernkirchen and Schlaitdorf. Obernkirchen is a fine-grained quartz dominated 
sandstone. It is composed mainly of quartz and few lithic siliceous fragments with sutured 
grain contacts between quartz grains and with a slight authigenic growth of quartz. 
Additional occurrence of kaolinite and dolomite can be observed. Schlaitdorf quartz arenite 
is a coarse grained sandstone without a visible sedimentary layering. The main components 
are quartz and few lithic siliceous fragments. Furthermore dolomite (coarse grained spar 
cement and microcrystalline binder), kaolinite and illite are present. The Carrara marble 
from the Apuan Alps was used for the construction of the Cathedral of Pisa. It is a more or 
less non-foliated low metamorphic carbonatic rock mainly consisting of calcite and traces 
of dolomite. The last stone which was investigated is a fine- to coarse-grained, rhodolite 
bearing, neogene calcareous arenite from the quarry in St. Margarethen (Austria, 
Burgenland). In thin sections it appears very porous and is composed mainly of small 
fragments of coralline red algae and foraminifera. The components are cemented with fine-
grained dog-tooth calcite cement. 

3. Artificial ageing techniques and evaluation methods 
General aim of all ageing tests was to widen existing pore spaces, loosen grain contacts, or 
create micro fissures to an extent that the stone fabric could still be classified compact 
enough to be handed for test reasons. A wide variety of techniques were employed either 
individually or in combination. The predominate methods for checking the efficacy of the 
ageing treatments was by determining the ultrasonic pulse velocity (apparatus Labek, 
oscillation frequency 40 kHz) and rate of water absorption by capillarity after one hour, 
which was tested after each heat cycle or acid attack. Ultrasound pulse velocity was 
measured after every 5th cycle of wetting and drying, freeze-thaw and/or salt crystallisation. 
Mercury intrusion porosimetry (Porosimeter Porotec Pascal 140/440) were measured on 3 
samples when the desired state of degradation was achieved in comparison to the sound 
material. Polished thin sections were produced from the latter stone samples, which were 
then examined by polarizing light microscopy and scanning electron microscopy. For every 
ageing method three 5×5×2.5 cm samples were investigated. 

The sandstones were heated up in a muffle oven to 600°C to form a sudden volume 
exchange through the conversion from α to ß quartz, which occurs at ~573°C. Thermal 
expansion is known to form anisotropic deformation of calcite crystals, therefore 
temperatures from 300 to 400°C followed by “quenching” in water of 20±5°C were used 
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for marble. For the porous limestone higher temperatures were applied, from 400 to 600°C, 
to generate more stress and thus form micro cracks. The number of one-hour cycles used 
depended on whether the sample failed or had reached a “meta-stable” state; usually 
occurring between 3 and 5 cycles. The sandstones were additionally subjected to 80 wet/dry 
cycles (12 h water immersion by 20±5°C followed by 12 h drying at 75°C) as well as a 5% 
hydrochloride acid attack for partly dissolving the clayey matrix (12 h immersed and 
repeated 3 times). All lithotypes were aged by 25 cycles of freeze/thaw (12 h immersion in 
water by 20±5°C and 12 h freezing at -20°C). Another technique involved a two hour 
saturation of stones with a 14 % solutions of either magnesium or sodium sulphate, with a 
subsequent 16h drying out cycle at 75°C, which was repeated up to 25 times. With sodium 
sulphate, the specimens were dried at 100°C with addition of 350 ml water in the drying 
oven. Moreover the calcareous limestone was subjected to a 15 % sulphuric acid attack by a 
relative humidity of 50±5 %. The specimen was immersed edge-first into a 15 % sulphuric 
acid solution in order to draw the acid into its pore space till the top side is saturated. After 
~24 hours of capillary absorption the side surfaces were sealed and the samples were put 
into water for one week so that a controlled evaporation only from the top side ensues. 
Nitric acid was additionally used for the limestone as it seems promising for stones with 
high porosity (Franzoni and Sassoni 2012). The samples were immersed in a 1.6 % solution 
for 24 h and afterwards washed for 3 days in an ultrasonic bath with constant change of the 
water. This ageing technique was repeated 3 times. A subsequent weathering effect was 
studied by immersing all samples into a 30 % hydrogen peroxide for the duration of 6 h and 
repeated 5 times. Finally the combination of heat treatment with freeze-thaw, hydrogen 
peroxide and acid attack was attempted, with the goal of forming susceptible damage.  

4. Results and discussion 
One concrete, reproducible result that could be attained quickly with thermal ageing was a 
reduction in ultrasound pulse velocity and an increase of water absorption capillarity, both 
of which correspond with a reduction in a stone sample’s soundness by formation of new 
micro cracks and the opening of existing cracks. A general finding was that heating the 
stone is by far the most time efficient way for any lithotype to deteriorate and to reach a 
reduction of strength (Tab. 1 and Fig. 1). A suitable temperature to cause the desired effects 
for Carrara marble is 400°C while other lithotypes show the highest decrease in soundness 
at 600°C. Care in heating and cooling the samples must be taken as macro-cracking can 
occur, such as in the case of Obernkirchen which can crack after the first heat cycle 
unrelated to its original texture. Thermal conductivity of stones and resulting stresses 
formed through rapid or slow cooling play a crucial role in the failure of samples. The 
overall results of thermal treatment may vary drastically if specimens with different size 
and shape are subjected to the same conditions of thermal ageing.  

Tab. 1: Mean values of water absorption by capillarity after 5 cycles of heat treatment  

Difference Carrara Obernkirch. Schlaitd. St. Marga. Units 

Sound 0.058 2.641 3.031 10.846 kg/(m2h0.5) 
Aged 0.854 4.235 5.337 12.074 kg/(m2h0.5) 
Increase 1364.29 60.37 76.08 11.33 % 
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Fig. 1: Mean value of ultrasound pulse velocity after 5 cycles of heat treatment. 

 

Following the measurement of water absorption by capillarity, the lowest increase can be 
seen in St. Margarethen limestone due to the high porosity of the stone that allows the 
calcite crystals more room for expansion without creating additional cracks. In this case, the 
rate of water uptake was constant after the 3rd cycle. As for the sandstones and the marble 
the relative increase of the capillary absorption is much higher due to the formation of inter- 
and intra-granular fractures, for example Obernkirchen shows an increase in water 
absorption after 3 cycles of approximately 25 % depending on its anisotropic orientation.  

The evaluation of an aged stone’s soundness by ultrasound pulse velocity shows the most 
significant drop after the first heat cycle but in the case of marble and the two silicates the 
velocity continues to decrease after additional cycles (Fig. 1). A stable state occurs after the 
5th cycle. For St. Margarethen and very often also for Obernkirchen only 3 cycles are 
necessary to reach the lowest possible values. For the latter 3 cycles are likely to cause the 
failure of the sample. While some of the results may seem unrealistically low, for the 
testing of stone consolidants the lowest values should be taken even though in real life this 
condition indicates the danger of breakdown and the stones would either be replaced or put 
in a controlled environment (Siegesmund and Dürrast 2014). The highest possible deviation 
between sound and aged specimens make it possible to describe more accurately the 
difference of mechanical and physical properties of the stones and the performance of the 
consolidant.  

The reasons for decay can be observed by scanning electron microscopy. The fissures 
created can be compared to the ones found in-situ (Fig. 2). The only difference is that the 
artificially induced cracks range through the whole specimens and are quite homogenous 
while the naturally developed occur only in exposed surfaces. While inter- and intra-
granular fractures can be observed in the whole specimen, the natural decay phenomena 
show cracks parallel to the surface and thus contour scaling of different depths. Moreover 
the naturally decayed specimens show hollow spaces in a range of 10 µm up to 1 mm and 
the same effect can be achieved through thermal treatment. These effects are created due to 
the reduction of kaolin cement, some of which has been converted to meta-kaolin and re-
deposited away from the grain boundaries and the formation of fissures within the silica 
grains (Fig. 2). On St. Margarethen calcareous arenite it is observable that the first heating 
results in the increase in porosity while re-heating the stone shows only minimal changes. 
This is due to the formation of micro-cracks that can accommodate more calcite crystals 
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deformation and therefore a less significant drop is observed after this cycle, a phenomenon 
observed also by Sassoni and Franzoni (2014). It was observed that stones with smaller 
crystals size tend to crack faster during thermal ageing and depending on the shape large 
cracks and complete failures can ensue. 

 
Fig. 2: Naturally (left) - compared to artificially aged (right) Obernkirchen Sandstone. 

 

Tab. 2: Range of porometric parameters before and after thermal treatment. 

 

Carrara Obernkirchen Schlaitdorf St. Margarethen 

Total pore 
volume mm3/g 

2.79-3.90 74.77-79.79 62.26-72.96 119.02-130.90 

11.96-19.97 95.57-102.13 64.25-77.18 143.03-144.46 

Total porosity 
Vol.% 

0.76-1.05 16.66-17.29 14.65-16.11 23.65-26.17 

3.25-5.23 20.09-22.09 14.41-17.70 27.69-28.16 

Average pore 
diameter µm 

0.07-0.37 0.69-1.10 0.82-0.83 0.37-0.44 

0.53-2.38 0.59-0.67 0.25-1.09 0.42-0.54 

Median pore 
diameter µm 

0.20-3.28 6.14-6.28 20.88-29.96 48.92-49.81 

3.96-6.75 6.14-6.65 15.20-27.94 45.24-46.55 

 

The changes in the pore structure can be determined by mercury intrusion porosimetry for 
all lithotypes. All lithotypes, in particular Carrara and Obernkirchen, show an apparent 
increase in total porosity. In the case of Carrara and Schlaitdorf this is accompanied by a 
shift in pore diameter, which should be investigated further through microscopy. However, 
the MIP results for St. Margarethen are of limited utility due to the heterogeneity of this 
lithotype.  
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The non-thermal ageing procedures gave very mixed results, which pointed to their 
marginal usefulness for the purposes of this study. However if the goal is the creation of 
surface or gradated phenomena to be evaluated by non-normative methods such as 
microscopy, a number of the following procedures may produce interesting results. 

Hydrochloric acid was found to have the effect of reducing the soundness of sandstones 
when used in combination with heat-treatment due to a partial dissolution of the clayey 
matrix. Due to the formation of salt and the efficacy of the thermal treatment as a solely 
ageing method, ageing by hydrochloric acid will be omitted from future testing. In response 
to sodium sulphate crystallization only Obernkirchen fine-grained sandstone produced 
granular disintegration, sanding and flaking, which occurred as soon as after the 5th cycle. A 
rougher surface and light sanding could be observed on Schlaitdorf as well, while other 
lithotypes showed no damage that could be observed macroscopically. Magnesium sulphate 
showed no visible damage to any of the sample lithotypes after 25 cycles. With both 
sulphate solutions the evaluation methods did not show any significant difference despite 
the desalination. This, coupled with the difficulty of removing the salts before consolidation 
has led to the decision that this procedure be excluded from the future test program, but is 
of interest for additional research. The freeze-thaw ageing caused total failure of St. 
Margarethen limestone after as few as 3 cycles while other lithotypes remained sound after 
25 cycles. Due to the complete failure of St. Margarethen and the different life cycles of the 
stones this method was aborted. Drying and wetting didn’t cause any measurable changes 
after 80 cycles except colour changes due to the iron-containing components. While a 
gypsum crust was formed on the St. Margarethen limestone following partial immersion in 
weak acid, it was found to have a consolidating rather than degrading effect, at least in the 
short term. Since naturally weathered samples of all lithotypes show the formation of 
gypsum inside the fabric, the consolidation efficiency on a gypsum-contaminated substrate 
will be topic for further investigation. No significant changes could be observed with the 
ageing with nitric acid after 3 cycles.  

Combining the above methods did not show a significant change in the degradation 
process. Thus even with a wide variety of treatments it was determined that thermal ageing 
is by far the most time efficient technique with reliably reproducible results.  

5. Conclusion and Outlook 
The degree of degradation is of major importance when studying stone consolidants; thus a 
systematic approach to age the substrate is required. Heat treatment allows a cost and time 
efficient reduction of soundness reflective of the degradation processes observed in-situ. 
Moreover the decay level can be specifically tailored and a systematic investigation of the 
efficacy is possible for every lithotype. Therefore the large scale production of samples on 
which to test consolidants will be mainly achieved through thermal treatments. 
Nevertheless, the results may vary drastically if specimens with different size are subjected 
to the same conditions of thermal ageing. Laboratory observations alone cannot always 
provide insight into understanding these interacting phenomena, but used in combination 
with numerical modelling these phenomena can be understood with greater precision, with 
the caveat that even these data are only roughly comparable with what occurs naturally. The 
influences of gypsum, salt and biological colonisation will be studied separately in 
advanced stage of this project. The most important conclusion of our research is that a set 
of standards for the artificial ageing of stone by lithotype is desirable. 
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