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Annotation

The habilitation thesis is based on a collection of published journal articles and
conference papers that the author has substantially contributed to. All of the presented
articles deal with the topic of performance evaluation of possible consolidants for
disintegrated inorganic building materials: plasters, renders and stone. The consolidation
treatments aim to improve stone or mortar cohesion in relation to conservation or
restoration of historic buildings and monuments to be preserved. The thesis is divided into
two parts. Part 1 deals with plaster and render consolidation in relation to historic
buildings. Part II focuses on porous stone (limestone and sandstone) consolidation

treatment evaluation.

Key words: consolidation; plaster; render; mortar; stone; consolidant; conservation

Anotace

Habilitacni prace je souborem uvetejnénych védeckych clankt, ktery je doplnény
komentéafem.

Vsechny prezentované clanky se zabyvaji tématem hodnoceni efekti moznych
konsolidantli pro rozpadajici se anorganické stavebni materialy: omitky a kamen.

Prace je rozdélena do dvou &asti. Cést I se zabyva konsolidaci omitek historickych staveb.
Cast II se zaméfuje na vyhodnoceni konsolida¢niho oSetieni porézniho kamene (vapence
a piskovce). Cilem konsolida¢niho oSetfeni je zlepSeni soudrznosti kamene a omitek,
které tvofi povrch konzervovanych a restaurovanych historickych staveb a umélecko-
femeslnych dél.

Klicova slova: konsolidace; omitka; malta; kamen; kosolidant; konzervace
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Introduction

Introduction

This thesis is based on a collection of published journal articles and conference papers
that the author has substantially contributed to. All of the presented articles deal with the
topic of performance evaluation of possible consolidants for disintegrated inorganic
building materials: plasters, renders and stone. The consolidation treatments aim to
improve stone or mortar cohesion in relation to conservation or restoration of historic
buildings and monuments to be preserved. The author of the thesis has been interested in
this topic for years, including her diploma thesis and her practice in the State Studios for
Restoration and later in the National Heritage Institute in Prague. The research presented
in this habilitation thesis she conducted at the Institute of Theoretical and Applied
Mechanics of the Academy of Sciences of the Czech Republic in Prague.

The thesis is divided into two parts. Part I deals with plaster and render consolidation in
relation to historic buildings. Part II focuses on porous stone (limestone and sandstone)
consolidation treatment evaluation. The whole thesis is comprised of the opening chapter,
six chapters reporting individual research studies, and the final results summary followed
with results applied in practice. The individual chapters are introduced with brief
comments by the author, printed in italics, that explain the research study objective and
the link with previous parts of the research. Some articles are included as a shortened

version, focusing on the author's contribution on a joint article.

Part I contains two chapters. Chapter One presents the methodology for the selection of a
suitable consolidant for a particular mortar. This chapter also outlines the properties,
advantages and disadvantages of possible consolidants, and introduces the guideline for

evaluation of consolidant performance in relation to plaster/render strengthening.

Chapter Two presents the results of the experimental studies; mainly a quantitative
assessment of the strength gain achieved after the mortar specimen impregnation with
different consolidants.

Part II focuses on stone, and is comprised of four chapters. Chapter Three deals with
performance evaluation of commercial nanolime CaLoSiL as a consolidant for porous
limestone. The impact of different concentrations of calcium hydroxide nanoparticles on
stone strengthening and porosity reduction is discussed.

Chapter Four describes the use of the radiography method for imaging and mapping of
the newly created binder within the consolidated limestone. It is an evaluation of the new

binder’s deposition in the limestone over time.



Chapter Five focuses on the sandstone consolidation treatment using tetracthoxysilicate
consolidant modified by different additives. The sandstone’s mechanical and textural
characteristics after impregnation with the modified tetraethoxysilicate are evaluated and
discussed.

Chapter Six also deals with consolidants based on tetracthoxysilicate and their impact on
sandstone’s mechanical properties after impregnation. The investigation had two aspects;
the effect of the consolidant’s active substance (silica gel) quantity on the resulting stone
strength and the influence of testing method on obtained strength data.

Chapter Seven is the final commentary, which contains a summary of the results.

Examples of how these research results can be and have been applied in practice are
presented in Chapter Eight and in Appendix I and II.



Requirements and methods for the choice and consolidation of plasters and renders

Part 1. Consolidation of renders and plasters
Chapter 1

Requirements and methods for the choice and consolidation of plasters and
renders

This chapter is based on two publications, that resulted from the author’s work on the
topic “Consolidation of renders and plasters” in the frame of the Technical Committee
RILEM 243-SGM ,, Specifications for non-structural grouting of historic masonries and
architectural surfaces”.

1. Slizkova, Z., Veiga, R., van Hees, R. (2016). Requirements and methods for the choice
and consolidation of plasters and renders in situ. Proceedings of the 4th Historic Mortars
Conference - HMC2016. Thessaloniki: Laboratory of Building Materials Department of
Civil Engineering Aristotle University of Thessaloniki, 2016 - (Papayianni, 1.; Stefanidou,
M.; Pachta, V.), s. 556-563. ISBN 978-960-99922-3-7.

2. van Hees, R., Veiga, R., & Slizkovad, Z. (2017). Consolidation of renders and plasters.
Materials and Structures, 50(1), 65.

1.1. Aim of the consolidation treatment

In many cases, degraded renders and plasters will just be replaced with new materials.
However, in case historic mortars are concerned, a specific, heritage related, value of the
ancient mortar may exist and should be assessed: for example, the mortar may be
furnished with mural paintings that are to be preserved or else the material of the mortar
itself can be important as a document of ancient technology. In those cases, conservation
of the ancient material is important and a consolidation treatment may be the way to

ensure this.

Consolidation is in this context a treatment meant to re-establish the material’s cohesion
in a mortar (render or plaster). This action usually requires the introduction of a new
binding agent into the degraded layer. The binding agents applied for this purpose, in a
liquid state, on degraded materials, are called consolidating agents, consolidating
products, consolidants or strengtheners. The products can be applied to the surface using
different procedures (coating, spraying, pouring, sometimes using compresses, i.e.
poulticing or injection) and tools (brush, sprayer, syringe, pipette etc.) and should
penetrate the degraded layer for an appropriate depth, which is related to the degraded

zone.



This paper addresses the consolidation of plasters and renders for a depth of several mm
up to several cm. After absorption of the liquid product by the mortar, drying, setting and
hardening processes will start and reactions, which are typical for the specific
consolidant, will take place. The final distribution of the new binding agent in the mortar
depends on the consolidant type in combination with the treatment conditions and mortar
properties.

The efficiency of a consolidation treatment depends on the product, on the mortar
characteristics, on the application procedure and on the ambient conditions during and
after the product application. A consolidation treatment should therefore be chosen and

applied, taking into account all relevant aspects such as:

o mortar characteristics and conditions (physical, chemical properties, water
content, form and cause of degradation, geometry of the surface to be treated,
depth of degradation);

. product characteristics (chemical composition, concentration and strengthening

capacity, penetration capacity/(particle size and viscosity), setting time, type of
solvent or medium;

. application procedure and regime (process of application, applied amount in one
application, number of applications, time intervals between applications);

J ambient conditions during and after treatment (temperature, humidity, wind
speed).

It is necessary to select the appropriate materials and procedures for a correct
consolidation treatment. The main aim of this paper is offering a guideline for the
selection and assessment of consolidation treatments for renders and plasters, taking into
account possible risks or harmfulness of the consolidation products and offering
information on how to assess their efficiency, compatibility and durability under given

conditions.

1.2. Identification of the type of damage

Before deciding on any treatment, it is important to first identify the type of degradation
and its origin, i.e. the conditions that can be the cause of damage to the render / plaster.
This means that an assessment of the current condition (state of conservation) of the
construction to be restored/repaired (see Fig. 1, left) and gathering data about previous

maintenance and treatment is necessary. The technical assessment includes:

J damage assessment (decay forms and quantification);



Requirements and methods for the choice and consolidation of plasters and renders

o exposure conditions, including moisture and salt content of the substrate;
° material characterization;
o analysis of the mechanism(s) of decay and risk assessment.

Fig. 1 Example of a situation in practice: disintegrated and partly detached aerial lime render before
consolidating treatment (1), hydraulic lime render after consolidation and repairing (r)

Decay forms of the to be treated plaster, render or mural painting may include (Fig. 2, 3):

o crumbling
o powdering
o sanding

o chalking

Other damage types, more related to layering or loss of adhesion are not typically
treatable with consolidants. In practice, a combination of decay forms may be found,
which might need a combination of treatments, like consolidation in combination with
(non structural) grouting. The analysis of the decay mechanism and the exposition
conditions will not be further discussed here.

Fig. 2 Crumbling and sanding of plasters



Fig. 3 Powdering (resulting in alveolisation) and chalking of plasters

Apart from the type of damage also the extent and depth of the decay have to be assessed,
as well as at least some of the properties of the material, i.e. the to be treated, decayed
mortar, and for which sampling of a small quantity of material may be necessary. These
properties include:

J physical properties, such as porosity, pores sizes, water absorption rate;

J mechanical properties; due to the conservation state of the mortar, conventional
test methods can in general not be applied, but simple methods like surface
hardness and cohesion (for example shore hardness, Scotch tape/peeling test)
and/or drilling resistance measurement may be performed;

J stratigraphy and micro-structural identification: a cross section of the affected
plaster layer may provide important information to base the treatment on.

1.3. General requirements

Requirements are mainly related to compatibility and performance of treatments and the
mortar substrates [van Hees et al. 2014]. In case of decorated surfaces, such as mural
paintings, also the risk of impairing colours should be carefully considered. The
consolidation treatment should be effective (improving the cohesion of the degraded
mortar) and compatible with the existing mortar.

A consolidation treatment can be considered compatible if it does not lead to technical
(material) or aesthetic damage to the existing materials; the treatment as such should
further be as durable as possible. Criteria and requirements can be defined on this basis.
The compatibility requirements can be subdivided in physical, chemical, mechanical and
aesthetic requirements; next to those there are performance and durability requirements.
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1.4. Selection of consolidant — aspects to be consider before decision

The preliminary selection of consolidants to be used for testing in a specific case should
be done considering several aspects. Generally, chemical similarity between the
consolidant and the mortar binder is favourable owing to maintain the original
composition of the historical material and to achieve similar physical-chemical
characteristics between non-treated and treated mortar.

In specific cases, is not necessary to have the same chemical composition between the
consolidating compound and the mortar binder if the consolidation treatment meets other
criteria of compatibility. The new binder should not be prone to fast weathering and

biodeterioration in particular atmospheric conditions.

Regarding the reactivity of the consolidant with the mortar, it is advantageous if the
consolidant can form chemical bonds with the mortar particles (for example ethyl silicate
reacting with the OH- groups of silicate minerals present in mortar). The consolidation

treatment can be more durable and effective in these cases.

The consolidated plaster/render should be re-treatable, i.e. allow the application of other
required conservation materials, e.g. repair mortars, paints or protective treatments.
Therefore, hydrophobic consolidating materials may be problematic if it is foreseen the
application of water based materials in following conservation steps.

The penetration ability of the consolidating liquid depends on its viscosity and surface
tension. Low viscosity and high surface tension (low contact angle) are favourable
characteristics for a good penetration and fast absorption of the consolidant by the mortar.
The particles size of the consolidating material is another important parameter,
particularly in the case of consolidants, that are based on the dispersion of nanoparticles
in water or alcohol, e.g. nanolime, nanosilica, dispersions of synthetic resins in water. The
particles of the consolidating material need to be significantly smaller (ten to hundreds of
times) than the pores of the mortar to be able to penetrate into the mortar effectively. The
penetration ability of consolidant is also strongly affected by the porosity of the render or
plaster. Mortars with small and thin pores are expected to absorb the consolidating liquid
more difficultly than porous mortar with relatively large pores and eventually also cracks.
The contact time of the consolidating liquid with the surface of the plaster or render has to
be adapted according to the penetration ability of the consolidant into the specific plaster
or render and to the required penetration in view of the expected consolidating effect.

The goal of the consolidation treatment is to improve the cohesion of the degraded
material, aiming at returning the original structural and strength properties to the mortar.



Therefore, the concentration of the effective binding substance present in the
consolidating liquid has to be carefully adapted to the requirements related to the
strengthening effect. The strength increment resulting from the consolidation treatment
should not be very high because, in most cases the strength of historical plasters/renders
is in the order of a few MPa. In some consolidating liquids, the concentration of the
effective substance is very low, for instance lime water containing only 0.16% w. of
calcium hydroxide must be repeatedly applied to achieve a satisfying consolidation effect.
On the other hand, there are consolidants with a high concentration of the effective
substance, e.g. nanolime products containing up to 5% w. of calcium hydroxide, where
one or a few applications can be sufficient.

The penetration ability of a consolidant also depends on its concentration, which should
also be considered, as the penetration ability is reduced with increasing concentration. It
is often better to apply a less concentrated consolidant repeatedly and/or progressively
increasing its concentration than to apply a high concentrated product only once.
Consolidants used mainly for stone consolidation (ethyl silicate or nanosilica) have
relatively high content of SiO> (dozens of percent) and this fact should be considered to
avoid the risk of over-strengthening. Low concentrated (diluted) variations of up to 10%
w. should be more appropriate for the consolidating treatment of historical mortars.

The method of application should be practicable, considering the given conditions
(damage type, geometry of the surface to treat, ambient temperature and moisture,
required contact time).

The distribution of the consolidant in the mortar layer after consolidation should be
checked. For the assessment of penetration depth, methods with indicator liquids can be
used (Fig. 4) or microscopic examination of the cross section (Fig. 5).

TREATED
A CE

Fig. 4 a,b Use of indicator liquids to assess the presence of a product in a substrate. Left — dithizon, used
for ethyl silicate; right — phenolphthalein used for the assessment of the penetration of a nanolime
consolidant [Borsoi G. et al. 2015]



Requirements and methods for the choice and consolidation of plasters and renders

new binder
silica gel

Fig. 5 a,b Use of SEM- BSE microscopy to detect the presence of a product in a substrate. Left — nanolime
treatment result: new calcium carbonate layers detected in pores near the treated mortar surface; right —
silica sol treatment result: silica gel detected at the depth of 2 mm under the treated mortar surface

Especially in the case of precious painted substrates it will be almost impossible to obtain
enough sample material in order to perform laboratory tests for all compatibility and
durability related requirements. In this case artificially degraded substrate materials, with
a composition, coherence and porosity comparable with those of the degraded mortar
[Borsoi et al. 2012; Lubelli et al. 2015; Pascoal et al. 2015] could be used, or artificially
prepared mortar with parameters similar to degraded mortar [Drdacky, Slizkova 2012].

1.5. Consolidation products — characteristics relating the consolidation treatment

Historically, the available conservation materials for building materials were mainly lime,
gypsum and natural organic compounds based on vegetal oils, waxes, polysaccharides
(vegetal gums and starch), proteins and natural resins. (In several regions of the world,
traditional plaster materials exist, in which natural additives were added, based on for
example gluten from wheat flour glutinous (sticky) rice or jaggery (from cane sugar after
boiling) and several authors state [Papayianni, Singh 1990; Satish 2013] that these kinds of
adhesives have been used also as consolidants for this type of mortars). Later, with the
development of chemistry, bartum water, ethyl silicate, synthetic polymers came into
building materials conservation practice [Siegesmund, Snethlage 2011]. Many of these
natural and synthetic substances failed to satisfy compatibility and performance
requirements for the consolidation treatment.

Recently, more attention has been paid to the use of inorganic consolidating materials. An
important advantage is that hydrophilic inorganic products are free of the problems
caused by hydrophobic properties of organic-polymeric products [Matteini 2011] and are
less susceptible to microbiological attack than organic compounds.

Limewater was recommended in some literature of the 20" century [Denninger 1958] for
consolidation of mural paintings, particularly for fixation of released surface paint layers.
Useful contributions dealing with limewater applications on mortar have been given
during the last 20 years [Brajer and Kalsbeek 1999; Hansen et al. 2003; Tavares et al. 2008;



Girsa et al. 2009; Borsoi et al. 2012; Slizkova et al. 2015; Drdacky and Slizkova 2015]. Silica
based consolidants, mainly utilized for (sand)stone consolidation, can be used also for
consolidation of specific types of mortar, particularly earthen mortars. Calcium hydroxide
sols (nanolimes) were developed in recent years in order to get improved efficiency of
lime-based consolidants [Dei, Salvadori 2006; Ziegenbalg 2008; Baglioni et al. 2009; Borsoi et
al. 2012]. The natural conversion of calcium carbonate to calcium oxalate led to
experiments in Italy, using a treatment based on ammonium oxalate to protect stone and
lime plaster against acid rain [Matteini et al. 1994; Matteini, Giovannoni 1996]. Later,
ammonium phosphates were proposed for consolidation of calcareous substrates and
tested on limestone [Sassoni et al. 2011] and mortars. The most important physical-
chemical characteristics of common consolidation products are given in Table 1. Some
positive and negative aspects, which should be considered in relation to consolidation
treatment, are mentioned in Table 3.

1.6. Application methods and procedures

The application procedure of the consolidant depends on the consolidant penetration
properties, on the mortar suction ability, on the type and location of the element to be
treated and on the exposition (for example interior or exterior). It is not possible to give
one standard application method and procedure, which could cover all mortar substrates,
degradation types and environmental conditions. A very general indication on the most
appropriate application method is given in Table 2.

In most cases the consolidant must be applied on site, without removing the element. In
those circumstances the application is done by: 1) spraying (or squeezing from a bottle)
the mortar surface: several repetitions with small intervals, until the mortar is saturated to
the required depth (thickness); ii) brushing: several brushing operations with small
intervals, until the substrate is saturated to the required depth; or even by iii) poultice
application.

In laboratory, for comparison of the effect of different treatment products or
concentrations, vertical capillary absorption of the liquid, may under circumstances be the
most adequate application method.

1.7. Assessment of the consolidation treatment compatibility — general guideline

The selection of the product to be used and the verification of its fitness in the specific
situation should be done through laboratory testing and/or in situ assessment. The
following sequence of actions should preferably be carried out:

J Preliminary selection of consolidants based on the characteristics of the mortar to
be consolidated and requirements for selection (as refered to in 1.4.)
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o Testing of different application procedures and regimes (method of application,
applied amount of consolidant per mortar surface unit during one application,
number of applications, time intervals between applications).

o Testing the consolidation agents previously selected on trial specimens and
subsequent comparison of the test results:

e Preferably on site (but not on the object)

e Alternatively on mortar specimens in lab: simulation of composition and
porosity of mortar (render / plaster) to be treated; simulation of ambient
conditions (T, RH) — can be important for the final distribution of the
consolidant in the substrate and for the resulting strength profile. Porosity of
the artificially degraded mortar can be fine-tuned by adapting binder content
and grain size distribution of the aggregate. For practical reasons the use of
this procedure may be limited to very important plaster and wall painting

surfaces.
. Assess properties on treated and not-treated mortar and compare results
o Apply accelerated ageing (climatic cycles and salt crystallization cycles) on part

of the specimens and evaluate the behaviour under these actions, in comparison

with not decayed mortar.

1.8. Parameters to measure and measuring methods

The performance of the treatment should be assessed in sifu or on model substrates
following evaluation based on comparison with the untreated material. Standardized
measuring methods for testing mortars or modified methods for testing historical mortar
[Veiga et al. 2004; Valek and Veiga 2005; Drdacky 2011; Drdacky 2012; Drdacky and Slizkova
2013; Drdacky and Slizkova 2015] should be applied to determine mortar parameters. When
such a method is missing, adoption of a method for testing stone [Tabasso and Simon 2006;
Bléuer et al. 2012] can be considered. Requirements, parameters and proved test methods
are given in Tables 4 and 5. After such an assessment the consolidant should be applied to
the object.
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Table 1. Characteristics of consolidation products for renders, plasters and wall paintings

Common Active phase Active phase size and concentration S(.)lvent'or
. . System - - Dispersion
name chemical composition Size Concentration medium
Solution, maximum
. homogeneous mixture, 0.11 nm (Ca?")  (saturated sol.)
Lime water  Ca(OH). dissolved phase (Ca?* cations, OH-  0.14 nm (OH)  0.16 % w. Water
anions) in water (1.6 g/)
Solution,homogeneous mixture, maximum
. dissolved phase 0.15 nm (Ba?")  (saturated sol.)
Barium water - Ba(OH)2 8H.0 (Ba?* cations, OH" anions) in 0.14 nm (OHY) 5.6 % w. Water
water (56 g/)
max. in products
Colloid, Sol, about 8 % w. Ethanol,
Nanolime Ca(OH): dispersed phase (calcium 50-300 nm 80 g/ Isopropyl
hydroxide particles) in alcohol usually used alcohol, etc.)
5-25 g/l
max. in products
Colloid, Sol, 50 % w.
Nanosilica Si02 dispersed phase (silica particles) 7-125 nm (500 g/1) Water
in water usually used
30-100 g/1
Tetraethoxy silane or Homogenous phase about 28 % w.
tetracthoxy & phase, 1.5-3 nm SiO2 None
. Monomer
orthosilicate
1 o 0,
Silicic acid Ethoxy oligomeric Hpmogenous phase, al?out 40 % w.
siloxane or oligomer, <15 nm SiO2 None
ester, TEOS, ethyl polysilicate artly pre-condensed
Ethylsilicate POy pay p .
. Solution, o Organic
Tetracthoxy silane or h . about 10 % w.
. . omogeneous mixture, - solvent
ethoxy oligomeric dissolved ph hvl(olv)sili <15 nm Si02 K
siloxanc issolved phase-ethy (poly)silicate e.g. ketone,
molecules- in solvent ethanol
Acetone,
Acrylate/ Solution 35-100 % w. Toluene,
methacrylate (homogeneous mixture), <10 nm usually used Xylen,
Acrylic resins  (co-)polymer dissolved phase - acrylate 1-5 % w. Ethanol,
(co)polymer molecules-in solvent Isopropyl-
alcohol etc.
Acrylic Acrylate/ Colloid, Sol, 40-50 % w.
dispersions methacrylate dispersed phase -acrylate 170-200 nm usually used Water
(co-)polymer (co-)polymer particles-in water 5% w.
Ammonium Solution, homogeneous mixture
. ° . 0,14 nm (NH4")  usually
oxalate (NH4)2C204 dissolved phase (NH4" cations, ’ o Water
oxalate anions) in water <I nm (oxalate) used 2,5-5 % w.
Di-ammonium
hydrogen phosphate Solution
Ammonium  (DAHP) homo el;eous mixture 0,14 nm (NH4")  usuall
hosphates (NHa4)2HPO4 omog L. ; 3 Y Water
P . . dissolved phase (NH4" cations, <0,5 nm (PO4>") used 5 % w.
or Ammonium di- hosphate anions) in water
hydrogen phosphate phosp
(ADHP) (NH4)H2PO4
Table 2. Application methods for different circumstances. General indications
Practice large Practice large Practice small Laboratory Laborator
surface, interior ~ surface, exterior  surface or large surface small surface
ornaments
Spraying X X X
Brushing X X X X X
Poulticing X
Capillary absorption X
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Table 3. Positive and negative aspects of consolidants in relation to consolidation treatment

Common name

Advantages

Disadvantages

Risks

Lime water

- good chemical match with lime
mortar

- little change of all mortar
characteristics (porosity, water
absorption, ...) after
consolidation

- low content of the active phase
and resulting low strengthening
effect after one application

- repeated water saturation of
mortar due to treatment

-high pH of lime water

- salts crystallization and damage

- white haze after many cycles

- instability of some pigments due
to high pH of the water

- reduced strength of wet mortar

- freezing in cold climatic periods

Barium water

- sufficient content of the active
phase

- chemical stability of the BaCOs3
-stabilization of sulphates in
mortar

- created BaCOs differs from
CaCOs3
- high pH of barite water

- raising of colour intensity after
more cycles (yellowing, whitening)
- instability of some pigments due
to high pH of the water

- reduced strength of wet mortar

- freezing in cold climatic periods

- sufficient content of the active
phase
- good chemical match with lime

- particle size of nanolime may be
a limiting factor for some fine
porous mortars

- white haze due to
fast evaporation of alcohol resulting
from high temperature or high air

Nanolime - fast evaporation of alcohol from  ventilation during the treatment,
mortar P &
- non-aqueous system (may be nanolime may cause high product concentration or too
on-aq Y y agglomeration of CaCO3 near the ~ many applications or too fine pores
suitable for salt laden mortars) surface in treated mortar
- created SiOz differs from CaCOs3 .
, . . - white haze, glossy surface
- particle size of silica sols may be .
O - surface over-strengthening due
. limited for some fine porous layers .
Nanosilica - good strengthening effect of mortar to wrong choice of the product

- economic product

- high content of the active phase
(often need to be diluted for mortar
consolidation)

concentration, and limited
penetration
etc.

Silicic acid

- good strengthening effect
- good penetration depth;

- created SiO2 differs from CaCO3
- reduction of mortar water

- white haze, glossy surface
- surface over-strengthening due
to wrong choice of the product

esters - good chemical compatibility absorption after treatment concentration or due to application
with the earthen mortar binder (persisting hydrophobic features)  on wet or salt laden mortar
- detachment
L - increase of degradation of
- acrylate resin differs from CaCOs3 fnerease £
. surrounding not treated zones due
(no chemical match) L .
. . to significant changes of moisture
. - good strengthening effect - drying and water vapour .
Acrylic . o . behaviour
- good adhesion effect permeability retardation after
polymers treatment - detachment of the surface layer due
. to low permeability of water vapour
- low penetration depth . . .
- differential weathering by
comparison with untreated material
- created calcium oxalate phases
- an increase in cohesion was differ from CaCOs
observed after treatment - the nature of the reaction - ammonium affects copper based
Ammonium - the wetting properties are determines its spontaneous pigments such as malachite,
oxalates retained and the passage of water termination only a few microns verdigris,
is not prevented below surface [Matteini 1996] and azurite.
- the treated sgrface 1s more - not enough data are available to
resistant to acid attack evaluate the consolidating effect
on mortars/plasters
- sufficient content of the active
phase - Icium phosphate ph
- absence of toxicity ¢ reated calcium phosphate phases ammonium affects copper based
.. differ from CaCOs3 . .
. - very low solubility of the . pigments such as malachite,
Ammonium g . - not enough data are available to L
reaction products (calcium S verdigris,
phosphates evaluate the consolidating effect

phosphate compounds)

- low viscosity = good
penetration into the stone

- good strengthening effect

on mortars/plasters

and azurite.
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Table 4. Laboratory tests on a render/plaster (simulated mortar) before and after consolidation treatment

Parameter Requirement Test method
Application
Product application Comparison of different application techniques --
Physical
' Small/moderate decrease of p(_)rosity acceptable, RILEM 25-PEM 1.1. 1980, EN 1936: 2007,
Porosity generally max up to the porosity of the sound

Pore size distribution

Water absorption

Drying behaviour /
rate

material

Not significantly different from sound material

Moderate decrease (20-50%) of water absorption
compared to mortar before consolidation

Limited decrease in drying velocity (rate). After 24h
moisture content treated mortar =<80% of saturation

MIP, microscopy (image analysis)

MIP, SAXS, CT

EN 1015-18:2002
or EN1925: 1999

RILEM 25-PEM IL.5
EN 16322:2013

Water vapour EN 1015-19:1998

Limited decrease

permeability ISO 12572:2001
Thermal and hygric Limited change, maximum 30% change [Veigaetal.  EN 14581: 2004 (thermal)
dilation 2007] RILEM 25-PEM 11.7 (hygric)
Mechanical
DRMS
. ) Shore hardness
Hardness Improvement, but not surpassing the sound material Ultrasonic velocity
Homogeneous effect over depth of treated zone . .
Bending test (Nb thickness plaster layer)
Compression strength
DRMS
Shore hardness
Cohesion Improvement, but not surpassing the sound material Ultrasonic velocity
Homogeneous effect over depth of treated zone Bending test (Nb thickness plaster layer)
Compression strength
Peeling test (strip test)
(Dynamic) modulus of elasticity
Deformability No significant reduction EN 14146: 2006
(Frequency of resonance)
Aesthetic

Naked eye,

Spectrophotometry (also to be used for long
term monitoring): acc. to EN 15886: 2010
Colour measurements of surfaces

No visible / significant change of colour and/or
appearance (except if render/ plaster is to be painted
or to have chromatic reintegration after
consolidation)

Colour change and
general appearance

Performance &
durability

DRMS

Full d: d hould b hed
Penetration depth wt decaye zor?e S. ouh ¢ reache Indicator liquid
Homogeneous distribution

Microscopic examination

Frost-thaw cycles

) Salt crystallization cycles
Resistance to

weathering

Improvement of the treated render/plaster compared

to the untreated one Wet-dry cycles

Ageing in climatic chambers (T,RH, gases)
Resistance to sunlight / UV
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Table 5. In situ tests on a render/plaster before and after consolidation treatment

Parameter

Requirement

Test method

Application

Product application

Comparison of different application
techniques

Physical
. . Karsten or micro tube [Drdacky, Slizkova 2015]
Water absorption Moderate decrease of water absorption Drip method (droplet test) [Blauer et al. 2012]
Chemical
Chemical, .- . .
. . Stability of new compounds should be Methods of determination of chemical or/and
mineralogical

composition and
chemical reactivity

assessed considering environmental
factors

mineralogical composition (Portable XRF, portable
FTIR, Raman spectroscopy, etc.)

Mechanical

Cohesion, hardness

Improvement, but not surpassing the
sound material

Homogeneous effect over depth of treated
zone

DRMS

Shore hardness
Ultrasonic velocity
Peeling test (strip test)

Deformability

No significant reduction

(Dynamic) modulus of elasticity by ultra sound
method

Aesthetic

Colour change and
general appearance

No visible / significant change of colour
and/or appearance (except if render/
plaster is to be painted or to have
chromatic reintegration after

Naked eye,

Spectrophotometry (also to be used for long term
monitoring): acc. to EN 15886: 2010 Colour
measurements of surfaces

consolidation)
Performance &
durability
DRMS
Penetration depth Full decayed zone should be reached After sampling:

Homogeneous distribution

with use of indicator liquid and/or microscopic
examination

Resistance to
weathering

After consolidation improvement when
compared to before consolidation

Assessment effect of natural weathering on medium
to long term (monitoring physical, chemical and
mechanical properties)

Conclusion of the testing can be an (scientific) assessment of effectiveness, risks and
durability of tested treatments under natural and artificial conditions and a list of aspects,

which should be taken into account before decision making.

Fig. 6 In situ testing of the plaster parameters: water absorption rate by means of micro-tube (left) and
drilling resistance using DRM system (right).
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Chapter 2
Comparative tests of consolidants” strengthening effects on weak mortars

This chapter focuses on experimental testing of various consolidants’ effects on mortar
specimens imitating friable historical mortar/plaster. The chapter is based on three
publications dealing with this topic, which resulted from a research conducted in the
frame of the project GACR 103/09/2067 managed by the author of the thesis.

Slizkova, Z., Drdacky, M., & Viani, A. (2015). Consolidation of weak lime mortars by
means of saturated solution of calcium hydroxide or barium hydroxide. Journal of
Cultural Heritage, 16(4), 452-460.

Slizkova, Z., Frankeova, D., Drdacky, M. (2013). Strengthening of poor lime mortar with
consolidation agents. The 3" Historic mortars conference. Glasgow: University of the

West of Scotland, (Hughes, J.), ISBN 978-1-903978-44-3.

Slizkova, Z., Frankeova, D., & Drdacky, M. (2018, June). Comparative Tests of
Strengthening Effects on Weak Mortars Consolidated with Various Agents. In

International Conference on Theoretical, Applied and Experimental Mechanics (pp. 21-
26). Springer, Cham.

2.1. Consolidation of weak lime mortars by means of saturated solution of calcium
hydroxide or barium hydroxide

2.1.1. Research aims

Discussions on the use of a solution of calcium hydroxide in water (often referred to as
"lime water") for consolidating weak inorganic porous materials have been going on for
decades. In the Czech Republic, multiple applications of lime water have frequently been
prescribed by the central national conservation office as the only acceptable
consolidation treatment for lime renders. Such massive application of lime water as a
consolidation agent for conserving historic rendered facades has raised much discussion,
and has aroused the resistance of some regional authorities and practicing restorers,
leading to the involvement of our team in laboratory research on this contentious issue.
The research presented in this subchapter aims to offer an objective evaluation of the
influence of adding lime water to friable mortar, and to ascertain the degree of
consolidation. The consolidating effects not only of lime water but also of multiple
applications of some other treatments were investigated: distilled water, lime water
blended with metakaolin, and barium water (a barium hydroxide saturated solution in
water). In this study, barium hydroxide was considered as an alternative “traditional”
consolidant to calcium hydroxide, and potentially more effective, because it is much more
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soluble in water than calcium hydroxide. With respect to the distilled water, its effects
were investigated with reference to the type of mortar and the shape of the specimens.
The lime water with added metakaolin was tested in accordance with recently-published
research results.

2.1.2. Lime water treatment of renders

Until the publication the paper “Lime-water consolidation effects on poor lime mortars*
in APT Bulletin [M. Drdacky, Z. Slizkova 2012], there was a lack of experimentally
supported publications and detailed information about the effects of lime water treatment
on weak lime mortars. Some papers presented only marginal data [L. Mora et al. 1977] or
the results attained under certain limited conditions may be too broadly interpreted [S.
Peterson 1982], and may be arbitrarily extrapolated into conditions where no knowledge is
available, and thus no justification or evidence exists [B.L. Clarke, J. Ashurst 1972].
Though the number of relevant articles is quite small, a detailed literature review is
beyond the scope of this paper. Only the most relevant experimental studies are
mentioned, leaving aside reviews [E. Hansen et al 2003], theoretical works analysing, for
example, very important questions of binding mechanisms [D.T. Beruto et al. 2005], [M.
Giordani, D. Beruto 1987], and also papers illustrating confusions in terminology (lime
water against lime wash) [W. Millar 1998] or presenting discussions and arguments against
the application of lime water for consolidating mortar and stone [N.J.T. Quayale 1996].

The effect of lime water applied in situ for restoring wall paintings on lime mortar
rendering has been investigated by 1. Brajer and N. Kalsbeek [I. Brajer, N. Kalsbeek 1999].
These researchers systematically tested lime water treatments from the point of view of
the application procedure, the number of applications (20-70 cycles), dosage and
maturation. They concluded that continuous “wet” applications bring about a
consolidation effect, unlike applications with “drying” breaks, which do not consolidate
the wall painting. However, the observed consolidation tended to concern fixation of a
released surface paint layer, for which lime water was recommended in some older
literature [E. Denninger 1958]. (It is interesting to note that the so-called “traditional” lime
water was not included by Friedrich Rathgen in the list of consolidation techniques that
he compiled in 1898. In former Czechoslovakia, F. Petr added lime water to the list of
recommended treatments in 1953, without any reference [F. Petr 1953]). I. Brajer and N.
Kalsbeek did not carry out any objective measurements of mechanical characteristics in
their study.

In the field of measuring the mechanical characteristics important results were published
by C. Price [C.A. Price 2004] and his team [C. Price et al. 2008]. Although this work
concerns limestone restoration, it has helped considerably in the presented study. C. Price
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applied lime water in 40 cycles on stone and also on crushed limestone sand. He found a
very small increase in the amount of calcite in the material, no observable change in the
mechanical characteristics, and no consolidation effect on the crushed material.

Lime water effects and the use of metakaolin as an additive in limewater were studied by
M. Tavares, R. Veiga and A. Fragata [M. Tavares et al. 2008]. They recommended the use
of limewater and limewater with metakaolin for consolidating old rendering with low
cohesion on the basis of laboratory and in-situ tests results, and concluded that the tested
consolidants increase the mechanical resistance of the superficial layers.

Notwithstanding the research referred to above, there has been a considerable lack of
knowledge concerning the method of lime water treatment of renders. A thorough
experimental programme was therefore carried out, aimed at revealing the fundamental
behaviour of weak lime mortars when subjected to multiple saturations and evaporation
of distilled water, a saturated solution of calcium hydroxide in water ("lime water"), lime

water with added metakaolin, and saturated solution of barium hydroxide.

2.1.3. Experimental
2.1.3.1. Lime mortar test specimens

On the basis of a literature survey indicating very slight effects of multiply wetted historic
mortars or stone with lime water, as regards both penetration depth and strengthening, the
authors designed and prepared specific test specimens in the form of short tubes for
compressive tests and plates for tensile tests, Figure 7, Table 7. The specimens were made
of lime mortar prepared in laboratory from powdered lime hydrate and river sand. The
white air lime hydrate (CL90) Certovy schody, Czech Republic, of a great purity (98.98%
of CaO + MgO) was used. The most frequent particle diameter found in lime was 15 um
and 90% of particles were smaller than 38 pum (the particle size distribution was measured
using a Laser analyser CILAS 920). The specific surface area of used lime was 16.5 m%/g
(by means of gas adsorption, BET method, using the device Micromeritics ASAP 2020).
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Fig. 7 Testing specimens - thin plates for tensile tests (left) and tubes for compressive test (right)

As the aggregate of the mortar a quartz sand was used (sand quarry Borek, Czech
Republic). Mineralogical composition of the sand was determined by means of optical
microscopy (thin section of the sand was investigated by the polarizing microscope Zeiss
NU2) and XRD analysis (Bruker D8 Advance system with Cu-anode (A Ko = 0.15418
nm) and variable divergent apertures at convention Bragg-Brentano para-focus ® — ©®
reflective geometry, step 0.02°2 0, step time 188 s). The sand consisted mainly of quartz,
but particles of quartzite, marlstone, granitic rocks, K-feldspar and plagioclase were also
determined using petrographic microscope. XRD analysis identified quartz, feldspars,
illite, and/or muscovite, and chlorite. Particles of the sand Borek were sorted in grain size
fractions by means of sieving before preparing the laboratory mortar. The grain size
distribution of the aggregate for mortar specimens, Table 6, was designed so that it
reproduced the grading of the historic render aggregate. For this purpose, the historic lime
render with quartz aggregate was sampled from a medieval castle and the sample of 200 g
was dissolved by the acid dissolution. The aggregate separated from a disintegrated
mortar by filtration was dried and sieved to obtain the grading curve of the mortar
aggregate. In accordance with the grain size distribution of the historic render the various
size fractions of the sand Borek were mixed and used for preparation of the model
laboratory mortar.

Table 6. Grain size distribution of the lime mortar sand (sieving analysis)

Size (mm) <0.063 0.063-0.125 0.125-0.25 0.25-0.5 0.5-1 1-2
% w. 0.2 0.7 4.8 36.4 43.6 14.3

The quartz sand and the commercial air lime hydrate CL 90 in a ratio of 1:9 by volume
(2.5 kg of the dry sand mixture, 0.1 kg of the lime hydrate and 0.25 kg of water by
weight) were mixed in the laboratory to prepare a poor weak lime mortar. First, water was
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poured into the mixing bowl then the lime hydrate was added and the lime mixture was
mixed for 5 minutes in a laboratory mortar mixer. After that the sand was poured into the
lime and finely, mortar was mixed 20 minutes. The fresh mortar was stored in a closed
plastic bag to prevent the mortar from carbonation.

The specimens were fabricated by casting of the fresh mortar in a stainless steel cast, with
no separation treatment of steel walls, and were well compacted. This enabled the
specimens to be pushed out from the cast immediately after moulding, and prevented the
development of shrinkage defects. The tubular cast shape of specimens for the
compressive test increased the surface-to-cross-section area ratio and intensified the
measurable compressive strengthening effect. The plates for the tensile tests were
provided with wooden (plywood) heads to enable them to be fixed into the special
flexible loading grips, ensuring correct alignment without disturbing bending and without
eccentricity, Figure 6. As the study was focused mainly on compressive strength of
consolidated mortar, five tubes for compressive strength and one plate for the tensile
strength testing were prepared for each consolidation treatment mode (consolidation
agent, number of applied cycles, application regime). Mortar specimens were left to
harden for six months before consolidation substances were applied. The specimens were

cured by slight spraying of distilled water for about one month to support a carbonation

Process.
Table 7. Specimens parameters
Specimen shape Length  Width  Thickness Volume  Treated surface  Porosity(MIP)
cm cm cm cm? cm? %
tube (compression test) 3 4 0.55 17.3 37.7 27
plate (tension test) 10 4 0.5 20 40

All specimens were conditioned before testing in a controlled environment (20 °C, RH
65%). Then the consolidation agents were applied, and after completion of the
consolidation treatment the specimens were left to mature for another 60 days, which was
sufficient to allow carbonation of the calcium or barium hydroxides applied into lime
mortar specimens by lime water. In both cases (before consolidation substances
application and before testing of treatments effects, the level of carbonation was checked
by phenolphthalein testing.

The tubes for compressive strength testing were used for peeling tests before their
destruction. The other tests (MIP, microscopic examination, water drop absorption, colour
parameters) were carried out on samples prepared from the broken test specimens after
compressive strength testing because the authors maintain a policy of testing as much as
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Comparative tests of consolidants’ strengthening effects on weak mortars

possible identical materials. Therefore, the tests follow a sequence from non-destructive
to destructive ones.

2.1.3.2. Consolidation of mortar specimens

The following consolidation substances were applied: distilled water, calcium hydroxide
saturated solution in water (“lime water”), lime water + metakaolin and barium hydroxide
saturated solution in water (“barium water”). The applied consolidation substances are
listed in Table 8 together with data relating the consolidation procedure applied on the
tube specimens for the compressive test.

Water solutions of calcium hydroxide and barium hydroxide were prepared using
chemical products p. a. (pro analysi) and distilled water. For the lime water solution 2 g
of Ca(OH) p. a. were put in 1 L of distilled water; for the barium water solution 5 g of
Ba(OH),.8H20 p. a. were add in 1 L of distilled water and slightly mixed. The solubility
of Ba(OH), in water made it possible to prepare “barium water” with a higher
concentration of barium hydroxide (5% weight) than for the lime water (0.16% weight).
The lime water with metakaolin was prepared by mixing of 2 g of calcium hydroxide pro
analysi and 2 g of metakaolin in 1 L of distilled water. Metakaolin used in our study for
modification of the lime water was a finely ground burnt claystone, commercial name
Mefisto L05 (Ceské lupkové zavody Inc., Nové Stradeci, Czech Republic) with relatively
high amount of alumina (52.1% Si0O., 43.4 % Al>O3). The metakaolin has the particle
diameter at 50% of particles equal to 4 um, 90% of particles size was smaller than 11 pm
(Laser analyser CILAS 920). The specific surface area of the metakaolin was determined
at 12.7 m?/g using BET method (gas adsorption device Micromeritics ASAP 2020). The
pozzolanic activity of the used metakaolin was determined as the important characteristic
of this pozzolanic material using the modified Chapelle test [G. Cordeiro et al. 2008 and T.
Perraki et al. 2005]. The obtained value was 1002 mg, which represents the amount of
Ca(OH), fixed by 1 g of metakaolin. The used method is based on the evaluation of
reactivity of the metakaolin with calcium oxide in water. The mixture was kept at the
temperature of 85 °C for 16 h., after that time the mixture was filtered and the remained
CaO content was determined by means of sucrose extraction and titration with HCl
solution [CSN EN 459-2 2010].

Lime water, barium water and lime water with added metakaolin were prepared one week
before consolidation treatments and stored in closed glass barrels at laboratory conditions
(25 °C, 40% RH) during the all experiment. For consolidation treatments a solution above
the solid sediment was poured off and used.
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Each agent was applied by continually dripping it from a syringe on to tubes fixed in a
horizontal position on a rotating shaft, Figure 8, or lying on supports in a horizontal
position (tensile specimens). The mortar specimens were fully saturated during each
application of the distilled water or consolidating agent, and we recorded the amount of
the agent that was applied. Two treatment schedules were intended for lime water, which
was the main subject of the study: 50 resp. 160 series of application of lime water. The
lower number of applications (50) represented the level recommended in the older
literature, whilst the higher number (160) the maximal level of applied cycles followed
the recent recommendation how to consolidate historic renders by means of many applied
cycles of sprayed lime water into lime renders [Drdacky and Slizkova 2012]. The same
schedule (50/160 applications) was used for the distilled water treatment to study the
difference between effects of lime water and distilled water. In respect to other two
studied agents (lime water with metakaolin and barium water), the lower number of
applications only was realized with a purpose to compare the obtained effects with lime
water applied at the same condition. Particularly in case of barium water, where better
effect on mechanical properties of consolidated mortar was expected with individual

application, the higher number of applications (160) was consider as needless.

Two different variations of the drying time interval between two following saturations
were tested for the lime water: first, 2 applications per day were performed, and the
mortar tubes were allowed to dry completely before the following saturation (wet to dry
alternative); and second, 3 applications per day were performed, and the new dose of the
lime or destilled water was applied as soon as the mortar was capable of absorbing it, but
before it dried out completely (wet to wet alternative). In case of the lime water with
metakaolin and the barium water, only 3 applications per day (wet to wet alternative)
were performed.

Figure 8. Impregnation of short tubes, using a syringe
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Comparative tests of consolidants” strengthening effects on weak mortars

Table 8. Data related to consolidation treatments applied on mortar tubes

Total Total Applied Applied agent

. Number of Total . agent t lume to th
Tested agent Active substance umber o N amount  treating gent o voiume fo the
specimen treated volume

applications  number of aoolied  time
per 1 day applications (II;II; 2 (days) mass ratio  ratio
Y (g/2) (ml/cm?)

Distilled water Distilled water 2 (dry) 51 55 25 6.94 11.7

Distilled water Distilled water 2 (dry) 161 180 80 22.83 38.4
Lime water Ca(OH)2 p.a. 2 (dry) 50 52 25 6.38 11.1
Lime water Ca(OH)2 p.a. 3 (wet) 58 58 19 7.12 12.2
Lime water Ca(OH):2 p.a. 2 (dry) 161 156 80 19.74 34.0
Lime water Ca(OH):2 p.a. 3 (wet) 160 155 54 18.72 322

Lime water + Ca(OH)zp.a. 3 (wet) 58 55 19 6.50 11.7
Metakaolin +Mefisto L 05

Barium water Ba(OH)2.8H:20 p.a. 3 (wet) 58 57 19 6.77 11.8

However, the intended number of application has not been managed in the experimental
work precisely and really applied cycles of consolidating agents have slightly varied from
the original schedule (58 cycles instead of 50 were realized for the wet to wet alternatives
and 161 instead of 160 cycles for the wet to dry alternative). Also for the treatment of
plates intended for the tensile strength test the number of applications was modified
slightly. The purpose to study the influence of lower and higher repeated applications
number for lime and distilled water was kept.

2.1.3.3. Mechanical characteristics

All mechanical tests were carried out on an electromechanical loading frame
TESTATRON with the maximum loading capacity of 100 kN at laboratory conditions
(RH 65%, T 20 °C), load cell Lucas 2 kN (typically for tension tests) or 10 kN (typically
for compression tests) and crosshead velocity movement of 0.45 mm x min’'. The short
mortar tubes were loaded along the tube axis in compression, Fig. 7 right. The attained
compressive strengths were checked against those measured on a set of rectangular
specimens. The average compressive strength determined from the untreated tubular
reference specimens was 0.260 MPa, and the average compressive strength measured on
the rectangular specimens was 0.549 MPa, which corresponds after a low slenderness
ratio correction [Drdacky 2011] to the cube compressive strength of 0.365 MPa. In fact,
such a relation is not necessary for a comparative study of this type, because the effect of
the individual agents was tested on identical specimens and the overall behaviour was
compared. However, it follows from the results that the tubular specimens provide lower
compressive strength - approximately 50% of the values measured on the rectangular 40
x 40 x 27 mm (non-standard) specimens, and that the poor mortar that was used really is
weaker than usual historic masonry lime mortars, e.g. [Drdacky and Slizkova 2008]. Of
course, this “weak” mortar was very well compacted and integrated, and was not intended
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to model the typical sand-like disintegration of degraded mortars. In spite of the fairly
good cohesion of the tested mortar, a quite extensive loss of surface material during
treatment was observed, even though the treatment was very delicate. The same effect is
typical for in situ applications, when the ancient mortar is sprayed with lime water (see
further). The average compressive strength was calculated from tests on five specimens.

Tensile strength was tested on a small number of specimens (from one to two), and the
values given here should be considered only as informative. The results of mechanical
tests are presented in Figs. 9 and 10. In the Figure 9 all tested specimens are displayed
with the average values (black colour fill). Mostly five specimens were tested, in few
cases the fragile model mortar did not sustain treatment and movement and was damaged
before testing. Then only four specimens were tested. It is seen in the Fig. 9 that the

scatter of results was mostly very narrow.

COMPRESSIVE STRENGTH
MPa
2
1.8 =
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reference | reference distilled distilled lime water lime water lime water lime water lime water barium water
for for water wet water wet wet to fully wet to fully wet to partial wet to partial |+ metakaolin wet| wet to partial
50 cycles | 160 cycles | to fully dry | to fully dry dry dry dry dry to partial dry dry
51 cycles 161 cycles 50 cycles 161 cycles 58 cycles 160 cycles 58 cycles 58 cycles

Figure 9. Results of compressive tests on tubes consolidated by various agents

Figure 10 shows that barium water treatment is about three times more efficient than lime
water treatment, when the efficiency is measured by the change in the tensile strength,
which corresponds to a higher concentration of the active compound (barium hydroxide)
in the solution. The greater density of the newly crystallized tissue is apparent in the
figures mentioned above. Both agents penetrate easily into such a porous mortar.

ﬂ:ifty cycles of lime water with drying (two saturations per one day) and also 58 cycles of
lime water applied more often (three saturations per one day), led to an increase in the
compressive strength of the thin-walled tubes. However, this gain was very small. The
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Comparative tests of consolidants’ strengthening effects on weak mortars

results further show that there is no apparent difference in compressive strength between
lime water application with total drying and with partial drying. There is a considerable
increase in the compressive strength of a poor lime mortar after 160 cycles (in the case of
two saturations per day, and also in the case of three saturations per day).

TENSILE STRENGTH

MPa
0.5
0.4
0.3 —
0.2 —
0.1 =
0 | |
reference lime water lime water + | barium water
for wet to fully dry | metakaolin wet| wet to
50 cycles 119 cycles to partial dry partial dry
53 cycles 53 cycles

Figure 10. Results of tensile tests on thin plates consolidated by various agents

The combination of lime water with metakaolin did not provide any benefit. No
detectable improvement of the lime water due to modification with metakaolin was
observed. This indicates that the products of the pozzolanic reaction of metakaolin and
calcium hydroxide in lime water were not water soluble, did not penetrate throughout the
mortar, and therefore did not improve its compressive strength. The lime present in the
lime-metakaolin suspension was partially consumed due to a pozzolanic reaction with
metakaolin, and the following consolidation treatment of the mortar with lime-metakaolin

water was less effective than simple lime water treatment.

Better results were achieved with barium water, although a direct comparison in terms of
effectiveness of the active agent is biased by the higher concentration of Ba(OH),.
Samples undergoing the same number of treatments (58) show a higher compressive
strength when barium water was employed with respect to lime water. Although the
observed improvement in mechanical properties is not as large as might have been
expected considering the higher concentration of Ba(OH) in the saturated solution, this
allowed for a lower number of treatment and lower amount of water introduced into
mortar to achieve the same result. As far as the tensile strength is considered, barium
water granted much better results. In fact, the strength after consolidation was more than
three times higher than that of the untreated reference mortar.
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Distilled water didn’t show any consolidating effect on the tested mortar with a low lime
content. In this case only compressive strengths were measured, and the difference from
the reference specimens was insignificant. Probably the repeated dissolution and
precipitation of the calcium carbonate presented in the treated mortar with a low content
of lime, was not accompanied by a significant redistribution within the volume of the
specimen and no relevant microstructural changes occurred.

2.1.3.4. Peeling tests results

The peeling method involves peeling off the surface material by sticking some scotch
tape to the surface and then removing it [P. Mora and G. Torraca 1965]. The peeling test
method is very sensitive to surface roughness, which leads to difficulties when testing
mortars. Though the results correlate with the mechanical characteristics of the material,
the relationship between the released material and strength has not been appropriately
explained. However, this test can be used for a very rough check on the consolidation
effect.

\ —{-———Relerence unireated mortar

3 Mortar after 50 cyclos of lima water
002\ —e——  impregnation with drying

Mortar after 58 cycles of lime water
(3 impregnalion (wet-ta-wet)

LN ey —  Mortar after 160 cycles of lime water
] N\ impregnation {wet-to-wet)

0.016

Removed material from the surface in g
-

0.012

1 2 3 4 5 8 76 8 g X
Sequence of peeling on an identical place

Figure 11. Peeling test on tubes after mature consolidation

In the authors’ experience, it is only necessary to keep to the recommended procedure,
which consists of repeating the test on the same surface area several times (optimally 10
times) before applying the treatment, and doing the same again after the treatment. The
recommended and correct procedure has been suggested in [Drdacky, Lesak et al. 2012].
Figure 11 shows that after 50 cycles of treatment with lime water no significant effect
was observed. After 160 cycles, a positive effect is apparent. For the measurement a two-
sided tape fix o moll®, 40 mm in width was used.
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2.1.3.5. Change in structure

Solutions with higher amount of the active agent deliver a much greater amount of the
resulting salt into the mortar, and help to form a stronger binding structure. Figure 12
illustrates the basic differences between untreated mortar and mortars treated with lime
water and barium water, respectively, from the macroscopic point of view. (Pictures taken
by an optical microscope SZP 11-TH, magnification 10x).

Figure 12. Macroscopic structure of the untreated weak lime mortar substrate: a (left) reference, b (central)
161 lime water saturations, c¢ (right) 58 barium water saturations

At microscopic scale, Figure 13 shows a comparison on an identical scale of SEM (MIRA
II LMU by Tescan Corporation) SE images of typical CaCO3; and BaCO; formation after
various treatments. It seems that calcium carbonate has grown in the columnar form in the
untreated mortar, together with tabular crystals. The matrix is quite thin, with weak
bridges. After 161 cycles of lime water treatment in the mode of full drying between
subsequent applications, the matrix is filled with layers of newly-formed calcium
carbonate in platelet form. However, the new material forms discontinuous clusters
without regular and dense bridging. Figure 13c clearly illustrates the differences between
the consolidating matrices of lime and barium water. Barium water obviously yields a
denser and better-connected microstructure, which is reflected in the reported higher
efficiency of barium hydroxide consolidation treatment. In fact, in both cases a nano-
sized precipitated phase of carbonates is apparent.

Figure 13. SEM-SE micrographs of the binder morphology: a (left) reference, b (central) 161 lime water
saturations, c (right) 58 barium water saturations
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A microscopic study of the cross sections by means of SEM-BSE, Figure 14, focused on
the distribution of consolidants into the mortar specimen depth profile. External surface
of the samples is in the upper part of each SEM-BSE micrograph. Figures 14a,b show
calcium carbonate on the surface layer of the mortar, in the first case for the reference
mortar, and in the second case for the mortar treated with 161 cycles of lime water, where
a much thicker layer of calcium carbonate is visible. Figure 14c depicts the dense

structure of the barium carbonate on the treated mortar surface.

s

Figure 14. SEM-BSE micrographs of the structure of the new binder layer (cross section): a (left) reference,
b (central) 161 lime water saturations, ¢ (right) 58 barium water saturations, magnification 700x

The SEM-BSE investigation was supplemented by SEM-EDX (EDX by Bruker
Corporation) elemental mapping of the cross sections. SEM-EDX investigations
confirmed that the distribution of calcium (calcium carbonate) in the reference mortar and
in the treated mortar with distilled water and lime water is rather uniform, and any
difference between the different consolidation regimes could not have been distinguished
by this method in the magnification that was used. Only the barium water treated
specimens presented a significantly higher deposition of Ba (barium carbonate) on the
mortar surface layer, Figure 15.

B2 v
MAG: 22x HV: 15kV WD: 15mm MAG: 22x HV: 15KV WD: 15mm

Figure 15. SEM-BSE micrographs of the lime mortar treated with barium water, magnified 22 x:
a (left) distribution of Ca, Al, Si, Ba elements, b (right) distribution of Ba element
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2.1.3.6. Change in porosity

The mercury accessible porosity and the distribution of pore sizes in the reference and
consolidated mortars were determined by Mercury intrusion porosimetry, using a
AutoPore IV 9500 (Micromeritics Corporation), with pressure range of 0.005-413 MPa.
The mercury parameters were set to values of 485 erg/cm? for the surface tension of
mercury and 130 degrees for the contact angle. Five samples were measured for each
consolidation treatment and average values were calculated. It can be concluded from
MIP data that all evaluated consolidation treatments slightly reduced the mercury
accessible porosity of treated mortars (Table 9). For the lower number of consolidants
applications (50-58 cycles) the porosity decreased by about 1 %, while for the higher
number of application cycles (160) by approximately 3%. No significant difference was
found for lime water with metakaolin compared to simple lime water. Barium water
treatment decreased mortar porosity slightly more than lime water applied at the same

condition.

Table 9. Porosity by MIP and a change of porosity due to consolidation treatment

_ _ M porosity M porosity Standard Variation

Consolidant Cycles Regime (% vol) change deviation coefficient
(% rel.) ) [%] [%]
Reference 0 27.22 0.36 1.33
Lime water 50 wet to fully dry 26.21 -3.7 0.42 1.60
Lime water 58 wet to partial dry 26.66 -2.1 0.78 2.93
L.w.+ metakaolin 58 wet to partial dry 26.47 -2.8 0.45 1.70
Barium water 58 wet to partial dry 26.4 -4.0 0.51 1.96
Lime water 160 wet to partial dry 24.48 -10.1 0.68 2.76

Concerning the mortar pore size distribution, the effects after treatments with lime water,
lime water with metakaolin and barium water, are quite small, Figure 16. The volume of
most frequent pores in mortar specimens decreased with increasing number of applied
cycles of the lime water. Barium water treatment influenced the pore structure mainly in
the range of pores from 0.005-1 pm creating more uniform pore size distribution. The
lime water with metakaolin treatment did not show any significant difference compared to
the reference mortar, Fig.16b.

29



05 0,5
0,45 | \ 0,45 - !
0,4 0.4 1 reference
3 03s 035
E 0,3 reference E e . | barium water
T 025 = = Slcydes T 0,25 -
= =
i 02 R ‘E a2 - |ime water
Z0154 1Y ... 50qdes B 0,15 with
01 - 0,1 metakaolin
= = lime watar
c,oz . L - O,GUS 3 N
0,001 0,01 0,1 : § 10 100 1000 0,001 0,01 0,1 1 10 100 1000
pore diameter [um] pore diameter [um]
Figure 16. Pore size distribution of the lime mortar by MIP: a (left) the lime water treatments
(various application cycles), b (right) other consolidants treatments (58 application cycles)
2.1.3.7. Water drop absorption results
The water drop absorption rate is defined as the time taken for a limited amount of water
to be absorbed by the surface of the material [RILEM II. 8b (1980)]. A laboratory pipette
filled with 0.01 ml of water was used in this experiment. The water drop was applied to
the tube mortar specimen surface and the change in the behaviour of the untreated
(reference) specimen and the specimen treated with a specific consolidant was evaluated.
The time required for total absorption of the water dripped on to surface of the tube
specimen from a height of 1 cm was observed by naked eyes and recorded using stop
watch. A minimum of five measurements were performed for each consolidation
treatment. The mean values of the absorption times for each treatment are reported in
Table 10.
Table 10. Water drop absorption rate for individual treatments
Total amount  Applied agent Applied agent Applied agent  Absorption
Tested agent, of applied to specimen volume to the volume to the time
active substance consolidant mass ratio treated surface ratio  reated volume ©f Water drop
2 2
(/m?) (@2) (ml/em?) ratio (ml/cm’) ©
Untreated reference specimen 0 <1
Distilled water 55 6.94 5.52 11.7 <1
Distilled water 180 22.83 18.17 384 <1
Lime water, Ca(OH):2 52 6.38 5.22 11.1 <1
Lime water, Ca(OH)2 58 7.12 5.84 12.2 <1
Lime water, Ca(OH)2 156 19.74 16.13 34.0 <1
Lime water, Ca(OH)2 155 18.72 15.36 322 <1
Lime water + metakaolin 55 6.50 5.54 11.7 <1
Barium water, Ba(OH)2.8H20 57 6.77 5.68 11.8 358
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For each of the tested water solutions, the change in the absorption rate was only
observed for specimens treated with saturated solution of barium hydroxide. Although
porosity and pores size of mortar specimens were relatively large, the barium water
treatment of 58 cycles caused the significant reduction of water absorption rate. This
founding corresponds with SEM-EDX observation, which proved a significantly higher
deposition of Ba (barium carbonate) on the specimen surface (Figure 15).

2.1.3.8. Colour change and other application problems

Calcium hydroxide based consolidants require impregnation with a large number of
applications or saturations, which may be accompanied by a colour change after
carbonation, so-called whitening, white hazing or a blooming effect. Colour change was
determined with a spectrometer Avantes AvaSpec 2048 equipped with Avasphere-
IRRAD system for collecting reflected light from the surface of samples. Data were
collected from the external surface of cylindrical specimens and expressed in compliance
with the CIE L*a*b* standard notation. The mean values of three measurements for each
point of analysis over three different samples for each treatment and for the untreated

sample are listed in Table 11.

Table 11. L*a*b* coordinates for the investigated specimens.

Tested agent Number of applications Total number L* a* b*
per 1 day of applications

Untreated sample 0 0 66.8 1.7 7.2

Lime water 3 58 65.5 1.6 7.1

Lime water 3 160 70.1 1.5 5.1

Barium water 3 58 73.8 0.9 3.8

Although the sample surface was not flat, irregular and rather inhomogeneous (due to the
presence of aggregates of different colour), the scattering of the data was relatively small
and comprised between + 0.5.

This allows for drawing the following conclusions: the effect of 58 treatments with lime
water didn’t appreciably change the colour of the sample. However, after 160 treatments,
a clear whitening effect can be appreciated. Impregnation with barium water is much
more effective in this respect, because lightness is 6 points higher than the untreated
samples, and both a* and b* coordinates are much lower adding a clear white hue to the
original sample. The intensity of such effect can be ascribed to the amount of Ba(OH)>
introduced in the samples, much higher even than that of Ca(OH): after 160 treatments.

Laboratory application and also practical application of lime water treatment is
characterised by a remarkable loss of loosened material from the mortar or render surface.
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This amount is influenced by the surface cohesion and the composition of the surface
layers. On ancient historic facades, a rather compact and hard crust covers the more

1

disintegrated or even "sandy" subsurface render layer. In these situations, the crust
provides natural protection for the original subsurface substance. Repeated wetting with
lime water very rapidly degrades the crust layer, opens the systems and makes the crust
layer more vulnerable to weathering effects. The achievable consolidation of the sandy
layer does not compensate for this negative consequence of the lime water treatment

[Drdécky and Slizkova 2014].

2.1.4. Conclusions

Lime water treatment of a specific lime mortar was shown to be effective after a
sufficiently large number of applications (160 saturations) into a weak lime mortar. Some
poor mechanical characteristics (compressive strength and surface cohesion) were
improved substantially after such a large number of saturations. No consolidating effect
of distilled water on the compressive strength of tested mortars with a low lime content
(1:9) was observed. The higher concentration of barium hydroxide in its saturated
solution resulted in higher compressive strength than in specimens treated in the same
mode with lime water, but the increase was not as large as would have been expected
according to the concentration of the barium water. The improvement in tensile strength,
however, was much better: the strength after consolidation was more than three times
higher than the strength of the untreated reference mortar. A microscopic study found
differences between the consolidating matrices of lime and barium water — barium water
clearly built a denser and better-connected substance. There was no detectable benefit of
modifying lime water with metakaolin in terms of the mechanical characteristics of the

treated mortar.

All evaluated consolidation treatments slightly reduced porosity of mortar. For the lower
number of applications (50-58 cycles) the porosity decreased by 1 %, while for the higher
number of application cycles (160) by approximately 3%. The presence of pores in the
range 0.003-1 pum was detected in mortar treated with barium water. Concerning the
distribution of the consolidants into the mortar specimens, a higher deposition of Ba
(bartum carbonate) on the surface layer of the mortar was detected by SEM-EDX. This
finding corresponds with the results of the water absorption test, which showed a
reduction in the water absorption rate for this consolidation treatment. On specimens after
barium water impregnation, some whitening was slightly observable, while lime water
tended to cause less remarkable whitening effect which was also confirmed by
spectrometric measurements.
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In studies of the behaviour of consolidants, trials on real objects and also laboratory
experiments using model substrates representing a certain type of deteriorated material
are an important tool. The task is very complex, and the reader should bear in mind that
the tested mortar was cured in the laboratory — there was no surface crust layer or paint
present, and there were no soluble salts in the treated material. This is not a common case
in most practical situations. The research reported here did not aim to optimize the
application of various agents, only to make a comparison under specific conditions. This

should be understood in order to avoid misinterpretation of the results.
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2.2. Consolidation of weak lime mortars by means of nano-lime and non-lime agents

2.2.1. Research aim

Lime water treatment on a specific lime mortar was tested and evaluated for
effectiveness, showing that after a sufficiently high number of applications (160 cycles,
54-80 days of a permanent consolidation treatment) some of the poor mechanical
characteristics (compression and surface cohesion) were substantially improved. The
research presented in this paper (subchapter) aimed to test effects of other consolidation
agents, mainly lime nanosuspensions and other consolidating agents: ammonium oxalate,
silica nanosuspension (sol), silicic acid ester. The goal of the study was to compare the
lime water treatment with some other less labour-intensive consolidation technologies.

2.2.2. Experimental

The specimens for testing were made of lime mortar prepared from powdered air lime
hydrate and river quartz sand in a ratio of 1:9 by volume and were left to harden for six
months. Then the consolidating agents were applied, and after the consolidation
treatment, the specimens were left to mature for 60 days further. The same methodology,
mortar and testing specimens parameters, as described in the chapter 2.1.3.1., was used

for this experiment.

2.2.2.1. Consolidation of mortar specimens

The following consolidation substances were applied: calcium hydroxide colloidal
solutions in alcohols (“nanolime” CaLoSiL E15, CalLoSiL IP25), calcium sulphate
saturated solution in water (“sulphate water”’), ammonium oxalate solution in water (2.5%
resp. 5% w/w), colloidal solution of silica in water (silica sol), silicic acid ester (SAE)
solution in ethanol (ethyl silicate) and various combinations of lime and silica based
consolidants. Calcium sulphate solution treatments should resemble the phenomenon that
occurs where the gypsum crust developed on the historical surface dissolves during the
consolidation treatment from repeated watering and redistributes in the treated mortar
layer. The applied consolidation substances are listed in Table 12 together with data of
the consolidation procedure.

Commercial nanolime products CalLoSiL E15 and IP25 were applied without any
adjustment. Silica-based products Dynasylan 40 and Kostrosol 0830 containing
comparatively higher levels of silica were dissolved obtaining SiO> concentrations more
suitable for poor lime mortar consolidation. Dynasylan 40 was dissolved with ethanol
(1:4 weight parts) and Kostrosol 0830 with distilled water (1:9 w.). The final silica
content in these products adjusted for mortar specimens treatment was about 8 % w. and
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3% w. for Dynasylan and Kostrosol, respectively. Water solutions of calcium sulphate
and ammonium oxalate were prepared using chemical products p.a. (pro analysi) and
distilled water.

Table 12. Substances and consolidation treatment used in the experiment

Tested agent, Commercial Number of Total number Total amount Total time
active substance 2 p:r (;(zlllitctte d) applications appli(c)zftions applied treatment
% w. per 1 day (I/m?) (days)
Lime water + Silica sol +Kostrosol 0830 d. 3 58+5 56+3.5 19+2
Sulphate water, CaSO40.26% CaS04.2H:0 p.a. 2 50 51 25
Sulphate water, CaSO40.26% CaS04.2H:0 p.a. 3 58 58 19
Barium water, Ba(OH)2 5% Ba(OH)2.8H20 p.a. 3 58 57 19
Ammonium oxalate water, 5% (NH4)2C204.H20 3 58 27 19
Ammonium oxalate water, 2.5% (NH4)2C204.H20 3 38 32 13
Nanolime, Ca(OH)2 1.5% CaLoSiL E 15 12 40 30 35
Nanolime, Ca(OH)2 1.5% CaLoSiL E 15 7 7 6.5 1
Nanolime, Ca(OH)2 2.5% CaLoSiL IP 25 12 40 24 3.5
Silica sol, SiO2 3% Kostrosol 0830 d. 3 5 35 2
Silicic acid ester (SAE), SiO2 8% Dynasylan 40 d. 2 2 1.5 1
Silica sol 3% + Nanolime 2.5% 3/4 5+4 35+35 2+1
SAE 8% + Nanolime 2.5% 2 /4 2+4 1.5+3.5 1+1

Two different variations of the drying time interval were tested: first, 2 applications per
day were performed and the tubes were allowed to dry completely before each new
application; and second, 3 applications per day were performed with each additional
treatment completed on partially wet mortar. Sulphate, barium, ammonium oxalate water
and nanolime dispersions were applied in 38-58 cycles. Some consolidating treatments
were performed to study the effect of agents after 2 to 7 applications made during 1 or 2
days (silicic acid ester, silica sol, lime nanodispersion). When combining two products,
the second consolidating agent was applied 24 h after the first product application. Two
months after the completion of the mortar consolidation treatments, compression strength
tests were then performed.

2.2.2.2. Mechanical characteristics

The short mortar tubes were loaded along the tube axis in compression (chapter 2.1.3.3.,
Fig. 7 right). Results are illustrated in the graphs depicted on Figures 17 and 18.

The consolidation effect of lime water was substantially improved when it was combined
with colloidal silica (silica sol). 5 cycles of 3% solution of silica were applied at the
beginning of this treatment and then 58 cycles of lime water followed. This approach
significantly increased the effect of lime water impregnation.
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Ammonium oxalate (2.5% concentration, 38 applications), showed strengthening similar
to lime water after 58 applications. The lower concentrated solution (2.5%) penetrated
better than the higher concentrated solution (5%) where accumulation of salt crystals in
the mortar surface layer was evident. The sulfate water treatment provided a negligible
increase in compressive strength of the mortar.

The most significant increase in strength was achieved using nanolime products CaLoSiL,
which was applied in multiple cycles for comparison with lime water treatment. Very
good results were found in mortars consolidated with CaLoSiL E 15, with 7 applications.
Because ethanol evaporates quickly, the 7 cycles of the product were applied in one day.
The least labourious (2 cycles) consolidation treatment was completed using diluted
Dynasylan 40 (SiO; content in the applied agent 8% w.). The combined treatment of
silicic acid ester with low content of SiO: (diluted Dynasylan 40) following the
application of nanolime product (CaLoSiL IP 25) was shown to be effective in terms of
both time and strength increase. Comparing the effects of CaLoSiL E 15 and IP 25, the
tests concluded that a higher concentration of the active substance does not always lead to
higher strengthening. Consolidation with CaLoSiL IP 25 is likely to lead to reduced (less
uniform) distribution of the new binder in mortar specimens, when compared to lower
concentrated CaLoSiL E 15 treatments.

COMPRESSION STRENGTH

MPa EFFECTS OF VARIOUS AGENTS

25
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Figure 17. Selected consolidation treatment influence on compression strength of specimens
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Figure 18. Influence of consolidation treatment based on combination of two agents

2.2.2.3. Peeling tests results

The peeling test, also known in the literature as the Scotch Tape test, established by
Drdécky [Drdacky, Lesak et al. 2012] has been used for assessing the surface consolidation
or strengthening efficiency of treatments (see also the chapter 2.1.3.4.). Main application
strategy of this procedure exploits repeated peeling in the same place on a surface in order
to eliminate the effect of the natural decrease in the detached material from the subsurface
layers, which might be incorrectly interpreted as a consolidation effect. When sticking
and peeling is repeated several times, the amount of detached material starts to become

almost constant and characterizes the cohesion of the material.

For the evaluation of the weight measurements of detached material amounts a nonlinear
approximation model was adopted. This model type was necessary namely if the data
converge to some positive, i.e. non zero value, which is typical for testing of
consolidation effects on degraded mortars. Then the constant A could be considered as a
value describing the cohesion quality of the near surface material layer. Three parameters
— A, B and C — described the cohesion quality and they were computed using the
following approximation:

m(n)=A + B * g

where m(n) denotes the removed material’s weight (mg). According to the peeling-test
model, unperturbed material’s cohesion manifests itself as a constant amount of removed
material in peeling sequence, denoted as 4 in the formula. This weight corresponds to the
fragments broken apart from the surface in the process of affixing the strip on the surface.
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It assumes that this component would remain constant if the peeling is repeated again and

again.

In the experiment, areas without gross defects and imperfections were selected and the
tape, sized 10 mm x 45 mm, was placed on the measured surface. The tape was smoothed
into place by finger. After approximately 90 seconds of application the tape was removed
by seizing the free end and pulling it off steadily at rate of about 10 mm/s and at angle of
90°. Then the sampler was weighted with stuck material. The test was then repeated ten
times at the same location. For the each consolidation treatment, 5 mortar specimens were
tested and the mean value of computed constants 4 of the individual specimens was
evaluated. Results for the all assessed treatments are listed in the Table 13.

The treatments tested provided favourable results and considerable reduction in removed
surface material are listed as follows: diluted silicic acid ester (81% reduction), diluted
silica sol (85%), nanolime CaLoSiL E 15, 7 cycles (87%), sulfate water (93%). All other
consolidation treatments caused 100% change, where any material was removed from the
mortar surface during the test with the used tape. The efficiency of the consolidation
treatments in relation to the surface cohesion was characterized well by the peeling test,
however the results are different from the compressive strength results, which refer closer
to the structural characteristics.

Table 13. Results of water drop absorption and peeling test

Tested agent, Tota; anlli(;l(llnt of Abi(i);petion Peeling test
activeosubstance conzgli dant of water drop A constant
% w. V) © (mg)
Untreated reference specimen 0 <1 4.720
Lime water + Silica sol 56 +3.5 <1 0
Sulphate water, CaSO40.26% 51 <1 0.326
Sulphate water, CaSO40.26% 58 <1 0.125
Ammonium oxalate water, 5% 27 1,6 0
Ammonium oxalate water, 2.5% 32 <1 0
Nanolime, Ca(OH), 1.5% 30 394 0
Nanolime, Ca(OH), 1.5% 6.5 50 0.634
Nanolime, Ca(OH), 2.5% 24 610 0
Silica sol, SiO2 3% 35 <1 0.694
Silicic acid ester (SAE), SiO2 8% 1.5 13 0.910
Silica sol 3% + Nanolime 2.5% 35+35 2 0
SAE 8% + Nanolime 2.5% 1.5+3.5 <1 0
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2.2.2.4. Water drop absorption results

The water drop absorption rate is defined as the absorption time of a limited and finite
amount of water by the surface of the material (RILEM 1980), the same methodology as
described in the chapter 2.1.3.7 was used for the experiement. The water drop was applied
on the tube mortar specimen surface (Fig. 19) and the change in the behaviour of
untreated (reference) specimen and the specimen treated with a specific consolidant was
evaluated.

The most significant reduction in water absorption due to a consolidation treatment was
achieved with nanolimes CalLoSiL when the products were applied in 40 cycles. The
CaLoSiL IP 25 applied in 7 cycles also caused noticeable change in the water absorption
behaviour. A slight decreasing effect was found after consolidation with silica sol and
CaLoSiL (5 + 4 cycles) and after silicic acid ester application. The reason of the reduction
in the second case (SAE) is probably a change of the wettability of the treated mortar in
consequence of the higher contact angle of water (> 90°) on the slightly hydrophobic
mortar specimen. The low reduction of the absorption rate was observed also for
specimens treated with 5 % solution of ammonium oxalate. It was proved in the presented
experiment, that the water drop absorption test is a simple, fast method, giving reasonable
information about the change of water behaviour when water is applied on untreated and
treated surface.

Figure 19 Test of the water drop absorption rate

2.2.3. Conclusions

The lime water treatment was compared with some other technologies that are less
labour-intensive. The most efficient agents were suspensions of calcium hydroxide in
alcohols, which are marketed under the trade name CaLoSiL by the German producer
IBZ Freiberg. Their major advantage is that they can be applied much more rapidly than
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tens to hundreds of lime water cycles and that they deliver higher amount of lime in a one
cycle. The efficiency of suspensions in alcohol is signalled by a one-day application of
CaLoSiL E15 (7 cycles), where there is a significant strengthening effect.

In terms of chemical composition, calcium hydroxide water solution (lime water) and also
nanolimes (alcohol colloidal solutions) are supposed to be suitable for consolidation of
calcitic porous materials, such a limestone, lime mortar and marlstone. Besides the
different lime content and solvent, these lime agents differ in the particle sizes resulting in
penetration ability. This should influence their application preference. While lime water
contains calcium ion, sized about 0.1 nm, calcium hydroxide particles in CaLoSiL are
considerably larger (50-200 nm). This property defines the use of nanolime dispersions
for structural consolidation of porous material with a sufficiently large pore diameter. On
the other hand, the content of calcium hydroxide in lime water is very low (1.7 g/l at 20
°C) and therefore in cases where it is necessary to add larger quantities of lime in a
shorter time, or where repeated watering of the wall could be risky, CaloSiL products
with higher lime content (5-25 g/l) could be the preferred agent. It seems from the results
that lower concentration of CaLoSiL (E 15) provided a better distribution of the new
binder in the mortar structure and higher compression strength than the more concentrated
CaLoSiL (IP 25).

Like lime water and nanolime dispersions applied calcium hydroxide into mortar, silica
sol and silicic acid ester introduced into the treated material amorphous silica. The
amount of active substance (Si0O2) in the commercially available products is generally 100
to 500 g/1, which is a much higher content compared to lime based agents. Also when
taking the required strength of mortar into account, diluted solutions of these products are
more suitable for the consolidation of deteriorated mortar. Diluted, 8% silicic acid ester
applied in two cycles was shown to be equally effective as CaLoSiL E 15 applied in 7
cycles. Silica sol, diluted down to 3 %, was found be less effective, but in combination
with lime water or CaLoSiL led to substantial improvement in strength. The combination
of CaLoSiL and diluted silicic acid ester also appeared to be promising.

Surface cohesion of mortar was achieved with most of the tested consolidation agents.
When ammonium oxalate was applied in two different procedures, the lower concentrated
solution (2.5%) gave better strength results. 5% concentrations of ammonium water in
context with its multiple applications (58 cycles) caused a reduction in water drop
absorption. As expected, the most significant reduction in water absorption due to
consolidation treatment was found after 40 cycles of nanolimes CaloSiL treatment.
When CaloSiL IP 25 was applied in 7 cycles it also caused noticeable change in the
water absorption behaviour. A slight decreasing effect in the water absorption rate was
found after consolidation mortar with silica sol and CaLoSiL (5 + 4 cycles) and after the
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silicic acid ester application. In the second case the reason of the reduction was probably
the residual hydrophobic character of the mortar specimens.

Success of the consolidating process is influenced by many factors. The basic
characteristics and parameters need to be taken into account when designing optimal
consolidation treatment, such as chemical, mineralogical composition, strength, size,
shape of pores, porosity of treated material, further size of ions, molecules or particles of
the active substance in the consolidation product, chemical composition and
concentration of the active substance in the product, the drying rate and setting time of the

new binder during and after expected ambient conditions.

Knowledge of these parameters is a good basis for the design of a consolidation treatment
(type of consolidation agent, the concentration of active substance, method of application,
the number of repeated applications during a consolidation process, the method of
treating the substrate after impregnation). An important tool in the study of the behaviour
of consolidants are trials on real objects as well as laboratory experiments using model
substrates representing certain type of deteriorated material. The task is very complex and
the reader should bear in mind that the tested mortar was cured in laboratory - there was
no surface crust layer or paint present and there were no soluble salts in the treated
material, which is not a common case in most practical situations. The research reported
here did not aim to optimize the application of various agents, only to make a comparison
under specific conditions. This should be understood in order to avoid misinterpreting the

results.
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2.3. Comparative study of strengthening effects on weak mortars consolidated with
various consolidants; study on various types of mortar

2.3.1. Research aim

While previous studies (chapters 2.1. and 2.2.) have focused on the effects of
consolidation treatment under the conditions that consolidants were applied according to
conservators’ recommendations or according to recommendations published in the
literature, this study has focused on the comparison of consolidants effects under testing
condition assuring unified amount of a solid consolidant (30 mg) application within 1 cm’
of mortar specimen. The solid consolidant means the binder forming component
contained in the applied consolidation product (e.g. calcium hydroxide in lime water or
silica in silica sol). The strengthening capacity of various consolidants applied at
conditions of unified quantity of the solid consolidating component per the volume unit of
the mortar specimen was investigated.

Also, the range of consolidated mortar was extended in this study. Not only one type of
lime mortar was used for the experiment but various mortars with different sand were
impregnated.

2.3.2. Experimental

Commercial products (CaLoSiL IP 15, KSE 100) and chemical solutions prepared in
laboratory by dissolving chemicals in water (barium hydroxide, ammonium oxalate,
ammonium phosphate) or by dilution more concentrated products (Syton X 30) were used
for the experiment. Also some combinations of lime based and silica based consolidating
liquids were tested to study synergetic effects of both products. Consolidants were
applied on specimen surface using an automatic manual pipette. The volume of the
consolidant to be applied within the mortar specimen during one ,,cycle” (usually in one
day) was chosen individually for each specimen in order to reach full saturation of
mortar. In case the consolidant needed to be applied more than once, the following dose
was applied after the previous one had dried. Table 14 gives names and abbreviations of
solid components contained in various consolidants tested. The term ‘‘cycle’’ is used for
the impregnation of the mortar specimen with a consolidant and following the subsequent
drying out of the treated mortar. The required amount of a consolidant for total
impregnation cycles was calculated based on the mortar specimen volume and the
consolidant concentration. The amount of 30 mg of the binder forming solid component
was applied per 1 cm3 of mortar regarding all consolidants tested and all mortar
specimens.

After completion of impregnation, the mortar specimens were left for at least 90 days at
laboratory conditions and then subjected to mechanical tests. In addition to the
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mechanical properties that were the main subject of study, also microstructure and water
transport properties (the water absorption rate, vapor permeability) of mortars were
observed.

2.3.2.1. Testing specimens

Former experimental studies for testing efficiency of lime water on mechanical
characteristics of lime mortars successfully used thin-walled mortar specimens in the
shape of tubes for compression strength and thin plates for tension test [Slizkova et al.
2015; Moreau et al. 2010; Drdacky & Slizkova 2012].

Thin specimens enable even distribution of the consolidation agent across the entire
volume of the test specimen, and shorten the time for maturing. The same specimen
shapes were therefore used also in the present study. In addition to the thin specimens,
beams for measuring the bending strength of mortars were prepared and tested. Figure 20
illustrates shapes of specimens for different strength testing, the specimens parameters
were following: tube 29 x 39 x 5.5 mm, plates 60 x 40 x 6 mm, beams 101 x 20 x 20

U K

mm.

Fig. 20 Specimens shape: tube for compression, plate for tension, beam for flexural strength.

The specimens were fabricated from a weak lime mortar which was previously prepared
using sand (9 volume parts) and small quantity of lime hydrate (I volume part) with
water. Six specimens of the same shape and same mortar composition were tested as
reference samples to found out mechanical characteristics of the specific mortar and then
sets of six specimens were tested for each consolidation liquid after the consolidation
treatment of the mortar. In order to study the influence of the mineralogical composition
of the mortar, various sorts of sand were alternatively used in the experiment for the
mortar preparation: siliceous (mainly quartz) sand with semiangular to semirounded
grains, quartzite crashed sand and limestone crashed sand. Possible chemical reaction of
used sands with the lime binder was studied in special research by conducting of
pozzolanic activity test [Frankeova & Slizkova 2016]. All mortar sorts were prepared using
the same part of sand of the same granularity and the same part of lime hydrate and water.
Besides three sorts of lime mortar with different type of sand, one sort of earth mortar
was prepared and tested in the study.
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Table 14. Binder forming components in tested consolidants

Binder forming solid

component Consolidant Symb. Solvent
Calcium Hydroxide Lime water, 0.16 w% L Water
Calcium Hydroxide Nanolime CaLOSIL IP 15, CL Isopropyl alcohol

15g/L

Barium Hydroxide BH -water solution, 4 w% B Water
Silica Syton X 30, dil. to 10 w% S Water
Silica KSE 100 KSE  Organic solvent
Ammonium Oxalate AO water solution, 2.5 w% AO Water
Dihydrogen DAP water solution, 5 w% AP Water

Ammonium Phosphate

The consolidation treatment of prepared mortar specimens was conducted after all lime
mortar specimens were fully carbonated. The carbonation rate of lime mortars was
checked by means of thermal analysis. The illustration of the consolidated tubes is
documented in Figure 21.
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Fig. 21 Mortar tubes: specimen production (left) and arrangement of the consolidation treatment

2.3.3. Results and discussion

The experiments conducted on various types of mortar composition brought the
knowledge that the strengthening efficiency due to consolidation treatment is influenced
significantly by the characteristics of consolidated mortar. In terms of lime mortars and
especially the mortar with limestone aggregate, the “nano-lime” (dispersion of calcium
hydroxide nanoparticles in alcohol), marketed under the trade name CaLoSiL IP 15,
proved to be very effective strengthening agent. Also the combined applications of lime-
based consolidants (lime water or CaLoSiL IP 15) with silica- based consolidants (diluted
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Syton X30 or KSE 100) have shown very good consolidation effects on lime mortars.
Results are given in Figures 22 to 24.
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Fig. 22 Compressive strength (MPa) of mortar tubes: non-treated (REF) and treated
with different consolidants (see abbreviations in Table 14).
Mortars caption: aggregate composition/ binder composition
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Fig. 23 Flexural strength (MPa) of mortar beams: non-treated (REF) and treated
with different consolidants (see abbreviations in Table 14).
Mortars caption: aggregate composition/ binder composition
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Fig. 24 Tension strength (MPa) of mortar plates: non-treated (REF) and treated
with different consolidants (see abbreviations in Table 14).
Mortars caption: aggregate composition/ binder composition

Entirely different results were achieved when the same consolidants were used for
strengthening of earth mortar. For that mortar, KSE 100, product based on TEOS, was the
most efficient consolidant in relation to strength improvement. Unfortunately, KSE 100
treatment caused significant inhibition of the water drop absorption into the treated mortar
due to the change of the surface tension. However, water vapour permeability of tested

mortars was not significantly changed after the consolidation treatments.

Contrary to the lime mortars results, only slight effect was found in the case of the earth
mortar for CaLoSiL IP 15, probably due to low penetration of the consolidant into the

material.

For the practical use, the financial costs of consolidation intervention represent one of the
most fundamental aspects. Table 15 shows that treatments including lime water are

several times time demanding than other.

Table 15. Total period of treatment (in days) of beam samples

sand/binder

mortar L CL S KSE AO B AP L+S L+KSE CL+S CL+KSE
composition

quartz/lime 108 18 2 2 3 3 57 57 16 16
limestone/lime 108 10 2 2 8 3 3 57 57 9 9
quartzite/lime 108 13 2 2 13 4 3 57 57

earth 64 23 2 2 5 4 66 66 15 15
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2.3.4. Conclusions

All the tested consolidation agents showed positive strengthening effect when they were
used for consolidation of the poor lime mortar, with the exception of the influence of lime
water on the flexural strength. Study of the pozzolanic activity of various types of sand in
mortars showed that the grains of sand may be reactive with calcium hydroxide and can
participate in the formation of hydraulic compounds when they are subjected to calcium
hydroxide for a long time (several months at room temperature). In treated lime mortar
samples, however, the products of this reaction were not detected, probably because of
the relatively small amount of these substances in mortar and their X-ray diffraction

amorphous character.
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PART II. Consolidation treatment of stone
Chapter 3
Consolidation of porous limestone with nanolime products

The thesis ‘author focused on this topic intensively during her work as a researcher of the
European project STONECORE dealing with the development and application of nano
materials for consolidation and conservation of stone.

Performance evaluation of nanolime with the trade name “CaLoSiL” on Maastricht
limestone was described in the article of Zuzana Slizkova and Dita Frankeova, that was
presented in 12th International Congress on the Deterioration and Conservation of Stone,
Columbia  University, =~ New  York (2012) and  published  on-line at
http.//iscs.icomos.org/pdf-files/NewYorkConf/slizfran.pdf: “Slizkova, Z., & Frankeovd, D.
(2012). Consolidation of porous limestone with nanolime: laboratory study. *

3.1. Research aim

The recent outburst of nanotechnologies has influenced the conservation science and has
brought nanoparticles of calcium hydroxide dispersed in alcohols as a new form of
treatment product based on Ca(OH). Nanolime products are an attractive choice mainly
for the consolidation of substrates containing calcite considering the intended chemical
similarity between the treated substrate and the treatment product. CaLoSiL®
(introduced in October 2006) has been the first commercially available stone treatment
product based on calcium hydroxide sol [Ziegenbalg 2008, Drddcky et al. 2009]. Another
commercial product Nanorestore® was developed at the University of Florence (CSGI
Consortium) and has been also studied by conservation scientists [e.g. Lépez-Arce et al.
2010]. Consolidation action depends on the products' characteristics but also on
procedures adopted for their application [Ferreira Pinto et al. 2008]. This chapter presents
the influence of the repeated application (I to 6) of CaLoSiL products of the lower and
the higher concentration of Ca(OH):z on the limestone with high and large porosity.

3.2. Consolidation of limestone with nanolime product CaLoSiL®

The treatment product CaLoSiL® is available in various concentration of Ca(OH), from
15 to 50 g/l in different alcohols. However this product brings a much more effective
alternative in relation to lime water [Drdacky and Slizkova 2008], the concentration of the
effective substance in the product is low when compared to the products based on silicic
acid ester (100-500 g/1). Multiple applications of the CalLoSiL product can be considered
when a higher consolidation effect is required [Drdacky and Slizkova 2011]. This can be
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achieved either by multiple application of a low concentrated CaLoSiL or using a high
concentrated product. The presented research studied differences in the both approaches
when applied on a porous limestone. The assessment of the consolidating efficiency of
the products was based on performance of both the destructive and the non-destructive
laboratory tests: bending and compressive strengths, ultrasound velocity measurement
and porosity determination. Except of the compressive strength the other characteristics
were investigated in the depth profile of stone specimens in order to find the distribution
of the treatment product within the stone layer. The testing aimed at a quantitative
evaluation of the product strengthening effect and at a recommendation of an optimal
treatment procedure for the selected type of stone and treatment condition (dry condition
T 20-25 °C, RH 30-40 %).

3.3. Materials and Methods
3.3.1. Treatment products

Three variants of the commercial product CaLoSiL were used in the present study. The
products contain Ca(OH): particles dispersed in different alcohols (ethanol and isopropyl
alcohol types were investigated). The particles size ranges from 50 to 150 nm. The
producer of the agent is IBZ-Salzchemie GmbH & Co. KG, Germany. In the study an
ethanol based type with two different concentrations of dispersed lime particles (25 g/L,
50 g/L respectively) and an isopropyl alcohol based type with concentration 25 g/L were
examined. Trade names of the selected types are CalLoSiL E 25, CaLoSiL E 50 and
CaLoSiL IP 25. The behaviour of differently concentrated CaLoSiL and the influence of a
different alcohol medium were studied at consolidation of a highly porous limestone

aiming improvement of material (calcite crystals) cohesion.

3.3.2. Stone

The laboratory experiment was carried out on the Maastricht limestone (Tab. 16), which
is a material with low mechanical characteristics, a high open porosity and large pore
sizes. These stone characteristics seemed to be suitable for such a consolidation study
focused on the stone strength enhancement. Upper Cretaceous Maastricht limestone
("mergel") outcrops in the provinces of Dutch and Belgian Limburg. Formation
represents one of the few native Dutch natural stones used for building and construction.
The Maastricht limestone is very homogeneous, and layering is rarely observed. The only
location where the Maastricht limestone can be quarried today is in Sibbe, Holland.
Under the optical microscope [Rescic et al. 2010] the Sibbe variety shows a good sorting

with grain dimension of about 100 um. The grains, subangular in shape, are constituted
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mainly by sparitic calcite (shell fragments and skeletons of sea organisms) and
secondarily by micritic calcite. There are also rare silicatic grains. The binder is scarce
and constituted by sparitic calcite. The porosity is high (= 50%) and mainly constituted by
macroporosity (most of all pores have a diameter ~ 48 um). The petrographic
classification is grainstone and intrasparite. The decay of historic stone develops mainly
through the detachment of the crust.

Table 16 Physical characteristics of Maastricht limestone

Stone Wate.r Water absorption ~ Bulk Open Main pore
absorption . . . .
X . coefficient density  porosity diameter
by immersion
% wi. kg/m? min'”? g/cm? % vol. pum
Maastricht 344 202 13 50 48
limestone

3.3.3. Application procedure

Stone specimens were conditioned in the laboratory before the experiment. The treatment
was performed on 5 x 5 x 3 cm?® prismatic specimens and only one face of the specimen
was treated with a certain volume of the product (30 ml). The product was applied by
syringe pouring the stone surface until the total volume of 30 ml of the product has been
soaked. The volume (30 ml) was chosen as a result of a preliminary test when the amount
of the product needed for the wetting of 75 cm? (5 x 5 x 3 cm?®) stone specimen had been
determined. The selected volume (30 ml) does not refer to the volume needed for full
saturation of the stone but for its impregnation by capillary absorption when the front of
the product (visible by darkening of the impregnated stone material) reaches the bottom
of the stone specimen. The time needed for the first and for the successive applications
(2-6) was measured.

Specimens for the bending test, US and porosity investigated in depth profile were treated
on the face 5 x 3 cm?. Since the multiple application of the products was studied, two
specimens were impregnated twice, another two specimens four times and the last two
specimens six times. The break between every single impregnation represented 4 days.
This time was sufficient for drying out of impregnated stone under the laboratory
condition which had been found on the basis of an individual preliminary test. Stone
specimens were not covered by any impermeable coating which should control
evaporation of alcohol from the impregnated material and so the drying process of the
stone went through all specimen faces and was relatively fast thanks to alcohol medium
of the nanolime and also to a high and large stone porosity. Stone specimens were able to
absorb 30 ml of the nanolime product even in the case of the sixth application but the
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time needed for the repeated impregnation increased for some types of the CalLoSiL
product.

Specimens for the compressive test had the same parameters (5 X 5 x 3 cm?®). These
specimens were impregnated by the same manner like the previous specimens with one
difference that the product was applied through the face 5 x 5 cm? to the depth of 3 cm.

The maturing of impregnated stone specimens occurred in dry conditions (laboratory
environment, 20-25 °C, 30-40 % RH) without any special care. The testing of
impregnated specimens started one month after the consolidation treatment.

The stone specimens were analysed with several techniques in the following order:
propagation of US velocity, bending test and open porosity distribution by MIP — all in
the depth profile, and water accessible porosity and compressive strength.

Results from the performed tests are expressed as an average value gained from
individual measurements of two specimens treated with the same procedure.

3.3.4. Methods

The US velocity was measured with a portable instrument USG 20 (Krompholz Geotron
Elektronik, FRG) with a 250 KHz transmitter (USG-T) and receiver (USE-T). The
measurement was taken in a direct transmission/reception mode, across opposite parallel
sides of the specimen. In a first step, the untreated stone specimens were measured in all
three spatial directions (one measurement for the one axis) so that the difference between
X, Y and Z axes was found for each specimen and an unified geometric orientation for all
specimens could be set before the treatment. Only one geometric plane was selected for a
more detailed study. Then the depth profile of ultrasound velocities was measured with a
step of 7 mm in the direction from the treated top surface to the bottom (Figure 25a). The
measurement points were marked on the stone specimens and the comparative test after
the specimen treatment could be taken using the same points and tracks. The diameter of

the flat contact area on the transducer was 2 mm.

The bending strength values in the depth profiles of not treated and treated specimens
were tested on thin plates. The 50 mm depth was cut to slices and so 8 rectangular thin
plates of the depth 3.7 mm £ 3 mm with the top side parallel to surface were created
(Figure 25b). Slides were marked 1 to 8 and their specific positions relating the original
surface were registered. Bending strength and the Young’s modulus of elasticity were
then tested on these small-size partial specimens, which resulted in the knowledge of
strength values in relation to the location of a stone layer in the original stone specimen.
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This way of testing enabled to determine the strength values distribution along a depth
profile perpendicular to the surface. The specimens were tested in three point bending in a
special rig after long term conditioning in laboratory (20-25 °C /RH 30-40%) using load
cell Lucas 100 kN for the load measurement, LVDT 1 mm sensor for the deflection
measurement, at the cross head speed of 0.15 mm/min.

Even tough the destructive character of this method does not allow the performance of
these tests before and after the treatment on identical specimens, a quite good
homogeneity of stone along the selected axis enabled the evaluation of the strengthening
effect by means of comparing the strength values obtained on different not treated
specimens and different treated specimens of the same type of stone.

50

Fig. 25 a (left) Layout of the US velocity measurements from top to bottom, b (right) Layout of a specimen
cutting to slices for detailed bending strength tests.

The open porosity and its distribution in the studied materials were determined by
Mercury intrusion porosity, using a Quantachrome porosimeter, model Poremaster PM-
60-13 with pressure range of 0.005-413 MPa. The mercury parameters were set to values
of 480 erg/cm? for the surface tension of mercury and 140 degrees for the contact angle.
The samples were dried out before the test and a penetrometer of 1 cm® was used for the
measurement. After performing the bending test the broken stone slices were used for
porosity characterization.

The hydric behaviour through the stone was studied on specimens 50 x 50 x 30 mm?
(treated surface 50 x 50 mm?). The determination of the porosity accessible to water was
carried out following RILEM recommendation [RILEM 1980]. The compressive strength
was tested on the same specimens like hydric characteristics using load gauge Lucas 50
kN, sensor Megatron 25 mm, load speed 0.45 mm/min.
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3.4. Results and Discussion

The time needed for the first and for the each successive application (2-6) indicates a
possible change of transport characteristics of the CaLoSiL within the stone in case of the
repeated applications. The best results were obtained for the CaLoSiL E 25 which needed
roughly the same time (around 300 s) to penetrate the specimen from the top to the
bottom for the first and for the following applications. Simple measurement showed that
even in case of the 6™ application the penetration coefficient of this product did not
change significantly.

Figure 26 illustrates that a different behaviour was found for CaLoSil IP 25 and E 50.
After the first three applications the time needed for specimens impregnation increased as
the product penetration ability got worse especially in case of the highly concentrated
CaLoSiL E 50. The accumulation of these products in some parts of the stone specimen is
probable the reason for the rise of the penetration time in cases of the 4 to the 6%
application.

The determination of the ultrasonic (US) velocity profiles seems to be a suitable tool for
the estimation how an even or uneven distribution of the product's effective compound
(calcium carbonate in this case) has developed within the stone specimen after the
treatment. The US velocity in the untreated specimens was 1.7-1.8 km/s and the profile
was quite homogenous (see Fig. 27). Most of the treated specimens showed an increased
velocity in the surface area (top and bottom), probably as a result of the cumulation of the

consolidation product during the evaporation period.
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Fig. 26 Times needed for wetting of a stone specimen with 30 ml of CaLoSiL in relation to the successive
number of application.

The increased US velocity in the bottom region gives an evidence that products
penetrated the all depth of the specimen (5 cm). The rise of US velocity due to the
treatment represents about 5 % of the original value in a central part of a specimen for the
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lower concentration and about 13% for the higher concentration after 2 applications. In
the surface area the increase of velocity was 2-3 times higher compared to the central part
of the stone. The consolidating effect (US velocity) increased more after successive
applications (4-6) but more intensively in the area near the surface. It seems from the US
velocity measurements that multiple applications of the CaLoSiL products lead to
cumulation of the product within the surface region and this trend is more significant in
case of the higher concentrated studied type - CaLLoSiL E 50. The optimal procedure for
consolidation of the investigated stone seems to be 2 applications of the lower
concentrated types - CaLoSiL E 25 or IP 25. Different behavior of the products E 25 and
IP 25 has not been found in case of the US velocity tests: the differences between the
velocity profiles are quite low for the both products with a different alcohol medium.

The US velocity corresponds with the stone modulus of elasticity and characterizes its
change resulting from the consolidating treatment very sensitively. Bending strength
profiles (see Fig. 28) brought similar results but in detail these data have a higher scatter,
which is probably influenced by local defects. Considering the distribution of the strength
in the profile the better results were found on stone consolidated by 2 applications only.
The higher number of applications went to an uneven distribution of the product in the

stone which was followed by an increase of the strength in the surface part.

The strength rise considering overall stone specimens is illustrated in Figure 29 for both
the bending and the compressive strengths. The distribution of the strength in the stone
specimen profile is not considered in these graphs: the average values of the specimen
strength are shown (for the bending the average is calculated from individual slices
strength of 2 specimens and the compressive strengths were determined by testing 2
specimens 5 x 5 x 3 cm®). The increase of the average bending strength value of a
specimen represented 45% after 6 applications for E 25, 63% for IP 25, and 100% for E
50. The rise of the compressive strength was 93% for E25, 47% for IP 25, and 126 % for
E 50 after 6 applications. After 2 applications (which seems to be a suitable treatment
amount relating the even distribution of the product in the stone) the bending strength
increase represented 20% (E 25), 18% (IP 25) resp. 54% (E 50) and the compressive
strength increase 50 % (E 25), 23% (IP 25) resp. 73% (E 50). The presented test results
support conclusions that two applications of the CaLoSiL products seem to be the optimal
procedure for the treatment of porous limestone. When a stronger strengthening is needed
the higher concentrated product E 50 applied with care may be useful.

The porosity investigations correspond with previous results. The values of the open
porosity obtained on specimen 5 x 5 x 3 cm?® were quite optimistic: the porosity decreased
due to the treatment (Tab. 17) but not dramatically. MIP method used for the testing of
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porosity in the depth profile showed its uneven distribution coming from a bigger
influence on pores near the surface (see Fig. 30) even after 2 applications.
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Fig. 27 US velocity in depth profile for the Maastricht limestone before and after treatment with CaLoSiL
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Concerned the stone color the local white hazes appeared on the surface of some

specimens (IP 25 and E 50 after 6 applications of the products). White staining was not
found for specimens treated with the CaLLoSiL E 25.
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Fig. 28 Bending strength of stone slices in the depth profiles for not treated specimens and the specimens

treated with E 25, IP 25 and E 50.
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Fig. 29 Increase of bending strengths (left graph) and compressive strengths (right graph) of the Maastricht
limestone due to consolidation with multiply applied the CaLoSiL products.

Table 17. Reduction of water accessible porosity of the Maastricht limestone due to consolidation
with 6 applications of the CaLoSiL products

Water accessible

Maastricht limestone Decrease of porosity

porosity (RILEM I/1)
% % abs. % rel.
untreated 50.3
treated by 6 cycles E 25 47.4 2.9 5.8
treated by 6 cycles IP 25 47.4 2.9 5.8
Porosity distribution (MIP)in treated limestone
49,00
48,00
S 400 BCaLoSiL
46,00 E25
45.00 J
44,00 - T T T
0-4 12-16 24-28 36-40
Depth profile from treated top to bottom [mmi]

Fig. 30 Distribution of open porosity values (MIP) within the treated specimen depth profile (CaLoSiL E
25, 2 applications).

3.5. Conclusion

The appropriate amount of the product (both the concentration of the effective compound
and the sum of applications) has to be chosen in relation to the stone porosity and the
treatment condition in order to achieve the regular distribution of the product in the
substrate. The optimal procedure for consolidation of investigated stone seems to be 2
applications of the lower concentrated types CaLoSiL E 25 or IP 25. Application of the
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products with a different alcohol medium (CaLoSiL E 25 and IP 25) generates rather low
observed differences measured by the US velocity and the strength in the depth profiles.
The higher sum of performed applications resulted in an uneven distribution of the
product in the stone specimen which was followed by the increase of the strength in the
surface part. The local white hazes appeared on the surface of some stone specimens after
6 applications of the products IP 25 and E 50.
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Chapter 4
Modifying the consolidation depth of nanolime on Maastricht limestone

This chapter proposes a new method to achieve an in-depth homogeneous deposition of
calcium hydroxide nanoparticles in Maastricht limestone, which consists of applying
water immediately after the application of the consolidant. The work also demonstrates
the reliability of an imaging technique using differential X-ray transmission radiography
for the mapping of the consolidation action without requiring the use of labeling
substances.

The chapter is based on a publication: “Niedoba, K., Slizkova, Z., Frankeova, D., Nunes,
C. L, & Jandejsek, 1. (2017). Modifying the consolidation depth of nanolime on
Maastricht limestone. Construction and Building Materials, 133, 51-56“. The article
presents results of the project ,,NAKI DF 11P01OVV012 researched at the ITAM CAS
(2011-2015) under leadership of the thesis author.

4.1. Distribution of the consolidant inside the stone porous structure

Building materials exposed to weathering agents deteriorate gradually from the surface
inwards. A degradation intensity gradient is formed, which is characterized by e.g.
differences in mechanical strength and porosity. The knowledge of the properties of this
gradient is useful when investigating consolidation treatments to reestablish the material
properties to its sound condition, i.e. non-gradient condition. There are several methods of
analysis that can be used for the estimation of the degradation and consolidation depth
profile, e.g. drilling resistance [Rodrigues, 2002], X-ray tomography [Dewanckele et al.
2012], ultrasound wave velocity [Pinto & Rodrigues 2008]. Some authors use labeling
substances to follow the consolidant transport and its final distribution using neutron and
X-ray radiography [Slavikova et al. 2012 and 2014]. However, in some cases, especially in
samples with fine pores and large internal specific surface area, the material acts as a
chromatography column and the motion of the marker may differ from the movement of
the consolidant. Thanks to recent advances in technology e.g. [Boone et al. 2014 and
Banerjee et al. 2015], it is now possible to follow the consolidants’ distribution without the
need of markers e.g. [Cnudde et al. 2007, de Argandofia et al. 2009] and avoid results’

1naccuracies.

The consolidation of deteriorated porous stone and mortar using the capillarity absorption
of liquid compounds has been a straightforward method in conservation science for
decades [Torraca 2008]. The impregnation method is governed by physical principles and
can only be controlled by the restorer up to a limited degree. Moreover, the presence of
moisture in the porous materials in natural exposure conditions can interfere with the

60


file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5
file:///C:/Users/slizkova/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/MJ0VVPW1/Niedoba_upr.doc%23page5

Modifying the consolidation depth of nanolime on Maastricht limestone

strengthening agent. Thus, it would be desirable to have more control over the final

distribution of the consolidant.

Calcium hydroxide nanosuspensions have been proved to be efficient consolidants [Natali
et al. 2014; Slizkova & Frankeova 2012], and there are several methods for their manufacture
e.g. [Daniele & Taglieri 2012; Liu et al. 2010], including a new environmentally-friendly
method [Asikin-Mijan 2015]. There are at least two commercial products available and its
particle size spans from tens to hundreds of nanometers; the carrier medium is alcohol-
based. However, the consolidation efficiency of these nanolime suspensions can be
compromised by several aspects. The essential requirement for a successful consolidation
treatment with nanolime is the adequate accessibility of the pore size of the substrate to
the consolidant. It has been reported that if the pore diameter is of one order higher than
that of the nanoparticles in the suspension, a penetration depth of about 5 cm can be
reached [D'Armada & Hirst 2012]. However, problems arise during the evaporation of the
solvent leading to partial back-migration of the nanolime particles towards the exposed
surface. Borsoi et al. [Borsoi 2016] observed a dense nanolime deposition at 0.5 mm from
the exposed surface of a limestone treated with nanolime, although the stone (Maastricht)
had been saturated with nanolime up to 4 cm depth. This phenomenon is obviously
affected by the environmental conditions, e.g. high temperature and high air flow velocity
lead to a rapid evaporation of the solvent and, con-sequently, to the increment of lime
deposition close to the surface.

One of the most important features of nanoparticle suspensions is its dispersion stability.
In the case of lime nanoparticles suspensions in alcohols, sedimentation of the
nanoparticles takes place over time, which can lead to its aggregation. Obviously, if the
particles aggregate, they lose the penetration ability. Thus, the stability of
nanosuspensions is another important parameter that can influence the consolidation
efficiency, which is irrelevant in the case of non nano-structured consolidants.
This paper focuses on a new method to modify the distribution of nanolime inside the
porous structure of limestone (Maastricht) by using water to disperse the nanoparticles
and to reduce the solvent evaporation rate. The consolidation action was directly
monitored through label-free X-ray radiography. Drilling resistance measurements were
also performed to assess the in-depth strengthening effect.

4.2. Materials and methods

4.2.1. Materials

The nanolime product used in this study was CalLoSiL pro-duced by IBZ-Salzchemie
GmbH & Co. KG, Germany. CaLoSiL is available in various concentrations of Ca(OH)2,
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from 15 to 50 g/, in different alcohols and is ‘‘ready to use.” In this study, an ethanol-
based product with two different concentrations of nano-lime particles (25 g/L. and 50
g/L, labeled CalLoSiL E25 and CaLoSiL E50, respectively) was employed; the average
particle size of CaLoSiL products is 150 nm [Technical Leaflet, CaLoSil, 2016].

Maastricht limestone was selected for this study given its homogenous structure
characterized by low mechanical strength, high open porosity (ca. 50%) and unimodal
pore size distribution (see Fig. 31). These properties were considered suitable for this
consolidation study focused on the stone in-depth strength enhancement. Moreover, in
practice, it is very difficult to obtain stone material weathered in natural exposure
conditions for laboratory testing, and Maastricht limestone shows physical characteristics
that are, in general, close to natural deteriorated stone. The Maastricht limestone samples
used in this study were quarried in Sibbe (The Netherlands), which is the only place
available nowadays for quarrying this stone. The specimens’ dimensions were 20 x 20 x
20 mm and 20 x 20 x 40 mm. In all experiments, the samples were coated with silicone to
have unidimensional absorption and drying through one of the 20 x 20 mm surfaces.

4.2.2. Methods

Differential X-ray transmission radiography was used to map directly the consolidant
distribution inside the stone. The X-ray source was set to a voltage of 90 kV and a current
of 500 IA. The X-ray detector used was a scintillation Flat Panel with a resolution of 2048
x 2048 pixels, the size of one pixel corresponding to 200 x 1 m. The geometry of the
imaging system was set to achieve 2x magnification. The experimental apparatus is
shown in Fig. 32.

Drilling resistance measurements were performed with a TER-SIS T1 system from
Geotron-Elektronik (Germany). The drilling resistance test consists of drilling a hole and
measuring the force required for the drilling under controlled rotation speed and perfo-
ration rate. The drilling holes (ca. 5 mm in diameter) were made perpendicular to the
exposed surface, i.e. across the nanolime impregnation path. Three specimens were tested
and at least three holes were performed in each sample.

4.2.3. Testing procedures

4.2.3.1. Unmodified consolidant distribution in Maastricht limestone

The investigation of the Maastricht limestone consolidation was firstly carried out using
X-ray radiography to follow the drying process and characterize the final distribution of
the nanoparticles within the stone matrix. Six cubic specimens, 20 x 20 x 20 mm in size
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(Fig. 33), were impregnated with several solutions. The reference specimens, labeled R,
did not receive any treatment and were used for the normalization of the images to
suppress errors caused by the inevitable fluctuation of the X-ray radiation. Specimens #1
and #4, treated with pure solvents (water and ethanol, respectively), were used to verify if
the solutions introduced had evaporated completely at the end of the experiment. A
special sample holder was manufactured to position the specimens and allow its image
acquisition at the same time (Fig. 32). The first image was acquired with the specimens in
the dry condition. A determined volume of each consolidant (1.3 ml) were then poured
into the top containers (Fig. 32). The volumetric amount of consolidant was pre-
determined experimentally, used volume corresponded to the one-third of the pore
volume. In order to achieve high image statistics and suppress image noise, the automatic
image acquisition time was set to one frame per 30 s, thus allowing to observe small
changes in the material density. The analysis was performed at room temperature and the

entire experiment took 24 h.

Maastricht limestone
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Fig. 33 Limestone samples (with a container on the top) attached to a glass slide; R - reference, #1-water,

#2 - lime water, #3 - barium water, # 4 - ethanol, #5 - CaLoSiL E25, #6 - CaLoSiL E50.

The X-ray images were normalized by the intensity of the reference specimen.
Subsequently, they were corrected for beam hardening effect using a set of aluminum
filters. The resulting image after performing the corrections is shown in Fig. 34. In order
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to evaluate the increment in density assigned to the presence of consolidant, the results

were processed through the following equation:

0 (1)

where [y is the initial pixel intensity (reference specimens), I is the pixel intensity from
the specimens with consolidant, and Iprr is the differential pixel intensity, which
expresses the increment in density. However, this operation is only possible if the initial
imaging geometry is maintained throughout the entire experiment. Unfortunately, the
sample holder cracked during the experiment causing slight shifts on the samples’
images. To tackle this problem, an image matching method based on the Lucas-Kanade
algorithm [Lucas & Kanade 1981]. An iterative image registration technique with an
application to stereo vision was employed. Each specimen was matched individually
throughout the image sequence; Fig. 34 shows a diagram of the image matching process
for specimen #1.

4.2.3.2. Modified consolidant distribution in Maastricht limestone

In this experiment, larger samples were used to be able to perform drilling resistance
measurements. Prismatic specimens 20 x 20 x 40 mm in size were coated with silicone
leaving one side exposed (20 x 20 mm). CaLoSil and distilled water were applied, water
immediately after CaLoSil , by immersion of samples in the given volume of the liquid.
The volume of CaLoSiL was con-stant (2 ml) while the water volume was either 0.5 ml
or 1 ml.

Next, the samples were left to dry with the treated surface facing up. The X-ray
radiography imaging was done using the reference (non-treated) samples and the treated
samples after drying.

The drilling resistance measurement is not as sensitive as X-ray imaging in detecting the
consolidant; one application is visible on the X-ray images, but would be barely
identifiable by the drilling method. Therefore, eight subsequent applications were
performed to detect reliably the consolidant by the drilling method. Each application was
done after evaporation of the ethanol; the time interval between applications was one day.
The carbonation of CaLoSiL took place in laboratory conditions during the subsequent
application process and, after finalizing the application sequence, the samples were stored
in CO2 chamber (25 LC, 65% RH, 3% CO.) for one week to accelerate the carbonation
process.
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4.3. Results and discussion

4.3.1. Unmodified consolidant distribution in Maastricht limestone

Fig. 35 shows the average density evolution over time of the sam-ples treated with
CaLoSiL. The ethanol in the reference specimen (#4) evaporated completely after 10 h.
Ethanol is the carrier medium of CalLoSiL nanoparticles and has no contribution to
density increment, so the final increment in density is only attributable to the nanolime
consolidation effect. The comparison between the density distribution in the sample
treated with CaLoSiL E25 (#5) and in the sample treated with CaLoSiL E50 (#6) is given
in fig. 36. Three main zones can be clearly distinguished by their differences in density.
The higher density at the surface (superficial layer) is probably formed by the movement
of the suspension towards the surface where the solvent evaporates and the nanoparticles
deposit. The two other zones, located deeper inside the material, were probably formed by
the decrease in the amount of ethanol while diffusing into the deepest empty pore
structure of the material, thus contributing to the deposition of nanoparticles and creating
interfaces between treated and non-treated areas. The difference between CalLoSiL E25
and E50 (Fig. 36) is quantitative, which is in line with the concentration of nanoparticles
in each product.

4.3.2. Modified consolidant distribution in Maastricht limestone

The idea of applying water over the samples treated with CaLoSiL was to promote the
dispersion of the nanoparticles within the stone matrix, thus avoiding heterogeneous
differences in density. Fig. 37 shows a sample treated with CaLoSiL E25 and the sample
treated with CaLoSiL E25 and water. Disregarding the intrinsic stone heterogeneity, it is
possible to observe significant differences in the final distribution of the nanolime
particles. First and most importantly, the water treatment prevents the formation of the
high density layer at the surface. This can be partially attributed to the expected slower
drying process in comparison with the CaLoSiL treatment alone, because water is less
volatile than ethanol. Moreover, the application of water immediately after the nanolime
treatment promotes the dispersion of nanoparticles throughout the porous structure, thus
contributing to the homogenization of the consolidation action.
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Fig. 34 Diagram of the image matching process in Maastricht limestone (specimen #1).
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Fig. 35 Density evolution over time in the reference (blue — sample #4 treated with ethanol) and
CaLoSiL-treated samples (red — sample #5 treated with CaLoSiL E25, black — sample #6 treated
with CaLoSiL E50).
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Fig. 37 X-ray radiographic images of samples treated with CaLoSiL (left) and CaLoSiL and water (right).
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Fig. 38 Consolidation effect of CaLoSiL on the drilling resistance of Maastricht limestone

Fig. 38 shows the consolidation effects on the stone drilling resistance between the
different treatments. The results obtained in the sample treated with CaLoSiL (without
water) show a high increment of the drilling resistance nearby the surface. Moreover, the
surface showed a white coloration, which is not acceptable in conservation interventions.
In contrast, the samples treated with CaLoSiL showed an in-depth consolidation profile.
The results are in line with those obtained by X-ray radiography and indicate that the

water treatment procedure is a promising method to overcome the limitations assigned to
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the use of nanolime suspensions. The method can be optimized for a given substrate by
varying the amount of nanolime and water according to the type of porous structure.

4.4. Conclusions

The consolidation of porous building materials with nanolime suspensions can result in
the heterogeneous deposition of the nanoparticles within the treated stone matrix, partially
due to the migration of the particles towards the surface during the solvent evaporation
process leading to the formation of a high density superficial layer. This phenomenon is
caused by the high volatility of the solvent (alcohol) and can be enhanced by
environmental conditions, which are extremely important in practice. In this study, a new
method of treatment was proposed to induce an in-depth mass consolidation effect and
promote an homogeneous dis-tribution of the consolidant. The imaging method for
mapping the distribution of the consolidant in the stone matrix provided reliable evidence
of the proposed treatment method efficiency. The main results can be summarized as
follows:

e The imaging method based on differential X-ray radiography was successfully
applied for mapping the consolidant action inside the Maastricht limestone matrix
without requiring marking agents that can lead to imprecise results.

e A two-step procedure based on nanolime application followed by application of
water was investigated. The method proved to be efficient on the in-depth
modification of the consolidation depth profile in Maastricht limestone.

e The combination of X-ray radiography and drilling resistance allowed confirming
the efficiency of the new proposed consolidation procedure.

e The new consolidation method can be optimized for a specific substrate by varying
the amount of nanolime and water according to the type of porous structure.

For future work, the investigation of the role of the moisture content present in substrates
should give important insight on the success of nanolime treatments in practical

conditions.
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Chapter 5

Modified ethylsilicate consolidants effects on the sandstone mechanical
properties

Ethylsilicates (also called silicic acid ester or ethyl polysilicate) are widely used
consolidants for disintegrated sandstone. The ethylsilicates drawbacks, the shrinkage and
cracking, can be reduced according Mosquera et al. [2003 and 2008] by the formation of
wider pores within the gels, or by ethylsilicate modification with particles, that was
suggested by Miliani et al. [2007] and Xu et al. [2012]. This chapter discusses reducing
the shrinkage and cracking using various nanoparticles or using organic amines as an
ethylsilicate additive. Both nanoparticles and amines were tested in the experimental
laboratory study focused on the Horice and Msené sandstone impregnation and
mechanical properties assessment. However, clearly positive impact of aditives on
ethylsilicate behaviour in relation to sandstone consolidation were not proved.

The thesis™ author worked on this topic as a leading researcher of the research project
NAKI DF 11P01OVV012 at ITAM CAS. The project was solved in cooperation with J.
Heyrovsky Physical Institute of CAS under leadership of J. Rathousky.

The colaboration of both research teams of CAS (JHI and ITAM) resulted in a joint
publication: Monika Remzovd, Petr Sasek, Dita Frankeovd, Zuzana Slizkovd and Jiri
Rathousky. Effect of modified ethylsilicate consolidants on the mechanical properties of
sandstone. Construction and Building Materials, (2016), 112, 674-681.

5.1. Shrinkage and cracking of the ethylsilicates gels

Silicon alkoxides, such as silicon ethoxide or its oligomers (generally called
ethylsilicates), are excellent consolidants for the weathered silicate materials [Wheeler &
Goins 2005]. However, they suffer from two major drawbacks. First, the shrinkage and
cracking of the formed gels due to the syneresis and residual drying stress lead to their
decreased mechanical strength [Scherer 1996]. Due to their compact microporous texture
(pores narrower than 2 nm), the capillary pressure, which is reciprocally proportional to
the pore width according to the Young-Laplace equation, is very high, what the relatively
brittle framework of the siliceous gel cannot withstand [Scherer 1997, Scherer 2001].
Second, the physical properties of the gel phase do not match those of the treated stone
(such as the dynamic elastic modulus, hardness, thermal expansion coefficient, porosity
etc.).

The shrinkage and cracking of the gel can be reduced by the formation of wider pores
within the gels [Mosquera et al. 2003a,b; Mosquera et al. 2008] or by the modification with
particles [Miliani et al. 2007; Xu et al. 2012]. We have found that the shrinkage and cracking
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of the gel films due to drying is drastically reduced because of the presence of
incorporated nanoparticles smaller than about 10 to 20 nm and the formation of
mesopores about 10 nm in width. We have recently developed a novel preparation
strategy called “brick and mortar” based on the fusion of preformed nanocrystals with
surfactant-templated sol-gel material, which acts as a structure-directing matrix and as a
chemical glue [Szeifert et al. 2009; Fattakhova-Rohlfing et al. 2009; Rathousky et al. 2010]. We
have found that this technique is not only suitable for the preparation of thin layers for the
application in solar cells, photocatalysis or sensors, but also enables to obtain

consolidants with very promising properties.

The modification of gels can be expected to have a substantial effect on their physico-
chemical and especially mechanical properties, depending on the properties of
nanoparticles (e.g., their size and the nature of their surface), and the character of porosity
created. It can be anticipated that the characteristics of the modified gels containing
embedded particles and wider pores will be closer to those of the consolidated stone than
the properties of purely polymeric gels.

This communication aims at the determination and analysis of the effect of the addition of
nanoparticles and formation of pores on the elastic modulus and hardness of the gels
formed either without space restrictions in a Petri dish or within the pores of sandstone.
Elastic modulus and hardness of the sandstone specimen are obtained from load-
displacement measurements in nanoindentation tests. In these tests, the depth of
penetration beneath the specimen surface is measured as the load is applied to the
indenter. By this technique also the distribution of the consolidant applied on the
sandstone sample can be determined. Nanoindentation is a versatile method for material
characterization at scales where classical mechanical tests are inadequate. Additionally
the effect of the consolidation of sandstones with modified gels on their bending strength

was determined.

5.2. Materials and methods

5.2.1. Preparation of modified ethylicate consolidants

Chemicals used include Dynasylan40 (Evonik), di-n-butyltin dilaurate (Alfa Aesar),
isopropanol (Lach Ner), 1-octylamine (Alfa Aesar), 1-dodecylamine (Fluka), 1-
hexadecylamin (Aldrich). Particles of silicon dioxide were obtained from Evonik and
Cabot, including pristine hydrophilic nanoparticles 13.5 nm in size and hydrophobized
ones either methylated or octylated 24 nm and 18 nm in size, respectively. The particle
size given was provided by the corresponding producers. However, these primary
nanoparticles tend to cluster forming aggregates several hundreds of nanometers in size.
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Adsorption measurement using nitrogen as adsorptive showed the aggregates consisted of
a lose, unconsolidated assemblage of primary nanoparticles. The particle size distribution
of aggregates of hydrophilic nanoparticles exhibited a maximum at ca 375 nm without
any marked change even after the storage time of eighteen months. There was a very
small percentage of particle aggregates larger than ca 800 nm.

The gels were prepared from Dynasylan40, which is a mixture of monomeric and
oligomeric ethoxysilanes, the average chain length being about five Si-O units. First a
suspension of nanoparticles and catalyst in isopropanol was prepared. Nanoparticles were
added at the concentration of 5%. As a catalyst, either dibutyltin dilaurate (DBTDL) or
organic amines at the concentrations of 2% and 0.4%, respectively, were used. Second
Dynasylan40 was diluted with isopropanol at the ratio of 1:1 (v/v). Finally the diluted
Dynasylan solution was added to the suspension of nanoparticles and catalysts in
isopropanol. After 24 hours the sol was suitable for the application. An overview of
samples prepared is given in Table 18.

The samples prepared were designated as follows (see Table 18): D, from pristine
Dynasylan40 with DBTDL as catalyst, DA, modified with hydrophilic nanoparticles,
DBTDL as catalyst, DTS, modified with hydrophobized methylated nanoparticles,
DBTDL as catalyst, DR, modified with hydrophobized octylated nanoparticles, DBTDL
as catalyst, DO, catalyzed by octylamine, DD, catalyzed by dodecylamine, DH, catalyzed

by hexadecylamine.

Table 18. Compositions of consolidants under study

Sample Concentration of Size of primary Surface Catalyst /
nanoparticles / wt.%  nanoparticles/ nm  modification of vol. %
nanoparticles
D - - - DBTDL (1%)
DA 5 13.5 Hydroxyl groups DBTDL (1%)
DTS 5 24 Methyl groups DBTDL (1%)
DR 5 18 Octyl groups DBTDL (1%)
DO - - - Octylamine (0.4%)
DD - - - Dodecylamine (0.4%)
DH - - - Hexadecylamine (0.4%)

5.2.2. Physico-chemical characterization of the gels obtained from modified ethylsilicate
consolidants

The porosity of gels dried at 60 °C was determined by the analysis of adsorption
isotherms of nitrogen at the boiling point of liquid nitrogen (ca 77 K). Before the
adsorption experiment the samples were outgassed at 60 °C for 24 hours to ensure the
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complete cleaning of the surface. The experiments were carried out using an ASAP2010
apparatus (Micromeritics). Because of the complex character of the samples’ porosity the
obtained isotherms were analyzed by a combination of several methods, especially the
Broekhoff-de Boer t-plot and several variants of the NLDFT. The pore width is described
using the [UPAC nomenclature, micropores, mesopores and macropores corresponding to
the width of less than 2 nm, 2-50 nm and more than 50 nm, respectively.

5.2.3. Properties of sandstone substrates used

Consolidants were tested on two types of sandstone, namely Msené and Hofice (locations
of quarries in the Czech Republic), with different porosity and strength. Sandstone Hofice
is significantly stronger (bending strength almost 3 times higher) than sandstone Msené
(Table 22) and less porous (Table 19). Sandstone MsSené represents a porous stone with
low bending strength and in this study it was used as a material with characteristics
similar to deteriorated sandstone. The mineralogical composition is similar in both tested
sandstones. Hofice sandstone is an ocher colored fine-grained clastic sedimentary rock
consisting mainly of quartz clasts (98%) and containing clay matrix (kaolinite, often
impregnated with iron-oxyhydroxides). MSené sandstone is a white-greyish fine-grained
sedimentary psamitic rock [Slizkova 2002] containing quartz as a major mineral (99%) and
muscovite and feldspar clasts as accessories. The matrix is formed by clay minerals
(kaolinite, chlorite) but its content is very low (<0.5 %). Both stones have been widely
used as building, architectural and sculptural materials in the Czech Republic. Texture
properties of stones obtained by mercury porosimetry are given in Table 19.

Table 19. Characteristics of sandstones

Sandstone Bulk density / Porosity / Median pore diameter /
kg/m® % vol. pm
Hofice 2043 25 34
Msené 1925 32 24

Table 20. The formation of porosity in modified xerogels

Consolidant Porosity Vmi/cm®/g Vme/cm’/g Mesopore width/nm

D Microporous 0.10-0.12 - -

DA Microporous 0.16-0.18 - -

DTS Microporous 0.16-0.18 - -

DR Microporous 0.16-0.18 - -

DO Micro-mesoporous 0.06 0.54 6

DD Micro-mesoporous 0.11 0.22 4.5

DH Micro-mesoporous 0.10 0.28 4.5

Vmi, volume of micropores, Vme, volume of mesopores.

72



Modified ethylsilicate consolidants effects on the sandstone mechanical properties

5.2.4. Testing the mechanical properties of consolidated sandstones

5.2.4.1. Nanoindentation

The goal of nanoindentation testing is to obtain elastic modulus and hardness of the
specimens. It can be carried out by contacting an indenter tip of known geometry with the
sample surface. The samples were tested with Hysitron TI 750L Ubi nanoindentation
instrument. A three-sided pyramidal diamond Berkovich indenter and the Oliver-Pharr
method were used to get the elastic modulus and hardness. In a typical test, force and
depth of penetration are recorded. Figure 39 shows typical load (P)-depth (/) curve,
where P is the maximum load. Initial unloading stiffness S is defined as follows
[Fischer-Cripps 2011]:

_dp _ 2E'VA «_ 1ymap
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_v? —v?

%:(11))_'_(1 v{) )

E E E;

where A4 is the projected contact area at load values peak, E* is the reduced elastic
modulus and £ and v are Young’s modulus and Poisson’ ratio for the sample and E; and v;
are the same parameters for the indenter tip [Oliver 2004]. For Berkovich indenter used in
these our experiments the elastic modulus £; and Poisson’ ratio v; are 1140 GPa and 0.07,
respectively. Each gel sample was scanned by in-situ Scanning Probe Microscopy (SPM)
imaging to select a suitable place for experimental testing with minimum roughness.
Maximum load was Puax = 1.0 mN, load was increased linearly for 5 s to reach
maximum, which was held for 2 s and then full unloading was achieved within 5 s. Load
curve is shown on Figure 39.

Load, P
w ™
Pmax

Displacement, h

Fig. 39. Compliance curves, a typical loading unloading curve with maximum P,... and depth beneath on
specimen surface /4y, depth of contact /. and slope of the elastic unloading S.
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A cylindrical sample of xerogel prepared from ethylsilicate consolidants 20 mm in
diameter and ~ 4 mm in height was prepared for nanoindentation testing. Sandstone
samples which were treated with ethylsilicate consolidants were prepared by cutting out
of a bigger slab (lower part of the specimens). Samples were embedded in resin, after 24
hours they were grinded with SiC paper (up to grit #2000) and polished. Finally, the
surfaces were cleaned by sonication following the procedure presented elsewhere [Velez
2001]. The xerogels (natural maturing) were tested in a matrix 5 x 5 um in size, the
distance between the indents and the total test area being 1 um and 25 pum?, respectively.
For naturally matured xerogels 25 indents for each sample were performed. Indentation
was performed using the scan surface SPM probe with a scanned area of 20 % 20 um,
scanning frequency being 0.5 Hz. Because of the embedding in resin and porosity of
samples, single indents were made to distinguish the resin from the gel in pores. The
location of single indents was selected with the aid of optical microscope and for each
sandstone sample at least 30 indents were made. All naturally matured samples were
analyzed by using SPM probe to detect any overlap effects (pile-up or sink-in). Based on
these tests 1 micron spacing between indents was chosen.

5.2.4.2. Bending strength of stone plates

Bending strength of stones was tested 3 months after the consolidation treatment on
small-size specimens, namely rectangular plates with nominal dimensions of 20 x 50 x 3
mm. This way of testing enabled to determine the strength value distribution along a
depth profile perpendicular to the surface (Fig. 40) [Drdacky, Slizkova 2008, Slizkova,
Frankeova 2012]. Six cut plates were marked by numbers from 1 to 6, where numbers 1
and 6 indicated the top and bottom layers of the specimen, respectively. Four specimens
were consolidated, matured, sliced and measured for each consolidation treatment. Two
specimens (12 plates) were measured as reference samples at the untreated condition.

S0 mm gy

{
k)

Fig. 40. The specimen layout preparation for bending strength measurement. The depth of the gray
shade depicts the amount of consolidant deposited.
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Stone specimens were conditioned in a climatic chamber (25 °C / 50% RH) before the
experiment. The consolidation treatment was performed on 2 x 5 x 4 c¢cm® prismatic
specimens and only one face of the specimen (2 x 5 cm?) was treated with a certain
volume of the respective consolidation agent (2.5 ml). The agent was applied by pipette
on the stone surface (2 X 5 cm) until the total volume of the product was soaked (5
applications of 0.5 ml each). The applied volume (2.5 ml) was chosen as the amount of
consolidant which penetrates into the stone specimen in certain depth (2-3 cm) so that
only a part of the stone specimen was consolidated and the bottom part of stone remained
untreated. Consolidated stones were laid on a tray and placed outside without cover in
order to be exposed to natural climatic conditions (average temperature 20 °C, average
humidity 70% RH, Fig. 41). After 1 month specimens were placed back in the chamber
(25 °C / 50% RH) for conditioning and then were sliced for bending strength

measurements.

Fig. 41. Treated samples’ storage in natural climatic conditions

5.3. Results and discussion

5.3.1. The influence of the modification on the gel porosity

From the character of the type IV isotherms on xerogels prepared by drying the wet gels
at 60 °C in the air, which were catalyzed by amines (0.4%), and the corresponding pore
width distributions it is apparent that these xerogels contain besides a smaller content of
micropores also an important percentage of mesopores. This content is especially large if
octylamine is used as a catalyst, the pore width corresponding to the maximum of the
distribution being 6 nm.

The findings obtained from the extensive adsorption study can be summarized as follows:

75



The addition of nanoparticles to sols whose gelation was catalyzed by dibutyltin dilaurate
does not lead to the formation of mesoporosity in corresponding xerogels. The probable
explanation of this observation is that the nanoparticles function as defects around which
narrow corona is formed, which was identified as a micropore. Actually only slight

increase in the micropore volume was observed.

The surface properties of added particles, i.e. their hydrophilicity for the surface covered
with hydroxyl groups and hydrophobicity if methyl or octyl groups are grafted to the
surface, does not have much effect on the character of porosity, as presented in Table 21.
Therefore it can be concluded that there is no formation of chemical bonds between the
surface of particles and the surrounding gel. If that would be the case, there should be a
difference. While bonds could be formed only in the case of the presence of reactive
hydroxyl groups on the surface, the surface covered with alkyl groups must be completely
nert.

If instead of dibutyltin dilaurate an organic amine was used as catalyst, a substance with a
higher basicity, which however does not reach that of inorganic bases (such as ammonia
or hydroxides of alkaline metals), important changes in the porosity occurred [Mosquera et
al. 2008]. The formation of micropores was substantially suppressed and a substantial
proportion of mesopores was formed their width achieving 5-10 nm depending on the
type and concentration of the organic amine used. Due to the structure of their molecules
some primary amines with a longer alkyl chain (such as octyl or dodecylamine) can

function as non-ionic surfactants, which can e.g. decrease the surface tension.

To sum up, in order to suppress the formation of micropores, which have a negative effect
on the cracking of gels due to a high capillary pressure, and the formation of more
advantageous, substantially wider mesopores an organic amine are preferable as catalysts
[Mosquera et al. 2008]. The role of primary amines with a longer alkyl chain seems more
complex than that of mere catalysts.

5.3.2. Nanoindentation experiments

Three types of nanoparticles were used for the modification of Dynasylan40. While the
particle size of all the three materials is similar, their surface properties substantially
differ. The surface of unmodified nanoparticles A is covered with hydroxyl groups, that
of hydrophobized ones either with smaller methyl groups (R) or much longer octyls (TS).

The mechanical properties of gels formed in Petri dishes modified by embedding
nanoparticles are expected to differ substantially from those of the unmodified ones. First
the hardness of the gels has increased. The increase depends on the surface properties of
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nanoparticles. For the nanoparticles with hydroxylated surface (i.e. the unmodified
nanoparticles) the increase in the hardness is the greatest, namely by 48 %. While the
hardness of pristine Dynasylan gel equals 1.04 £ 0.09 GPa, that of modified with A
particles 1.54 £ 0.04 GPa. If methylated and octylated nanoparticles are incorporated, the
increase is smaller, namely by 37 % (1.43 £ 0.05 GPa) and 8 % (1.12 £ 0.02 GPa),
respectively. Data are presented in Table 21.

The increase in hardness for the modified gels is due to the higher hardness of the added
nanoparticles. There seems a stronger affinity of the surface of hydroxylated
nanoparticles with the gel than for the hydrophobized ones. The affinity of methylated
and octylated nanoparticles with the sandstone matrix is weaker, especially in the case of
octylated ones. As the surface of methylated particles is less covered with alkyl groups
than that of octylated ones, the hardness of gels is lower. On the other hand, the surface of
octylated nanoparticles is completely covered with alkyl chains and completely
chemically inert, which leads to similar hardness. Concerning the Young’s modulus, the
trends are similar. The modulus of gels modified with hydroxylated nanoparticles is
increased, by 72 % (from 7.74 + 0.52 GPa for unmodified gel to 13.29 £ 0.16 GPa for the
gel modified with hydroxylated particles). For gels with embedded methylated
nanoparticles, the increase equals is less 45 % (11.26 £ 0.26 GPa). On the other hand, the
modulus of gels with incorporated inert octylated nanoparticles is lower than that of the
unmodified gels, namely 7.15 £ 0.07 GPa.

The formation of mesoporosity within the gels leads to a decrease in both the hardness
and the Young’s modulus of the gels. Such a decrease is due to the formation of
mesoporosity within the gels. The hardness of gels catalyzed with octylamine,
dodecylamine and hexadecylamine decreased from 1.04 £ 0.09 GPa for unmodified gel to
0.41 £ 0.02 GPa, 0.11 % 0.01 and 0.66 + 0.02 GPa, respectively. Similar trend was
observed for the Young’s modulus — a decrease from 7.74 £ 0.52 GPa for unmodified gel
to 6.08 = 0.08, 4.49 + 0.14 and 7.64 + 0.23 GPa for modified samples, respectively.
Actually, the decrease in both properties was the smallest for the gel catalyzed with
hexadecylamine.

The properties of the gel formed in the pores of sandstone are much more difficult to
interpret as the size and shape as well as the surface of pores are not uniform within the
samples. Concerning the effect of the embedded nanoparticles on the hardness of the gels,
a much greater increase was observed in samples not prepared with Petri dishes. The
hardness of the unmodified gel is almost the same in the samples gelled in a Petri dish
(1.04 £ 0.09 GPa) and in pores of the sandstone (0.96 + 0.16 GPa). In comparison with
unmodified gel in pores of the sandstone, an increase as high as 122 % was obtained for
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gel modified with hydroxylated nanoparticles (to 2.13 + 0.18 GPa). Even for methylated
and octylated nanoparticles the increase is substantial, 49 % (1.43 £ 0.10 GPa) and 92 %
(1.84 £ 0.12 GPa), respectively.

Concerning the Young’s modulus, for all the samples are larger than the values obtained
for gels formed in the Petri dishes. Comparing with the sandstone consolidated with
pristine Dynasylan (12.33 + 1.68 GPa), a marked increase was observed for gels modified
with hydroxylated nanoparticles, by 79 % (to 22.09 = 1.23 GPa). For the methylated
(10.62 + 0.75 GPa) and octylated (14.25 £ 0.85 GPa) nanoparticles some decrease and
increase, respectively were observed, but the data seem rather ambiguous.

Generally, it seems that the gel with mesoporosity formed in pores of sandstone differs
from the gel formed in the Petri dishes but the data are rather scattered and no clear trend
was observed. The hardness and the Young’s modulus are the highest for the gel
catalyzed with dodecylamine (1.39 + 0.26 and 24.04 £ 3.12 GPa), respectively, i.e. an
increase in comparison with unmodified gel was observed for both properties. For the gel
catalyzed with octylamine both parameters are lower than those for unmodified gel (0.61
+ 0.09 and 9.66 £ 2.56 GPa, respectively). Finally for the gel catalyzed with
hexadecylamine the values of both parameters are roughly comparable with those for the
unmodified gel (0.82 £ 0.14 and 16.22 + 0.88 GPa, respectively).

Table 21. Hardness and Young’s modulus of gels prepared in Petri dishes and those
gelled within pores of MSené sandstone.

Gel in Petri dish Gel in sandstone Msené

Sample  Hardness/GPa Young’s Hardness Young’s
modulus /GPa /GPa modulus/GPa

D 1.04 7.74 0.96 12.33
DA 1.54 13.29 2.13 22.09
DR 1.43 11.26 1.43 10.62
DTS 1.12 7.15 1.84 14.23
DO 0.41 6.09 0.61 9.66
DD 0.11 4.49 1.39 24.04
DH 0.66 7.64 0.82 16.22

Designation of samples see Table 19

5.3.3. The bending strength experiments

The treatment with both pristine Dynasylan and modified consolidants on both Hofice
and MSené sandstones led to an increase in the bending strength values. As regards the
quantity of the strengthening effect of the consolidation treatment, it was significantly
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higher for the weaker sandstone MSené. The strength gain was approximately 200 % for
the most strengthening consolidants applied in this stone and the highest increase was
achieved with pristine Dynasylan (D), which raised the strength most effectively (230%).
The stronger sandstone Hotfice was strengthened with the same consolidants moderately:
maximal strength gains were around 100%, for pristine Dynasylan40 (D) and for
Dynasylan modified with nanoparticles (DA, DR and DTS). The results indicate a
potential strengthening effect of tested variants after application into quartz sandstone
with a specific porosity and the strength gains values should be assessed according to the

needs of specific situations in stone consolidation practice.

In general, not only the strength increase but also the achieved strength distribution
(gradient) represents important characteristics in relation to evaluation of consolidation
treatment performance. For this reason, strength values in the depth profile (from the
surface to the bottom of treated stone specimens) were measured (see Table 23) and
evaluated. The continuous, moderate strength decrease was evaluated positively, while
sharp decline in strength (when adjacent stone layers differed by more than 50%) was

assessed negatively.

The graphs in Fig. 42 and 43 illustrate that the tested variants can be divided into two
groups, in terms of the depth profile of the strength. For the first group — namely pristine
Dynasylan40 (D) and consolidants with nanoparticles (DA, DR and DTS) — the uneven
strength distribution with sharp drops in the strength was found. These variants exhibited
much higher strength increase in the surface part of stone specimens compared to inner or
bottom stone areas. This phenomena is not in agreement with the recommendations for
optimal consolidating intervention given in recent literature [Tabasso & Simon 2006].
The requirement of moderate strength changes due to consolidating treatment was better
fulfilled by the second group of consolidants — DO, DD, and DH. Hofice sandstone
performed the bending strength increase between 35% and 57% and differences between
adjacent layers did not exceed 50% for this group of consolidants. Positive results were
obtained also for MSené sandstone treated with these modifications (DO, DD, DH): upper
parts of specimens showed strength increment from 46% to 86%, while remaining parts
of specimens were strengthened by 15% to 35%.

In general, the distribution of strength values in the depth profile after consolidation is
influenced by two factors: by possible inhomogeneity in the rock structure and by the
consolidant distribution in stone, which depends on the stone porosity and on quantity and
penetration ability of the liquid consolidant. In presented study, the amount of applied
consolidating agents was chosen so that the greater part of stone specimens was
impregnated and the difference between more and less penetrated stone parts was
obvious. The lower or bottom parts of treated stone specimen were not or poorly

79



penetrated with tested consolidants and the strength of these layers is similar to the
strength of untreated stones.

Table 22 An overview of bending strength data obtained on Hofice and MSené sandstones

Sandstone Sandstone
Treat Slice Hoftice Msené Treat Slice Hoftice Msené
ment No. Strength Strength ment No. Strength Strength
(MPi) SD (MPi) SD (MPi) SD (MP§) SD
non-
treated 4,21 0,74 1,45 0,25
D 1 8.34 0.75 4.74 0.32 DTW 1 7.10 0.44 3.70 0.46
2 8.11 0.85 4.80 0.69 2 8.05 0.45 3.96 0.46
3 7.81 0.71 4.08 1.18 3 7.20 0.07 3.85 0.53
4 5.15 0.59 4.79 1.83 4 4.60 0.76 3.60 0.32
5 4.30 0.67 2.85 1.15 5 4.54 0.27 1.43 0.20
6 4.49 0.36 1.49 0.21 6 4.53 0.66 1.30 0.13
DA 1 8.61 0.42 4.12 0.16 DO 1 6.61 1.36 2.74 0.74
2 8.49 0.43 4.23 0.28 2 6.51 0.88 2.57 0.33
3 5.75 0.46 2.16 0.35 3 5.76 1.00 2.31 0.89
4 4.45 0.66 1.33 0.20 4 4.53 0.80 1.80 1.26
5 491 1.12 1.27 0.22 5 4.52 0.55 1.93 0.70
6 4.86 0.87 1.12 0.16 6 4.79 0.18 1.70 0.20
DR 1 8.42 0.56 3.61 0.81 DD 1 6.06 0.23 2.26 0.26
2 5.02 0.76 3.10 1.22 2 6.08 0.93 2.12 0.22
3 4.06 0.78 1.34 0.57 3 5.87 0.29 1.58 0.22
4 4.38 0.40 1.00 0.07 4 6.45 0.78 1.48 0.26
5 4.44 0.46 1.19 0.25 5 4.59 1.01 1.66 0.50
6 4.55 0.15 1.35 0.35 6 4.71 0.92 1.45 0.54
DTS 1 8.45 0.49 4.36 0.29 DH 1 5.67 0.39 2.12 0.29
2 5.64 0.61 4.29 0.21 2 6.46 0.12 1.86 0.15
3 5.05 0.69 3.00 0.44 3 6.20 0.70 1.70 0.27
4 5.15 0.39 1.35 0.21 4 5.55 0.40 1.76 0.37
5 4.80 0.20 0.98 0.07 5 4.84 0.32 1.77 0.52
6 5.10 0.39 0.81 0.03 6 4.11 0.05 1.78 0.47
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Fig. 42. Sandstone Hofice — bending strength increase in depth profile; layers order in direction
from the treated surface to the bottom of stone specimens.
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Fig. 43. Sandstone Msené — bending strength increase in depth profile; layers order in direction
from the treated surface to the bottom of stone specimens.

5.4. Conclusions

The sol-gel process was found to depend on the properties of particles added, especially
on their size and surface properties. While the hydrophobization of the particle surface
has decelerated the process, the hydroxylated particles have had only a slight effect on the
polycondensation process.
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In order to suppress the formation of micropores and to support the formation of more
advantageous, substantially wider mesopores, organic amines are preferable as catalysts.
The role of primary amines with a longer alkyl chain seems more complex than that of
mere catalysts. If nanoparticles were added, no substantial effect on the character of the
porosity was observed.

The mechanical properties of gels modified by embedding nanoparticles or by creating
mesoporosity were substantially changed. Due to the embedding of nanoparticles both the
hardness and Young’s modulus were increased. On the other hand, the formation of the
mesoporosity within the gels had an opposite effect.

The modification of consolidants by the creation of mesopores in the gels enables to
achieve an even consolidation of the stone. Concerning the modification with
nanoparticles, these variants exhibited much higher strength increase in the surface part of
stone specimens compared to inner or bottom stone areas. This phenomena is not in
agreement with the recommendations for optimal consolidating intervention. In this
experiment, the strengthening effects of modified variants TEOS were primarily assessed.
In terms of the evaluation of the compatibility of the consolidation treatment, also other
characteristics of treated stones need to be assessed, mainly capillary absorption, drying
rate, dilatations and color of stone.
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Chapter 6
Laboratory verification tests on consolidation effects on stone

As the previous chapter, also this chapter focuses on the Czech sandstone mechanical
characteristics in relation to the consolidation treatment with ethylsilicates. The
experiment presented in this chapter aimed to compare material data acquired using
circular discs and rectangular plates as tested stone specimens. At the same time the
influence of silica content in tested ethylsilicate based consolidants was taken into
account. Furthermore, cylinders and cubes cut from sandstone were treated with
ethylsilicates in order to determine their depth penetration ability. Differences in
consolidation effects are discussed in relation to the chemical characteristics of the
applied consolidation agents.

This chapter is based on a joint publication: “Leal L. N. P., Drdacky M., Slizkova Z.
(2018). Flexural tests on consolidation effects on stone. Proceedings from SAHC
conference in Cusco 2018.

6.1. Bending strength tests

The impact of impregnation with chemical agents supporting stone consolidation should
be tested and described in terms of the physical and chemical characteristics of the stone
after the intervention. For this purpose flexural tests represent a suitable method capable
of providing information on the impregnation efficiency as well as on the change of
mechanical properties for the sake of assessing the intervention compatibility. Typically
small-size specimens — rectangular plates or circular discs — made of material extracted
from the treated stone are tested to acquire the bending strength and Young’s modulus of
elasticity. The advantage of the use of rectangular plates is that several physical
characteristics of identical test specimens can be tested gradually, which reduces errors
originating from material non-homogeneities (see [Drdacky, Slizkova 2008c], for example).
Plates with typical nominal dimensions of 15 % 40 to 50 x 4 mm are ideally cut from
blocks previously treated on one surface with the consolidation agents being tested, which
makes it possible to observe changes in material characteristics along a depth profile
perpendicular to the treated surface. The specimens are typically tested in three-point
bending. Biaxial flexure tests have been developed for ceramic and glass testing, for
which several testing arrangements are available and have even been standardized —
piston-on-three-ball, piston-on-ring, ball-on-ring and ring-on-ring (see for example
[Danzer et al. 2006]) or for concrete plates (see for example [Kim et al. 2013]). There are
few studies focused on the relationship between the bending strength attained using
rectangular plates in three- or four-point bending and that acquired using circular discs
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subjected to biaxial loading. The effect is naturally influenced by the homogeneity and
isotropy of the material tested as well as by the size of the test specimens. Biaxial testing
of stone in the mode of a ring-to-ring arrangement for conservation efficacy assessment
was recommended by Wittmann and Prim [Wittmann et P. Prim 1983]. The method is very
effective and rather fast for strength testing. However, the circular discs are not practical
for determining other material characteristics which are decisive for application in the
conservation of porous materials. In this paper, the results of a comparison of uniaxial and
biaxial tests on almost isotropic sandstone specimens are presented.

6.2. Experimental programme
6.2.1.Test specimens and arrangement

Plates with nominal dimensions of 15 x 40 to 50 x 4 mm made of quartz sandstone were
loaded in a three-point bending. Comparative biaxial bending tests were carried out using
plates with a diameter of 55 mm and a thickness of about 4 mm in a special fixture
(Fig. 44). The supporting rig had the form of a circular ring with a diameter of 40 mm, on

Fig. 44 Test arrangement at biaxial bending (left). Thin disc supported with a special rig (right).

which the specimen tested was centrally placed. The position was controlled with an
alignment cap which had a central hole for defining the position of the loading ring
(a cylindrical hollow piston). The supporting rig carries an LVDT sensor for the
measurement of the central deflection of the plate in the course of loading. For a uniaxial
flexural test arrangement a special fixture placed on the upper surface of the rectangular
plate (Fig. 45) makes it possible to eliminate deformation of the plate in contact with its
support, which is not possible in the case of a circular disc.
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Fig. 45 Flexural test of thin rectangular plates.

6.2.2. Treatment of test specimens

Three different consolidating products were used to treat the samples: Porosil Z
designated as product A; KSE 300 designated as product B and KSE 510 designated as
product C. Deposition of silica gel inside the pores of the stone creates consolidation
effects. The three products were applied by absorption on the rectangular and cylindrical
plates. Further, stone cubes and cylinders were treated with two different techniques in
order to study efficiency.

6.3. Test results - mechanical characteristics

The measured strength in biaxial bending is calculated according to Wittmann & Prim
[1983] using the eq.

_ 3F a (1-v)«(a?-b?)
_4n(h2)*{2*(1+v)*ln(b)+ a2 }

where F is the maximum force reached during the test, h is the thickness of the plate, v is
the Poisson number, b is the loading ring radius and a is the supporting ring radius. The
Young modulus is calculated as [4]:

E=152 1
ok

b (a> - b®)(B+v)
*(1—v2)*{b2*ln(a)+ T 1Y) }

where F is the value of the force; fj is the total displacement at the span middle in the last
point of elastic behavior; v is the material Poisson modulus; h is the thickness of the
plate; b is the ring load application radius and a is the support ring radius.
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The flexural strength of the rectangular plate specimen is the highest stress registered on
the outer surface of the specimen at the failure moment and it is calculated as:

3P1

IO

where ¢ denotes bending strength; P ultimate load; [ span length; b specimen width and h
specimen height.

Fig. 46 shows a comparison of the flexural strength attained on rectangular plates
subjected to three-point bending and the biaxial flexural strength from the tests using
circular discs. It may be observed that both methods give identical tendencies in the
determination of the material characteristics of different qualities of stone, here achieved
by means of impregnation with different ethylsilicate-based consolidants. Therefore, both
methods are applicable for assessing the efficiency of various strengthening agents, with
almost the same results. Kim et al. [Kim et al. 2013] described a similar situation between
the unidirectional bending test and bidirectional bending test. In their research they
achieved the ratio of 0.64:1 of the strengths measured in a four point and bidirectional
bending test. Shetty et al. reported the same behaviour with the unidirectional and
bidirectional bending tests, too.
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Fig. 46 Comparison of uniaxial and bi-axial bending test results (u denotes untreated reference specimens).
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Fig 47 represents flexural strength distribution along the depth profile in cubes or
cylinders as measured on the rectangular and circular plates cut as thin plates from them
and tested in unidirectional and bidirectional bending. The results illustrate at the same
time average depths of penetration of the consolidation products, which attained values
between 18 mm and 35 mm.

Treated cubes Treated cylinders
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Fig. 47 Penetration profile in cubes and cylinders.

Product A in both cases exhibited a rather even strengthening effect up to a depth of about
25 mm to 35 mm and then the material characteristics did not change. Product B created a
rather constant but very low strength profile in the case of the bidirectional behavior and
with some oscillations in the case of a unidirectional bending test. This means that the
product acts along all the depth without remarkable differences in each zone. Product C
presents a remarkable difference near the surface compared to the others products, and
due to the high values attained in the first 20 mm in depth a possible problem of
incompatibility of mechanical behavior between the consolidated and the untouched zone
is open to discussion. The penetration depth reached a value of 25 mm.

The penetration depth of the consolidants was studied by Drdacky and Slizkova [Drdacky,
Slizkova 2008c] by means of unidirectional bending tests. The fact that the maximum
flexural strength along the profile of the cubes and cylinders is not located at the external
face being treated is not a surprising situation. In their research the maximum bending
strength was at the maximum penetration depth, which is between 20 mm and 30 mm.
Furthermore, the maximum penetration depth (in products A and C) is visible because the

difference of the flexural strength between two consecutive levels is important and below
this value the strength is almost constant. Any big difference in the flexural strength in a
short distance may generate compatibility strength problems between the external zone
being treated and the internal zone not reached by the consolidants. Not only is the
strength strongly affected, but examination of the plates treated by capillary absorption
also shows important increases in the Young modulus of the material.
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Regarding the two techniques used to the application: capillary absorption (I) and
brushing (II); the similarity of the profile achieved with both techniques is interesting. 48
describes the flexural strength profile in depth on four cylinders (random choice) treated
with product A and product C using the two techniques. They represent a pattern of
shadow between the method I profile and method II profile. Both methods present the
same penetration depth. Brushing method II is one of the main methods presently used in
the practice. After these results, it is possible to affirm that both methods are similar in
effectiveness.
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Fig. 48 Treated cylinders with different techniques.

6.4. Consolidant characteristics

Due to their chemical similarities to sandstones in particular and their simple application,
silicic acid esters (SAE) are one of the mostly and successfully applied materials in stone
conservation [Ziegenbalg, Piaszczynski 2012]. The most important silicic acid ester used in
conservation is tetraethyl orthosilicate (TEOS) Si(OC>Hs)s. It is a clear liquid with low
viscosity and a typical smell. Esters decompose when they react with water, producing
alcohols and acids. This reaction can be induced by acidic as well as alkaline conditions
(and catalysts). Tetraethylorthosilicate is sold as “pure” TEOS, as partially pre-
hydrolysed mixtures, or diluted with different types of organic solvents. Under the
conditions of stone consolidation, hydrolysis of TEOS is induced in reactions with
humidity. Hydrolysis results in the formation of polymeric networks consisting of Si-O-Si
bonds. Complex reactions leading to the release of ethanol and the formation of silicic
acid gel are typical. The hydrolysis of silicic acid esters is, under normal conditions, a
slow process. Special catalysts are added in order to increase the reaction rate and to
determine the nature of gels within reasonable times. Typically, tin-organic compounds
are applied, but also acid catalysed products are produced. Unfortunately, the
compositions of the catalysts used are often not published by producers. Stone
consolidants based on SAE are often characterised by their gel deposition potential. For
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example, pure TEOS will theoretically result in the formation of about 300 g/L SiO2; the
gel deposition potential is about 30%.

Three SAE based products tested in the experiment were first characterized using
information from the manufacturer: Remmers KSE 300 — without solvent, 30% gel
deposition potential, Remmers KSE 510 — without solvent, 45% gel deposition potential;
Porosil Z — containing solvent (ethanol), acid catalyst, 30% gel deposition potential.
Then, the gel deposition of each product was measured experimentally: a gravimetrical
method was used to monitor 10 of ml consolidant, which was poured into a Petri dish and
allowed to react with the atmospheric humidity in the laboratory (T 21 °C, RH 50%) for
36 days. Residual water and organic compounds in the gel obtained were determined by
thermal analysis with an SDTQ 600 (TA Instruments), at two times: after 1 week and
after 5 weeks. An example of the DTA/TG analysis result for KSE 300 gel is illustrated in
Figure 49. The gel compound data as measured and calculated are summarized in Table
23. The gel structures formed depend not only on the type of used TEOS, but also
strongly on temperature, moisture and the catalyst used. Figure 50 shows structures of
gels formed from the consolidants tested.

Sample: KSE 300 (36 days)
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Fig. 49 Water and alcohol content (weight %) in the gel formed from KSE 300,
determined by DTA after 5 weeks.

Fig. 50 Structures of gels formed from the consolidants tested after 1 week.

Table 23. Amount of SiO; formed from SAE products in laboratory condition on a Petri dish
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SAE liquid product SiO2 content after 5 week

weight % g/L
POROSIL Z 30 14.3 123
KSE 300 26.0 248
KSE 510 423 438

6.5. Conclusions

The paper presents a comparison of two methods for testing the flexural strength of stone
samples in laboratory conditions — i.e. biaxial testing of thin discs and uniaxial testing of
thin beam-like plates. Both techniques studied using quartz sandstone test specimens
yielded results adequately describing the changes in the stone after consolidation
treatment and their choice in practice is determined by aspects other than mechanical
testing modes — namely, the sample extraction techniques — core drilling or saw cutting —
and the planning of other types of tests, for example, for dilation behavior under various

moisture and temperature conditions.

The general deterioration of the sandstone over time is an inevitable process. This
research had demonstrated that the flexural strength and flexural Young modulus may be
recovered by a consolidant treatment. However, the increase in flexural strength and
Young modulus is strongly related to the amount of silica gel generated inside the pores.

The flexural strength profile along the depth of the element treated exhibit remarkable
differences between consecutive levels; it depends on the efficiency of the consolidants
used. The same is valid for the modulus of elasticity. Important differences in mechanical
characteristics along short lengths inside the stone may generate compatibility problems
between the superficial strengthened zone and the inner zone.
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Part I11.
Chapter 7

Final comments

7.1. Results and recommendations based on comparative tests of consolidants on
mortars

Before deciding on the consolidation treatment of disintegrated plaster or render, it is
important first to identify the mineralogy and porosity of the mortar. It has been proven
that the success of consolidation is significantly influenced by the characteristics of

mortars, and not only those of the consolidants.

Regarding the lime mortars and especially mortar with limestone aggregate, the nanolime
“CaLoSiL 15” proved to be a very effective strengthening agent. Also, the combined
applications of lime-based consolidants (nanolime Calosil 15 or lime water) with silica
based consolidants (ethylsilicate KSE 100 or diluted Syton) led to very good
consolidation effects on lime mortars.

The results indicate that a lower concentration of CaLoSiL (E 15) provided a better
distribution of the new binder in the mortar structure and led to higher compression
strength of the mortar than a more concentrated CaLoSiL (IP 25). From this, it can be
assumed that uniform distribution of the consolidant in the mortar layer is very important
for the effective strengthening of the mortar and, in some cases, the effect of the uniform
distribution of a consolidant can overcome the effect of the concentration of the
consolidant.

Lime water treatment of a friable lime mortar was shown to be effective after a
sufficiently large number of applications (160 subsequent saturations) of lime water into a
mortar. The initial poor mechanical characteristics (compressive strength and surface
cohesion) of mortar were improved substantially after the large number of mortar

saturation steps with lime water.

The study of the pozzolanic activity of various types of siliceous sand in mortars showed
that the grains of siliceous sand may react with calcium hydroxide and can contribute in
the formation of hydraulic compounds when they are exposed to calcium hydroxide for a
long time (several months at room temperature). In treated lime mortar samples, however,
the products of this reaction were not detected, probably because of the relatively small
amount of these substances in the mortar and their amorphous character which prevents
its identification with X-ray diffraction. The hydraulic compounds resulting from the

91



reaction of lime consolidants with siliceous mortar components can contribute to mortar
strengthening, but they have not been proven directly in the treated mortar with the
applied analytical methods.

In the case of tested earth (clay) mortar, only consolidation with ethylsilicate (KSE 100)
was beneficial; good results were also achieved with ethylsilicate combined with a
nanolime product. Unfortunately, KSE 100 treatment significantly inhibited mortar” water
absorption by capillarity due to the changed surface tension after the treatment. However,
water vapour permeability in tested mortars was not significantly changed after the
consolidation treatment. Contrary to the lime mortars results, only a slight strengthening
effect was found in the case of the clay mortar for the nanolime product (CaLoSiL IP 15).
The reason was probably attributed to the low penetration ability of the nanolime into the
clay mortar, which contained finer pores compared to tested lime mortar. Generally, the
influence of consolidants dissolved or dispersed in water was minimal or did not have any
effect on the strength of tested clay mortar” specimens. This is probably due to erosion of

mortar” specimens by water supplied during multiple impregnations of aqueous solutions.

Often, a higher number of subsequent treatments is needed to achieve an adequate
consolidation effect. Some examples of consolidation treatments for specific
plasters/renders are given in Table 16 [van Hees, Veiga, Slizkova 2017]. The term
““cycle’’ is used for the impregnation of the decayed mortar layer with a consolidant and
following the subsequent drying out of the treated layer. The required amount of a

consolidant for one impregnation cycle can be derived from the mortar water accessible

porosity.
Table 24. Indication of the number of treatments for the consolidation treatment
for different mortar types and condition
Render/ plaster  type Lime Nanolime =~ Ammonium oxalate Ethylsilicate  Nanosilica
water in alcohol  25g/1, or (TEOS) (Si02)
(saturated 15-25¢g Ammonium in water
solution) Ca(OH),/I  phosphate 50g/1, or
Barium hydroxide 100 g SiO0»/1  30- 100 g SiO»/1
40g/1
lime mortar, 100 cycles  5-7 cycles  3-4 cycles 2 cycles 2 cycles
very weak cohesion,
salt-free
lime mortar, 50 cycles 3-5cycles 2 cycles 1 cycle 1 cycle
quite good cohesion,
pores > 10 pm, salt- free
lime mortar, 30-50 - 2 cycles 1 cycle -
fine pores (1 pm), cycles
salt —free
lime mortar, - 3-7 cycles - 1 cycle -
contaminated with salts
earthen mortar - 3-7 cycles - 1-2 cycles, 1-2 cycles
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The preliminary selection of consolidants to be used for a mortar consolidation in a
specific case should be done considering several aspects. Generally, chemical similarity
between the consolidant and the mortar binder is favourable to maintain the original
composition of the historical material and to achieve similar physical-chemical
characteristics between non-treated and treated mortar.

In specific cases, it is not necessary to have the same chemical composition between the
consolidating compound and the mortar binder if the consolidation treatment meets other
criteria of compatibility. The new binder should not be prone to fast weathering and

biodeterioration in particular atmospheric conditions.

Regarding the reactivity of the consolidant with the mortar, it is advantageous if the
consolidant can form chemical bonds with the mortar particles (for example ethylsilicate
reacting with the OH- groups of silicate minerals present in a mortar). The consolidation

treatment can be more durable and effective in these cases.

The consolidated plaster/render should be re-treatable, i.e., allow the application of other
required conservation materials, e.g., repair mortars, paints or protective treatments.
Therefore, hydrophobic consolidating materials may be problematic if it is foreseen the

application of water-based materials in the following conservation steps.

The penetration ability of the consolidating fluid depends on its viscosity and surface
tension. Low viscosity and high surface tension (low contact angle) are favourable
characteristics for a good penetration and fast absorption of the consolidant by the mortar.
The particles size of the consolidating material is another important parameter,
particularly in the case of consolidants that are based on the dispersion of nanoparticles in
water or alcohol, e.g. nanolime, nanosilica, dispersions of synthetic resins in water. The
particles of the consolidating material need to be significantly smaller (ten to hundreds of
times) than the pores of the mortar to be able to penetrate into the mortar effectively. The
penetration ability of the consolidant is also strongly affected by the porosity of the render
or plaster. Mortars with small and thin pores are expected to absorb the consolidating
liquid more difficultly than porous mortar with relatively large pores and eventually also
cracks. The contact time of the consolidating liquid with the surface of the plaster or
render has to be adapted according to the penetration ability of the consolidant into the
specific plaster or render and to the required penetration in view of the expected
consolidating effect.

The goal of the consolidation treatment is to improve the cohesion of the degraded
material, aiming at returning the original structural and strength properties to the mortar.
Therefore, the concentration of the effective binding substance present in the
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consolidating liquid has to be carefully adapted to the requirements related to the
strengthening effect. The strength increment resulting from the consolidation treatment
should not be very high because, in most cases, the strength of historical plasters/renders
is in the order of a few MPa. In the case of some consolidants, the concentration of the
effective substance is very low, for instance lime water containing only 0.16% w. of
calcium hydroxide must be repeatedly applied to achieve a satisfying consolidation effect.
On the other hand, there are consolidants with a high concentration of the effective
substance, e.g. nanolime products containing up to 5% w. of calcium hydroxide, where
one or a few applications can be sufficient.

The penetration ability of a consolidant also depends on its concentration, which should
also be considered, as the penetration ability is reduced with increasing concentration. It
is often better to apply a less concentrated consolidant repeatedly and/or progressively
increasing its concentration than to apply a high concentrated product only once. The
consolidants used mainly for stone consolidation (ethyl silicate or nanosilica) have
relatively high content of SiO2 (dozens of percent) and this fact should be considered to
avoid the risk of over-strengthening. Low concentrated (diluted) variations of up to 10%
w. should be more appropriate for the consolidating treatment of historical mortars.

The method of application should be practicable, considering the given conditions
(damage type, geometry of the surface to treat, ambient temperature and moisture,
required contact time).

7.2. Results and recommendations based on evaluation of stone consolidation
treatment

Many claims mentioned in the previous subchapter regarding the general aspects, which
should be considered before a choice of a possible consolidant for a specific mortar
(plaster, render), should also be considered in case when someone intends a stone
consolidation treatment. Mainly these parameters and aspects should be taken into
account before choosing a specific consolidant for a specific stone: chemical similarity
between components of both consolidant and stone, possible chemical reactions in stone
after intended stone treatment and possible character (beneficial or risky) of expected
reaction” products; requirements for the needed strength gain in the specific case; porosity
of stone, stone absorption capacity, stone pores or cracks diameter and penetration ability
of possible consolidant; consolidant solid component properties such as particles” size
and amount, then properties of consolidant liquid medium (water or organic solvent) such
as surface tension, dynamic viscosity, boiling point and evaporation rate influencing
consolidant transport and required favour deposition into stone structure; possible stone
colour change and its possible acceptance.
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Final comments

The performance of the treatment should be assessed in situ or in laboratory using
specific stone specimens or model substrates imitating the stone to be treated following

evaluation based on comparison with the untreated material.

The thesis presents several laboratory experiments investigating the effects of various
consolidants on stone. The results of the experiments can be briefly summarized as

follows.

The study of nanolime based consolidant CaLoSiL applied on porous Maastricht
limestone” surface proved that lime nanoparticles can be transported by capillary
absorption within relatively large distance below the absorption surface (5 cm was
detected) when stone pores are of favour (large) size. It should be considered, that
Maastricht limestone consists of pores with diameter 48 pm (measured by MIP), that
exceeds transported lime nanoparticles (with diameter 0.1-0.25 pum) of about 200-500

times.

Results based on quantitative evaluation of the strength gain achieved after performed
consolidation treatment of Maastricht stone with nanolime has been following: bending
strength after two subsequent treatments improved by 20% for CaLoSiL E 25, 18% for
CaLoSiL IP 25 resp. 54% for CaLoSiL E 50 and compressive strength by 50 % (CaLoSiL
E 25), 23% (CaLoSiL IP 25) resp. 73% (CaLoSiL E 50). However, it was found that the
higher number (4-6) of subsequent applications led to irregular deposition of applied lime
within stone and the accumulation of nanolime at or just beneath the surface. This trend
was more significant when the more concentrated nanolime product (50 g/L) was used.
Therefore, less concentrated nanolime products with a Ca(OH)2 content of up to 25g/L is

recommended to use for consolidating porous limestone.

Flexural strength, ultrasound velocity and open porosity were investigated in the depth
profile of Maastricht limestone specimens in order to study characteristics” variability
caused by inhomogeneous nanolime deposition within the stone block (dimensions 3x5x5
cm). Applied methodology was evaluated as successful. The porosity measurements
corresponded with the mechanical characteristics results, showing that multiple
applications of the CaLoSiL nanolime resulted in the accumulation of nanolime near the
stone evaporation surfaces, particularly in case that more concentrated nanolime was
used. On average, the open porosity of treated stone decreased due to treatment, but
reduction was relatively modest (MIP porosity dropped from 50% to 46,5% after two
subsequent treatments with CaLoSiL E 25).

Two another method was successfully applied for mapping the consolidant distribution
inside the Maastricht limestone; the imaging method based on differential X-ray
radiography and the drilling resistance measurement system.
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Concerning the stone colour, white hazes appeared on the Maastricht limestone surface
after six repeated treatments with nanolime (CaLoSiL IP 25 or E 50). This phenomenon
relates to the described accumulation of lime particles at stone evaporation surface.
White hazes were not found for specimens treated with CaLoSiL E 25. Regarding the
choice of a solvent, the ethanol based product (CaLoSiL E) showed better results
compared the isopropanol type (CaLoSiL IP) in terms of favourable deposition of
nanolime within the stone structure.

It was concluded, that consolidation of porous limestone with nanolime suspensions can
result in the heterogeneous deposition of lime nanoparticles within stone pores network,
partially due to the back migration of the particles towards the surface during the solvent
evaporation process leading to the formation of a high density superficial layer. A new
technique was suggested to achieve an in-depth homogeneous distribution of calcium
hydroxide nanoparticles in Maastricht limestone, which consisted of applying water
immediately after the application of the consolidant.

In response to published and orally disseminated Maastricht limestone results in relation
to nanolime consolidation treatment, studies dealing with a similar topic were published
in the next years by other researchers, e.g. by G. Borsoi [Borsoi et al. 2016 a, b, c].

In the frame of the STONECORE project and following NANOLITH project, where the
thesis” author participated as a researcher, another application of nanolime products for
stone conservation was investigated and suggested. Consolidation techniques based on
combined treatment of stone with nanolime and then with ethylsilicate (silicic acid ester)
achieved very promising results and were recommended for consolidation of porous
limestone [Ziegenbalg & Piaszczynski 2012]. Application of nanolime products not only for
limestone strengthening but also as a component of the protective painting system or as a
grouting material was studied, and outputs from conducted testing including practical
examples of stone monuments restoration was published [Macounova at al. 2016].

Strengthening of disintegrated renders and stone represents an important intervention
during conservation or restoration of our building and architectural culture heritage. In the
same time, it remains to be a current research theme and a topic of European and national

research projects.

Although many questions have been answered by scientific investigations, many
questions remain. One of them is the task of designing and optimization of specific
application conditions for a given material to ensure required deposition of consolidant
within a degraded surface layer.
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Research application in technical practice

Chapter 8

Research application in technical practice

In practise, conservators, restorers and other experts dealing in the field of conservation
of culture heritage are very interested in research results, that can improve conservation
procedures and technologies. Some of research projects solved by the thesis” author were
focused on a development and publishing the applied research outputs. Examples of these

results are as follows:

. Contract for utilization of research and development results with the restoration
company GEMA ART GROUP a.s. regarding two developed culture heritage
procedures, proven by the Ministry of Culture of the Czech Republic:
"Consolidation of the historical lime plaster by suspension of calcium hydroxide
nanoparticles in alcohol" and "Consolidation of the porous limestone by
suspension of calcium hydroxide nanoparticles in alcohol" [Slizkova and Frankeova
2015 a, b].

o Certified methodology for determining the decisive material characteristics of
historical materials for the purpose of the planning of restoration intervention
[Slizkova et al. 2016].

The mentioned publications were written in Czech. As illustration of these outputs, one
conservation procedure and one certified methodology are annexed to the thesis.
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Appendix |

Appendix I

The certified methodology is presented in the Czech language with original numbering of
tables and used references.

METODIKA URCENI ROZHODNYCH MATERIALOVYCH
CHARAKTERISTIK HISTORICKYCH STAVEBNICH MATERIALU PRO
PLANOVANY RESTAURATORSKY ZASAH

Autofi: Ing. Zuzana Slizkova Ph.D., Mgr. Dita Frankeov4, Ing. Renata TiSlova Ph.D.

Spolupracovali

Mgr. BcA. Petr Glaser, Ing. Petr Kune$ Ph.D., PhDr. Zdenék Vacha, Ing. arch. Ladislav
Barto$, Mgr. art. Jakub Doubal Ph.D., Bc. Petra Haukové, Mgr. Krzysztof Niedoba.

Metodika je vysledkem vyzkumného projektu s nazvem ,,Podminky a pozadavky
kompatibilni péce o historické anorganické porézni materialy“ (DF12P010VVO018),
podporovaného v letech 2012-2015 Ministerstvem kultury CR vramci vyzkumného
programu NAKI.

Oponenti

Ing. arch. Milo§ Solat

Pracovisté: Generalni feditelstvi Narodniho pamatkového tistavu

Prof. Ing. Alois Materna, CSc., MBA

Pracoviité: Ceska komora autorizovanych inzenyrii a technikii ¢innych ve vystavbé

Anotace

Metodika predkladd vycet materidlovych vlastnosti, které je dilezité posoudit pfi
navrhovani postupu urcitého konzerva¢niho nebo restauratorského zasahu na stavebnim
pamatkovém objektu. Jsou popsany materidlové vlastnosti, jejichZz zhodnoceni by mélo
byt vychodiskem pro navrzeni uréitého postupu povrchové upravy, cisténi, konsolidace,
doplnéni chybéjici hmoty nebo hydrofobizace pamatkového objektu, aby restauratorsky
zasah splioval ndroky na kompatibilitu materidld. Tyto vlastnosti jsou zjiStovany pfii
predprojektové ptipravé nebo restaurdtorském prizkumu v ramci obnovy pamatkovych
objektli nebo predméti kulturniho dédictvi. Metodika je uréend pracovnikiim pamatkové
péce, restauratoriim, architektim a projektantim pro ptesnéjsi zadavani zkousSek a analyz
materidlovych vlastnosti.
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I. Uvod

Zakladnim pfedpokladem pro stanoveni potieb, metod a postupi odborného oSetieni
(konzervace/restaurovani) kazdého objektu kulturni povahy je jeho poznani, jez dovoluje
v prvé fad¢ specifikovat pfedmét ochrany. Predmétem ochrany se pro ucely této metodiky
rozumi hmotnd podstata objektu (material), jez je nositelem estetické nebo historické
hodnoty dila a dil¢ich informaci rizného charakteru.

Podle soucasného pojeti, vychazejiciho z Benatské charty zroku 1964, je cilem
restaurovani zachovat a odhalit estetické a historické hodnoty pamatky [13]. Restaurovani
je zalozeno na respektu k origindlnimu materidlu. Otazky, jaka ¢ast nebo povrchova
vrstva materidlu ma kulturni hodnotu, a tim pravo na pamatkovou ochranu, a co v§echno
ptispiva ke komplexni hodnoté pamatky a musi byt pfi restaurovani zohlednéno, nejsou
jednoduché a jejich feSeni casto vyzaduje potiebnou diskuzi odbornikii. Kone¢né
rozhodnuti o cilech a rozsahu restaurovani/konzervace je v kompetenci odborné
organizace statni pamatkové péce.

Cilem této metodiky je pfedlozit seznam materidlovych vlastnosti, které maji byt zjiStény
a/nebo hodnoceny v ramci materidlového prizkumu pamatkovych objekti a predméti
kulturni povahy v souvislosti s pfipravovanym restauratorskym nebo konzervaénim
zdsahem. Tyto vlastnosti jsou zjiStovany pii piedprojektové piipravé nebo pfii
restaurdtorském prizkumu v radmci obnovy pamatkovych objekti nebo predméth
kulturniho dédictvi. Metodika je uréena pracovnikiim pamatkové péce, restauratoriim,
architektim a projektantim pro ptesnéj$i zadavani pozadavkd na zkousky a analyzy
materidlovych vlastnosti, aby vysledky prizkumu byly efektivné vyuzitym informacnim
podkladem pro upiesnéni cilli, rozsahu a metod konzervaéniho/restauratorského postupu.

II. Potiebnost metodiky

Pro zjis$téni rozsahu restauratorskych prizkumi vypracovanych v poslednich letech byla
provedena analyza nékolika desitek prizkumi uloZenych v archivu NPU UOP HMP.
Analyza odpovédéla na otazky: jaké materidlové vlastnosti se v praxi nejcastéji zjist'uji,
jaké vystupy poskytly provedené prizkumy, jak jsou tyto vystupy pouZitelné pro
restaurovani ¢i zachranu pamatky.

Nedostatec¢na kvalita analyzovaného souboru prizkumi potvrdila potfebu vypracovani
metodiky obsahujici ptehled materidlovych vlastnosti, jejichz znalost je zasadni pro
navrzeni technického provedeni urcitého konzervac¢niho nebo restauratorského zasahu.

III. Vybér materidlovych vlastnosti na zaklad¢ experimentalnich studii
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Vzhledem k rozsahu tématu se metodika soustfedila na stanoveni rozhodnych
materidlovych charakteristik pro Ctyfi zadkladni restaurdtorské zasahy, provadéné na
anorganickych stavebnich materialech, jmenovité na tyto zasahy:

- konsolidaci

- ¢isténi

- doplnéni vybranych typi hornin umélym kamenem (tvarnymi smésmi)
- hydrofobizaci.

Pii aplikaci metodiky je tfeba vénovat zvlastni pozornost objektim s nehomogenni
materidlovou skladbou, napf. vicevrstvym omitkdm, povrchim se zbytky polychromie
apod., které mohou ovlivnit rozsah restauratorského zésahu a tim i rozsah a skladbu
prazkumu.

III.1. Cisténi

Zamérem Cisticitho zasahu je odstranéni sekundarné¢ deponovaného materidlu podle
pozadavkl pamatkové péce. Jednd se obvykle o materidl, ktery méni barvu, strukturu,
sloZeni a dal$i vlastnosti piivodniho materidlu pamatky. Ke zméné dochazi u poréznich

materiald postupné ve sméru od povrchu do hloubky, u kompaktnich materialti skokem
s ostrou hranici mezi ptivodnim materialem a sekundarnim (krustou).

Dulezité jsou strukturni vlastnosti posuzovaného materidlu v blizkosti povrchu a je
vyhodné je vysSetiit mikroskopicky, na lesténém vybrusu pifi€ného fezu povrchovou
vrstvou zkoumaného materialu. Tentyz vybrus mtze poslouzit k ur¢eni mineralogického
sloZzeni materialu (hlavni a vedlej$i slozky) pomoci optické polarizaéni mikroskopie a
dale kurceni prvkového chemického slozeni materidlu pomoci skenovaciho
elektronového mikroskopu s EDX analyzatorem. Pokud je potieba provést detailnéjsi
studium nékterych slozek (stanoveni uhlikatych povrchovych necistot [11,12], zbytky
nezadoucich povrchovych Uprav, podezieni na pfitomnost objemové nestabilnich
jilovych minerdlit), pouzivaji se analytické instrumentalni metody: (pyrolyzni) plynova
chromatografie s hmotnostni detekci (GC/MS), infracervena (FTIR) a/nebo Ramanova
spektrometrie, rentgenova difrakce (XRD), termicka analyza. VySe uvedené metody se
pouziji 1 pro vySetfeni povrchovych uprav a konzervacnich latek, které maji zustat
zachovany (zbytky polychromie, hodnotné povrchové tUpravy). Zejména pii pouZziti
chemickych latek pro ¢isténi je nutno zndt a posoudit chemické a mineralogické slozeni
¢iSténého materialu vcetné vedlejSich slozek, tmeld a povrchovych uprav. Pred pouzitim
vody pro ¢iSténi povrchu je nutné zvazit rozpustnost slozek materialu ve vodé a smacivost
povrchu pro vodu [10]. Pokud formy poskozeni materidlu ukazuji na pfitomnost
vodorozpustnych soli, je na misté vySettit, kvantifikovat a monitorovat obsah soli.

Také pfi pouziti Cisticich metod vyuZivajicich chemické latky (napf. uhliCitan a
hydrogenuhli¢itan amonny, fluorid amonny, slabé organické kyseliny) je mozné
zkontrolovat obsah zbylych chemikalii v materidlu po ¢isténi (napt. amonné, fluoridové
ionty).
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Po selektivnim odstranéni necistot by mélo nasledovat hodnoceni zmény materidlovych
vlastnosti.  Z fyzikdlnich vlastnosti jsou to piedevsim rychlost vsakovani vody do
materidlu (koeficient kapilarni absorpce) a rychlost vysychani, které referuji o navratu
k ptivodnim transportnim vlastnostem materialu pro vodu. Pokud §lo v procesu ¢isténi o
redukci nebo odstranéni vrstvy, kterd omezovala prostupnost vodni pary (napt. nékteré
historické konzervacni prostiedky, syntetické pryskyfice nebo kompaktni krusta), je
mozné zkontrolovat také faktor difuzniho odporu. Orienta¢ni miru paropropustnosti lze
také pouze odvodit z Cetnosti, velikosti a propojenosti pora v hloubkovém profilu vzorku
zjisténych pii mikroskopickém vySetieni strukturnich vlastnosti. Pro posouzeni zmény
povrchové soudrznosti materidlu pied a po Cisténi je v piipadé potfeby mozné vyuzit
metodu odtrzeni lepici pasky, tzv. peeling test [19]. Hodnoceni zmén strukturnich
vlastnosti a slozeni ve sméru od povrchu do hloubky materidlu po Cisticim zasahu se
provede opét mikroskopickym vySetfenim vybrusu pti¢ného fezu (OM, OPM a SEM-
EDX). Barvu lze hodnotit makroskopicky, subjektivn¢ okem nebo instrumentalné
s vyuzitim spektrometru. Mikroskopické vySetfeni nabrusu nebo vybrusu ptficného fezu
v odrazeném svétle poskytne informaci o barvé, pfip. odliSnostech barvy materialu
v hloubkovém profilu.

I11.2. Konsolidace

Cilem konsolida¢niho zasahu je zlepSeni soudrznosti degradovaného materialu. Proto se
nejprve zjistuje profil vlastnosti materidlu ve sméru od povrchu do hloubky a podle
vysledku se ur¢i, do jaké hloubky je tfeba materidl impregnovat konsolida¢nim
prostfedkem. Muze se jednat o stovky um (fixace degradované povrchové vrstvy) az po
jednotky cm. Hloubkovy profil vlastnosti materidlu je mozné zjistit vice zplsoby.
V nékterych piipadech 1ze soudrznost materidlu do hloubky posoudit orientaéné pifimo na
objektu Skrabanim pomoci skalpelu. V laboratofi je moZzné stanovit hloubkovy profil
vlastnosti pfesnéji, ale na odebraném vzorku. Na zdkladé mikroskopického vySetfeni
(SEM, OM) nébrusu nebo vybrusu piicného fezu vzorkem se zjisti strukturni vlastnosti 1
spojeni jednotlivych zrn materidlu smérem od povrchu do hloubky. Mechanické
vlastnosti lze odvodit z hloubkového profilu rychlosti Sifeni ultrazvukového signalu.
Jednotlivé rychlosti se méti ve sméru paraleln€ s povrchem na odebraném télisku ve tvaru
vélce nebo kvadru. Vzorek je postupné prométovan v riiznych vzdalenostech od povrchu
téliska a pevnostni profil je odvozen z hodnot rychlosti Sifeni UZ signdlu zjiSténych
v riznych vzdalenostech od povrchu. Pokud je odebrany vzorek natolik soudrzny, Ze jej
1ze dale roziezat na dil¢i platky paralelni s povrchem, je moZzné zméftit pevnost v ohybu u
jednotlivych platkt, lisicich se vzdalenosti od povrchu. Mezi ¢astecné destruktivni
zpisoby patii zkouska odporového vrtani, jejiz smysluplné uziti je vSak limitovano na
materidly jemnozrnné a homogenni z hlediska tvrdosti jednotlivych slozek (problémem je
napi. vépenna malta srelativné tvrdym kifemennym piskem a mékkym véapennym
pojivem).

Z hlediska vybéru vhodného konzerva¢niho prostiedku pro konsolida¢ni zésah je dilezita
znalost chemického a mineralogického slozeni materialu (vyhodou je, pokud ma
konsolidant stejné nebo podobné slozeni, jako ma pojivo nebo tmel degradovaného
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materialu). Z hlediska penetra¢ni schopnosti prostfedku je dilezité posoudit velikost port
materidlu, protoze nékteré konsolidacni produkty nemusi vyhovovat z hlediska velikosti
¢astic (experimentalné bylo zjisténo, ze velikost poru materidlu musi byt 100x vétsi nez je
velikost castic konsolida¢niho prostiedku, aby prostiedek dosahl potiebné penetracni
hloubky). Napt. disperzni produkty (koloidni roztoky) obsahujici Céstice s velikosti
v fadu stovek nanometrt penetruji dostate¢né hluboko pouze do materiali s velikosti port
nad 10 mikrometra. Velikost pori degradovaného materidlu je mozné stanovit rtutovou
porozimetrii, v tom piipadé vSak ziskdme jednu celkovou hodnotu pro objem vzorku cca
1 cm3 bez zohlednéni pfipadnych odliSnosti materidlu v hloubkovém profilu. Je proto
vhodné tuto zkousku doplnit mikroskopickym vysetienim nabrusu nebo vybrusu piicného
fezu potiebnou vrstvou materialu, které poskytne informace o struktufe poért
v hloubkovém profilu a odhali pfipadné tenké kompaktni vrstvy na povrchu materialu,
které by mohly branit penetraci konsolida¢niho prostfedku. Studium mikrostruktury
s vyuzitim SEM-EDX, ev. OPM muize byt zacileno vedle strukturnich vlastnosti také na
chemické a mineralogické slozeni materialu.

Pted konsolidaci by m¢l byt degradovany material odsoleny a nemél by mit vysoky obsah
vlhkosti. Obsah ev. pfitomnych soli v materidlu a obsah vlhkosti musi byt pted
konsolidaci zndmy a uvazovany pied vybérem konsolida¢ni technologie. Dale je Zadouci
vyhodnotit smacivost materidlu vodou nebo organickym rozpoustédlem (ethanol,
isopropylalkohol) a zjistit, zda povrch materidlu mé hydrofilni nebo hydrofobni vlastnosti
[10].

Rychlost vsakovani vody do materialu se zjisti Karstenovou trubici nebo mikrotrubici
[20]. Tento parametr rovnéz vypovida o hydrofilnim nebo hydrofobnim chovéni povrchu
a navic z n¢ho lze odvodit Casové naroky na konsolidacni oSetfeni: materidly s nizkym
koeficientem absorpce potiebuji delSi cas pro oSetfovani (sprejovani, natirani, polévani,
obklad), zatimco pro materialy s vysokym koeficientem absorpce staci pro dosazeni urcité
hloubky penetrace vyrazné krat§i cas smdaceni povrchu konsolidaénim prostiedkem.
ProtoZze konsolida¢ni oSetfeni degradovaného materidlu by nemélo vyrazné ménit
transportni vlastnosti materidlu pro vodu, tato vlastnost materidlu se kontroluje s riznym
casovym odstupem také po provedeném zdsahu a hodnoti s ptfihlédnutim ke konkrétnim
pozadavkiim a vlhkostnim podminkam objektu.

Hodnota oteviené (efektivni) porovitosti materidlu umoziuje odhad potfebného mnozstvi
konsolida¢niho prostfedku pii zvolené penetra¢ni hloubce. Materidly s vysSi porovitosti
absorbuji vice konsolidantu a naopak. Oteviena pdrovitost se zjiSt'uje nasaknutim vzorku
vodou a jeho vazenim na vzduchu a ve vod¢ (hydrostatické vazeni) nebo pomoci rtutové
porozimetrie (v tomto ptipad¢ ziskame porovitost pouze pro rozsah porti 3 nm az 300
um). Otevienou porovitost je mozné stanovit také obrazovou analyzou mikroskopickych
snimki nabrust ptipravenych z odebranych vzorki materialu.

Konsolida¢ni zasah je zaloZen na dodani nového pojiva do degradovaného materidlu.
Toto pojivo by mélo byt rovnomérné rozptyleno v oSetfené vrstvé materidlu. Obvykle
dochdzi v disledku konsolidace k zGzeni porti materidlu (sniZzeni velikosti port, ve
kterych se prosttedek uklada), a také ke snizeni oteviené porovitosti. Mira téchto zmén se
po zéasahu kontroluje zkouSenim sledované vlastnosti na vrstvé konsolidovaného
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materidlu a hodnoti se ve vztahu k parametrim stejného materidlu v dobrém stavu nebo
v pozadovaném stavu. Velikost péri a porovitost ovlivituje transportni vlastnosti vody
materidlem, proto by se nové hodnoty po konsolidaci nemély vyrazné odchylit od hodnot
charakteristickych pro dany material a od hodnot, ktery ma dany material pod oSetfenou
zonou. Rizikem vysokého zaplnéni pért a vyrazného snizeni porovitosti materialu
v povrchové osetiené vrstvé je napi. zadrzovani vody pod oSetfenou vrstvou v dusledku
zpomaleni vysychani vody zevnitf materidlu pfes oSetfeny povrch, coz muze vést k
poskozeni materidlu mrazovymi cykly nebo solemi.

Konsolidace by méla vést k nartistu pevnosti degradovaného materidlu, i nartst pevnosti
vSak musi mit urc¢ité limity. Kontrola nového pevnostniho profilu se provadi stejnym
zpusobem jako pied konsolida¢nim zdsahem. Vedle rychlosti absorpce a vysychani vody
(ev. 1 vodni pary), mechanickych vlastnosti (pevnosti v ohybu, rychlosti Siteni UZ
signalu, modulu pruznosti [27]), je nutno kontrolovat také vliv konsolidace na vlhkostni a
teplotni roztaznost materialu. Tyto vlastnosti 1ze méfit na malych vzorcich s vyuzitim
komer¢énich nebo specialné vyvinutych dilatometrt [31, 32].

Limitujicim faktorem pro zkouSeni vlastnosti oSetfené vrstvy po zasahu je tloustka a
lokalizace této vrstvy: v pripadé tenké vrstvy je stanoveni nékterych vlastnosti obtizné
vzhledem k malému objemu posuzovaného materidlu, zejména in situ. Jednodussi
disciplinou je zkouSeni vlastnosti oSetfené vrstvy na modelovych laboratornich vzorcich,
které napodobuji ,,zdravy a degradovany“ materidl. V ptfipadé hodnoceni zasahu na
objektu se prednostné vyuzivaji nedestruktivni nebo semi-destruktivni metody zkouseni:
hodnoceni soudrznosti materidlu tzv. peeling testem, hodnoceni pevnosti a modulu
pruznosti ultrazvukovym vySetfenim, pevnostniho profilu odporovym vrtanim (tloustka
vrtdku 3 mm), sorpcnich vlastnosti kapkovou zkouSkou nebo vyuzitim trubic nebo
mokrych houbicek), mikroskopické vySetfeni odebraného vzorku upraveného do nabrusu
nebo vybrusu pti€ného fezu.

Potadi dulezitosti jednotlivych zkouSek se muize lisit podle konkrétni situace.

II1.3. Dopliiovani (tmeleni, ndhrada poSkozeného materidlu novym)

Pti ndvrhu slozeni doplnkt bychom méli vychézet ze zdkladniho pozadavku, ktery uvadi i
Benatska charta (Mezindrodni charta o konzervaci a restaurovani pamatek a sidel), tj. Ze
idedlni opravna malta pro dopliiovani pfirodniho kamene by méla byt dostatecné
trvanlivd, avSak méla by casem podléhat pfirozenému starnuti, a to rychleji nez starne
original. O rychlosti starnuti rozhoduji vlastnosti poréznich materialli, a je zfejme, ze
nékteré z nich jsou pro rychlost degradace a Zivostnost poréznich materialii zasadni, tj.
kritickeé.

Z literatury 1 ovetovacich studii je vSak zfejmé, Ze na vlastnosti tvarné smési ma urcujici
vliv typ pojiva; je zndmo, Ze malty ze vzdusného vapna jsou méné pevné oproti
hydraulickym pojiviim, avSak vyznacuji se vySS$i propustnosti pro vodu, vodni paru i
elasticitu malt. Pfi dopliovani historickych omitek je sloZeni pojiva opravné malty
zifejmé; problém nastava pii optimalizaci sloZeni pojiva malty pro opravu hornin, které se
svymi vlastnostmi od omitkovych substratti zna¢n¢ odlisSuje. Plnivova slozka ovliviiuje
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kvalitu a do urcité miry i vlastnosti malt zvolenym mineralogickym slozenim, distribuci a
tvarem cCastic. Parametry plniva vyznamné ovliviiuji strukturu malty a jeji vizualni
podobu. Pfi vybéru plniva v piipadé doplnkt na kdmen jsou vSak tyto parametry dany
strukturou dopliiované horniny a zpracovatelskymi vlastnostmi. Béznou praxi pii volbé
kameniva je vyuzivani drcené horniny, kterd pozadavky na shodu ve struktufe i
zpracovatelské vlastnosti nejcastéji nejlépe splituje. Vlastnosti opravnych malt Ize také
‘fidit” nastavenim pomeéru jednotlivych slozek, tj. pojiva a plniva a dale mnozstvim
zamesoveé vody. NavySenim obsahu pojiva 1 mnozstvim zdmésové vody se zvysuje
porozita malty a s ni souvisejici ostatni vlastnosti. Nadbytek vody nebo pojiva v malté je
na druhou stranu pfi¢inou smr$téni malt a vzniku prasklin a trhlin. Také podminky
piipravy malty a jejich expozice mohou zasadné€ ovlivnit trvanlivost opravy.

Pti provadéni oprav na porézni podklad je zifejmé, ze slozeni dopliiovaciho materialu na
kamen musi vychazet z poznani tmelené horniny, tj. jejiho mineralogického slozeni a jeji
mikrostruktury. Jeji charakterizaci lze provadét nejlépe pomoci mikroskopickych technik,
zejména optické mikroskopie v polarizovaném a nepolarizovaném svétle a dale pak
skenovaci elektronové mikroskopie s EDX mikrosondou (SEM-EDX). Dal§i moznosti je
vyuziti rentgenové difrakce nebo tzv. termické analyzy. Mikroskopické techniky
vyuzivaji pro charakterizaci vzorek upraveny do formy nabrusu nebo vybrusu, ktery se
pozoruje Vv prochdzejicim a odrazeném svételném rezimu. Kromé informace o
mineralogickém sloZeni poskytuje informaci o stavu materialu, koroznich fenoménech,
prip. chovani konzervacénich latek v poréznim systému. Muze dale poskytnout informaci
k mikrostruktufe a poréznim systému a tak doplnit informaci o mikrostrukture.

Mikrostrukturni vlastnosti materidlu (celkova pdrovitost, velikost port a jejich distribuce,
spojitost port) ovliviluji transport vody a vodni pary materidlem (rychlost absorpce a
vysychani vody z materidlu). Nejcastéji se stanovuje rtutovou porozimetrii a pfinasi
zasadni informaci ke skladbé pord, jejich velikosti a zastoupeni. Z hlediska interakce
materidlu s vodou jsou nejzasadnéj$i tzv. kapilarni pory, které se podileji na transportu
vody v poréznim systému. Naopak pfili§ malé poéry "mikropory” nebo naopak pory veliké,
tzv. makropory, vzniklé napt. zvétravanim materidlu, prichod vody poréznim systémem
zpomaluji. Se skladbou port a jejich ptistupnosti souvisi dal§i rozhodny parametr, tj.
kapilarni absorpce, kterd se méii jako mnozstvi vody, které je schopné dany material
pojmout vramci casového intervalu. Tato nasdkavost tedy zjednoduSené souvisi
s kapilarni aktivitou materidlu a jeji poznani je zasadni pro hodnoceni chovani materialu
pii jejich zavlhCeni a naopak vysychani. Mezi rozhodné charakteristiky patfi 1 vlastnosti
souvisejici s pevnosti materidlu a jeho pruznosti, tj. pevnost v tlaku, tahu za ohybu a
dynamicky modul pruzZnosti. Z ov€fovacich studii 1 dat z literatury vSak jednoznacné
vyplyva, Ze pevnostni charakteristiky jsou rozhodné pouze v ptipadech doplikli omitek
nebo malt opravnymi maltami, nikoliv vSak pfi dopliiovani hornin, které ptedstavuji
substrat se zcela odlisSnymi mechanickymi vlastnostmi.

I11.4. Hydrofobizace
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Hydrofobizace (hydrofobni tiprava nebo vodoodpudiva uprava povrchu) je postup, pfi
kterém je na porézni material aplikovan hydrofobni prostfedek, ktery ma vyrazné zvétsit
uhel smaceni materialu pro vodu a tim snizit nasdkavost tohoto materialu. Hydrofobizace
se obvykle provadi na exteriérovych povrsich, které jsou zna¢né exponovany srazkam
nebo stékajici vode¢ a kde je cilem tuto vodu rychle z povrchu odvést a minimalizovat jeji
vsaknuti. Z povahy véci nejde o opravny zasah, ale o preventivni opatieni.

Vysledny efekt aplikace hydrofobizacniho prostfedku, tj. zména sméceciho uhlu pro
vodu, je dana souhrou fady faktorti, jako je obsah vlhkosti v substratu, teplota prostiedi,
atmosféricky tlak, rychlost odparu prostfedku, velikost porti substratu, hrubost povrchu
substratu a dalsi. Jak jiz bylo naznaceno, pfi rozhodovani, zda hydrofobizaci provést a
v jakém rozsahu, hraji zésadni roli vlastnosti konstrukce, jejiho geometrického
usporadani, stav materidlu i1 konstrukce z hlediska zatizeni vlhkosti a vodorozpustnymi
solemi (momentalniho i mozného budouciho), popfipad¢ dalsi skutecnosti (napi. vyskyt
novych vapennych omitek, vyskyt uméleckych dél na obou stranach konstrukce, vyskyt
starSich konzervacnich prostredka atd.).

Dopad provedené hydrofobni upravy se hodnoti zejména dosazenym snizenim
nasakavosti. To je dano v zédsadé¢ zménou uhlu smaceni pro vodu a hloubkou penetrace
hydrofobniho prostiedku. Cim je tthel smaceni a hloubka penetrace vétsi, tim vice je
snizena nasikavost materidlu. Uhel smadeni je v terénu pomérné obtizné méfitelny.
Zakladni ptredstavu si lze udélat pii vhodném usporadani (horizontalni rovna plocha) pii
vyfoceni kapky vody a ndsledném odecteni uhlu z fotografie. To je schidné zejména u
lesténych, malo nasakavych materiali, kde neni kapka ptili§ deformovana nerovnostmi
podkladu a materidl (byt’ mikroskopicky heterogenni) Ize popsat jednim thlem sméceni.
V ptipad€ porézniho materidlu s nerovaym povrchem je obtizné z deformovaného tvaru
kapky aproximovat thel sméceni a jeho hodnoceni je problematické i laboratorné.
S vyhodou Ize wvyuZit méfeni tzv. dynamického uhlu smaceni, kdy je pofizen
videozaznam nebo sekvence fotografii vsakujici se kapky. Méfeni lze vyuZit 1 pro
nasdkavé materidly a vypovidd nejen o Uhlu smaceni suchého materidlu, ale také o
chovani materialu jiZ smoceného.

V praxi se obvykle pfistupuje ptimo k hodnoceni nasdkavosti materialu, kterou je mozné
meéfit bud’to in situ nebo jako standardizovanou veli¢inu laboratorn€. Pro in situ méfeni
nasdkavosti byla vyvinuta fada metod, které se 1i§i poZadavky na méfeny povrch,
citlivosti k nehomogenitdm 1 citlivosti ke zmén€ nasdkavosti. Naméfend data jsou
nejcastéji zpracovana ve form¢ diference pred a po oSetieni, srovnani mezi riznymi
materialy je mozné s prihlédnutim k rliznorodosti materialli (jejich hrubosti, velikosti a
tvaru port atd.). Pro orientacni zjiSténi, které je v praxi nejcastéjsi, se pouziva jednoduché
smoceni povrchu a sledovani, zda dochéazi ke sbalovani kapek a zda je cast tekutiny
zanecha kapalina po bodovém smoceni vertikalné orientovaného povrchu materialu.
Metoda je vhodna i na pomérné¢ hrubé povrchy a dokaZze zachytit velmi malé rozdily
nasakavosti materidlu. Pro nesmacivé materidly je obvykle stopa neméfitelnd, nebot
dochézi ke sbaleni vody do kapek.
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Tradi¢ni metodou pro zjisténi in situ nasdkavosti je Karstenova trubice, kterd umoziiuje
ziskat Casovou zavislost vsakovani vody definovanou plochou. Vzhledem k testované
ploSe je metoda pouzitelna i na zna¢n¢ hrubozrnném materidlu, limitujici vSak mtize byt
fixace trubice na malo pevném materialu (degradovany kamen ¢i omitka). Velmi pfesné
méfeni lze ziskat pomoci mikrotrubice pracuji na podobném principu, avSak so
nékolik f&di menSimi objemy a fadové mensi kontaktni plochou. Na rozdil od
Karstenovy trubice se v tomto piipad¢ témef neuplatiiuje gravitacni sila a absorpce vody
je zavisla pouze na kapilarnich silach. V ptipad¢ stiedné a hrubozrnnych materiali je
metoda vzhledem k malé kontaktni ploSe omezena heterogenitou materidlu a je tfeba
hodnotit vétsi mnozstvi mist. Pro mdlo porézni a tedy malo nasdkavé materidly byly
vyvinuty dal$i kontaktni metody, které¢ jsou zalozeny na hodnoceni zmény hmotnosti
houby nasaklé destilovanou vodou po pfilozeni definovanou plochou na definovany cas
na méteny materidl. Metoda je vhodna zejména na hladké rovné povrchy jako naptiklad
lestény mramor nebo Zzula. V praxi muze byt hydrofobnim prosttedkem dosazeno
takového snizeni nasdkavosti, ze uvedend méieni, respektive Casy potfebné k dosazeni
mefitelnych objemil vséklé kapaliny jsou pfili§ dlouhé. Pro hodnoceni pak postacuje
skute¢nost, ze povrch je pro vodu nesmacivy.

Pro laboratorni méfeni nasakavosti Ize postupovat v souladu s normou CSN EN 13755:
ZkuSebni metody ptfirodniho kamene - Stanoveni nasdkavosti vodou za atmosférického
tlaku.

Hloubku priniku hydrofobiza¢niho prostiedku, ktera je dalezitym faktorem ucinnosti
hydrofobizace a jeji zivotnosti, lze v praxi ur¢it pomérn¢€ snadno, avS$ak témét vyhradné
vzdy destruktivné. Nejjednodussi metoda spocivd v odebrani materidlu do dostatecné
hloubky (vyseknuti vzorku omitky, jadrovy vyvrt kamene apod.) a zméteni nenasdkavé
vrstvy po ponofeni vzorku do vody. Hloubku priniku prostfedku lze sledovat dale fadou
sofistikovangjSich metod, které jsou zaloZeny naptiklad na barveni oSetfen¢ho vzorku
(napt. nastfik roztokem s indikatorem diphenylthiocarbazonem, ktery reaguje s
nejbéznéjsim katalyzatorem organokiemicitant —dibutylcindilauratem).

Dalsi vlastnosti, které jsou pfi aplikaci hydrofobizace v praxi sledovany, jsou barevna
zména materialu a zmény lesku (odrazivosti) povrchu materidlu. V obou ptipadech je
zadouci, aby dochazelo k miniméalnim zmé&nam, v praxi vSak hydrofobni oSetfeni vétSinou
vede kriizné intenzivnimu probarveni (zvyraznéni) barevnosti materidlu v souvislosti
s uzavienim mikroprasklin na jeho povrchu a tedy se sniZenim rozptylu svétla na povrchu
materidlu. Zmény lesku materidlu jsou obvykle vnimany jako vice nezaddouct, ale dochéazi
k nim spiSe v souvislosti s technologickou chybou (rychlé vyschnuti prosttedku, aplikace
prilisné koncentrace prostiedku apod.), vhodnymi podminkami aplikace je 1ze témét zcela
minimalizovat. Tyto barevné a dal$i zmény se v praxi nejcastéji hodnoti vizualné.
V ptipadé potieby objektivnéjSiho hodnoceni je (opét s urCitymi omezenimi danymi
kvalitou a morfologii povrchu) mozné absolutni celkovou barevnou zménu vyhodnotit
exaktné pomoci pfenosného spektrometru. Podobné lze objektivizovat zmény lesku
métfenim zmény reflektance povrchu.

Paropropustnost je z hlediska povrchovych tGprav poréznich materialti dalezita veli¢ina,
kterou lze vSak ziskat pouze laboratornim méfenim na standardizovanych vzorcich.

123



Mgéieni probihd napiiklad dle normy CSN EN 15803 Stanoveni paropropustnosti vodni
pary. V praxi nebyva v souvislosti s provadénim hydrofobizace testovana, tyto testy jsou
provadény v ramci certifikace komercnich hydrofobizacnich prostiedkti a dopad aplikace
prostiedku na paropropustnost materialu by mél byt uveden v technickém listu produktu.
V ptipadé hydrofobizanti na bazi alkylalkoxykfemicditanli je dopad oSetfeni na
paropropustnost materidlu obvykle maly, pokles neptesahuje ptijatelnych 10 % a zména
je pfi porovnani s ostatnimi typy hydrofobizacnich prostiedkl (oleje, vosky, pryskyfice
atd.) zanedbatelny.

Vedle paropropustnosti je dilezit¢ meéteni rychlosti vysychani vody z materidlu a
vyhodnoceni miry ptipadného snizeni rychlosti vysychani po hydrofobizaci povrchu (viz
metoda €. 21).

V nasledujici tabulce (Tab.1) jsou uvedeny materidlové vlastnosti, jejichz zhodnoceni by
mélo byt vychodiskem pro navrzeni uréitého postupu cisténi, konsolidace, doplnéni
chybé&jici hmoty nebo hydrofobizace pamatkového objektu, aby restauratorsky zasah
spliioval naroky na kompatibilitu materialdi.

Tab. 1. Materidlové vlastnosti pro navrh konzervacnich a restauratorskych zasaht
(X — vlastnosti s vys$si prioritou, o — vlastnosti s niz$i prioritou)

i Kons | Do | Hydr
Symbol « o pl 0 Metody
Vlastnost Jednotka ::i lida né fobi | ¢.
ce ni zace
Hloubka degradované vrstvy, ktera ma byt - 1,2,4,
« X o
zpevnéna [mm] 25,26
. . o . popis
Mikrostrukturni vlastnosti: ¢etnost, velikost, tvar . .1
. L o PR . mikroskopického
a propojenost pori, mnoZzstvi pojiva/ tmelu, popis . X X o o 1,2,6,7
. o . . nebo rentgenového
a lokalizace defektt (praskliny, trhliny) e 1y
obrazu pti¢ného fezu
Velikost pori stanovena rtut’ovou porozimetrii [H;n] O X 4
Smacivost pro vodu a org. rozpoustédla (tihel -
smaceni nebo doba vsaknuti kapky) [° nebo s] X X X X 23,24
. vz o w
Koeficient kapilarni absorpce vody [ke'm?hod 2] X X X X 20
. e P,
Oteviena (efektivni) porovitost [% obj.] (0] 0 X 3
Chemické sloZeni slozek - X (0] 2,11-18
Pritomnost ’sekundarmch vodorozpustnych soli - o X X X 10
v hloubkovém profilu [% hm.]
Obsah vlhkosti v hloubkovém profilu [% hm. ] o X 9
Mineralni (fazové) sloZeni materialu - X X X 1,2,11,
v hloubkovém profilu 13, 15,
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16
Rychlost vysychani vody [kg'm2hod] X 21
Faktor difuzniho odporu pro vodni paru }_l X 22
Povrchova soudrznost - 27
(hmotnost odtrZeného materialu) [g/m?]
Odpor proti vrtani (pokud metoda poskytuje - 25
jednoznacné interpretovatelné vysledky) [N] nebo [s]
wo Ju
Pridrznost [N.mm~] 29
vy . s v
Rychlost Sifeni UZ signalu [kmy/s] 26
v . E
Modul pruZnosti [MPa] 26, 28
R
Pevnost v tahu za ohybu [N'mm?] 28
R¢
Pevnost v tlaku [N'mm?] 28
. ~ ar
Teplotni roztaznost 30
P [nm/K]
; ¥ oy
Vlhkostni roztaZnost 0 31
[nm/m]
Mrazuvzdornost pocet cykli 0 32
Odolnost vii¢i vodorozpustnym solim pocet cyklu 0 33
- 13,
Ptitomnost organickych latek 0 15,16,
18, 19
Ptitomnost mikroorganismu v pripadé osidleni ) o 12
povrchu (bakterie, plisné, Fasy, mechy, liSejniky) ’
Barva exponovaného (znecisténého) povrchu a SlOYHé nc?bo
referen¢ni barva materialu (barva lomové plochy | soufadnicemi barvy: 38
materialu, dohodou stanovena barva) L a" b"
slovné nebo
Zména barvy a lesku AE =+ X 38
AL"+Aa"+Ab™
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IV. Metody pro zkouSeni materialovych vlastnosti

Metody pouzivané pro stanoveni materidlovych charakteristik (tab. 1., sloupec vpravo),
jsou v nasledujici tabulce (tab. 2) rozélenény do skupin podle cile analytické nebo
zkuSebni metody. Podrobnéjsi popisy jednotlivych metod jsou uvedeny v piiloze této
metodiky.

Tab. 2. Metody a zkousky pro charakterizaci materidlovych vlastnosti

Metody pro studium mikrostrukturnich charakteristik

MeEoda Nazev Cil analyzy N.[OZI.IOSt
C. in situ
C . . réeni tvaru a velikosti zrn a pord, popis poct
1 Opticka mikroskopie ! varnay ZIh & pOrtl, popis poctu ano
vrstev
5 Skenovaci elektronova studium morfologie povrchu, tvaru, velikosti a e
mikroskopie cetnosti ¢astic
3 Stanoveni pérovitosti piistupné urceni oteviené porovitosti, nasakavosti a objemové e
vodé hmotnosti
. . réeni velikosti a distri Orll, porovitosti
4 Rtut'ova porozimetrie ureni velikosti a distribuce port, porovitost ne
v intervalu 3 nm — 200 pm
f g , zastoupeni jednotlivych velikostnich frakei zr v
5 Sitova analyza . s ne
sypkém materialu
, zji$téni prasklin, makropoéru, poruch ¢i pfitomnost
6 Rentgenova tomografie J1Stent b Jropord, p Y ne
vnitinich konstrukci z riznych materiala
. . urceni velikosti, tvaru a ¢etnosti ¢astic, pomér
7 Obrazova analyza N ne
slozek
8 Plynova absorpce (metoda BET) stanoveni velikosti mérného povrchu materialu ne
Metody pro studium materialového sloZeni
Metoda . , , MozZnost
« Nazev Cil analyzy o
¢. in situ
1 Rentgenovi difrakéni analyza 1dent1§kage anorga’nlcvkych k{yst’allck,ych fazi ne
materialu i sekundarné vytvotrenych latek
12 Silikatova analyza chemické slozeni pojiva, pomér pojivo:plnivo ne
Skenovaci elektronova .
2 . . rvkova mikroanalyza fazi pfitomnych ve vzorku ne
mikroskopie s EDS detektorem P Y P Y
e . , fyzikalni nebo chemické vlastnosti pevnych latek,
13 Termicka analyza Y /DO CRETIICKE VIastiosh peviye ne
zastoupeni slozek materialu
14 Iontové vyménna chromatografie stanoveni anionti a kationtti vodorozpustnych soli ne
15 Infracervena spektrometrie identifikace organickych a anorganickych slouc¢enin ne
16 Ramanova spektroskopie identifikace organickych a anorganickych sloucenin ano
17 . . chemicka (prvkova) analyza kovovych
X-ray fluorescencni spektroskopie (p ) Y Y ano

i nekovovych materidlii
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18 Hmotnostni spektrometrie identifikace organickych sloucenin ne
9 Stanoveni obsahu vlhkosti zjisténi vlhkostnich pomért objektu ano
10 Stanoveni obsahu vodorozp. soli identifikace a distribuce rozpustnych soli ano
1 o N iditelnéni slozek, které i byt viditelné
9 Prizkum v UV svétle zvidi elnéni slozek, které nemusi byt viditelné ne
v dennim svétle
Metody pro zjisténi interakce porézniho materialu s vodou (vodnymi roztoky)
Met . ; , MoZnost
eVOda Nazev Cil analyzy 0108
C. in situ
ac s [ . tanoveni mnozstvi , které je vzorek schopen
20 Stanoveni kapilarni nasakavosti sanove 0zs ,VOdy  cre Je vzorek schope ano
absorbovat kapildrnim systémem
21 Stanoveni rychlosti vysychani stanoveni rychlosti vysychani vzorka ne
, . urceni prostupnosti vodni pary zkoumanym
22 Stanoveni paropropustnosti P p paty Y ne
materidlem
- P Zjisténi smacivosti h i méfeni
23 Méfeni kontaktniho dhlu jisténi smacivosti povrchu pomoci méfent ne
kontaktniho thlu mezi kapkou vody a povrchem
24 Kapkovy test hydrofobita povrchu, rychla srovnavaci metoda ano
31 Vihkostni dilatometrie uvréeni zmény délkovych rozmért pii nasyceni ne
télesa vodou
Metody pro stanoveni mechanickych charakteristik
Metoda . ; , MozZnost
y Nazev Cil analyzy on
[\ in situ
« . urceni pevnosti materialu pii ohybové a tlakové
28 ZkousSka pevnosti " P VV prt oty N . ano
zkousce, 1ze soucasné stanovit modul pruznosti
lokalizace poskozeni,
26 Ultrazvukova transmise dlouhodobé monitorovani stavu, srovnavaci metoda, ano
lze soucasné stanovit modul pruznosti
. e, méfeni hloubkového pevnostniho profilu materialu,
25 Odporové vrtani o o . . ano
ovéfeni ucinnosti konsolidace
. jisténi povrchové soudrznosti, jako srovnavaci
27 Peeling test 4 pov Ve soudrz ] v ano
metoda
29 Zkouska pridrznosti urcuje piidrznost doplitku k podkladu ano
Stanoveni charakteristik souvisejicich s odezvou materialu vii¢i zménam vnéjsich podminek
Piiloha . . . MozZnost
- Nazev Cil analyzy ..
C. in situ
o . urceni zmény délkovych rozméra pii
30 Teplotni dilatometrie s [ ox ne
zahtati/ochlazeni télesa
P . ¢eni zmeény délkovych &ri pii i tél
31 Vihkostni dilatometrie 32?:& zmény délkovych rozmérti pfi nasyceni télesa ne
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¥ . ¢eni & lastnosti terialu pi
32 Zkouska mrazuvzdornosti ureent zn}el,ly Viastnos 1’ma erlaou pfed a po ne
absolvovani zmrazovacich cykla
33 Zkouska odolnosti vici pisobeni uréeni zmény vlastnosti materialu pred a po vystaveni e
soli cyklickému piisobeni soli
34 Stanoveni tepelné vodivosti urceni hodnoty kf)eﬁmentu tepelné vodivosti ne
materialu v suchém stavu
Metody pro stanoveni vlastnosti materialu v makroméritku
Priloha . . , Z
b Nazev Cil analyzy N.[OZI.IOSt
C. in situ
35 Teplotni analyza povrchu diagnostika podpovrchovych defektu (trhliny, dutiny) ano
(termokamera) pomoci méfeni teplotnich poli
36 MéFeni seoradarem detekce velkych prasklin a inkluzi, zkoumani ano
g struktury zdiva, zjiSténi vlhkosti objektu
37 Detekce kovi detekce kovovych prvkii uvniti objekti Ano
38 Stanoveni barevnosti povrchu Porovnani barevnosti povrchu pted a po Ano
pomoci spektrometru restauratorském zasahu

V. Mnozstvi a velikost vzorki pro materiidlové zkousky

Odbér vzorkt historického materialu z kulturnich pamatek za i¢elem jeho charakterizace
béhem vsech stadii konzervatorského procesu popisuje norma EN 16085 (2012)
Conservation of Cultural property - Methodology for sampling from materials of cultural
property - General rules. Tato norma upozoriiuje na skutecnost, Zze vzorkovani je
invazivni a nevratné poskozuje kulturni pamatku, jakkoliv malo. Odbér vzorkd ma byt
proto proveden pouze v silné zdlvodnénych piipadech a v nejtésnéj$i konzultaci s
osobami odpovédnymi za pamdatku a s osobami, které budou vzorky studovat. Je nutné
vzit v Gvahu, zda lze stejnou informaci ziskat neinvazivnim zptisobem. Tato evropska
norma nepredepisuje zadny konkrétni pocet vzorkli nebo mnozstvi materidlu ke zkouSeni.
Odbér vzorkd je ve smyslu této normy provadén pii mistnim Setfeni dohodou mezi
osobami odpovédnymi za pamatku a osobami, které maji zkousky provadét zpisobem
neinvazivnim tak, aby nedoSlo k nevratnému poskozeni pamatky. V tabulce 6 jsou

vyznaceny metody, které je mozné provést in-situ na objektu bez invaze.

Vyse uvedend evropskd norma pro odbér vzorkl z pamatky je i hlavni pfekazkou pro
ptipadnou plnou aplikaci fady technickych norem, nebot’ obvykle nelze zajistit mnoZstvi
a objem materidlu, potiebny pro vyrobu zkusebnich téles v normou ur¢enych rozmérech a
poctech. ZkuSebni postupy je nutno v takovych piipadech modifikovat a zjistit vliv
odliSnych parametri vzorku na namétené¢ hodnoty zjiStované vlastnosti, aby mohl byt
vysledek zkousky ptipadné upraven korekci na velikost vzorku a spravné interpretovan

[6].

128




Appendix |

Normalizaci v oblasti zkouSeni historickych materiali a pamatek obecné se zabyva
technicky vybor CEN/TC 346 - Conservation of Cultural Heritage, ktery dosud zpracoval
pouze zlomek potfebnych norem. Pro hodnoceni stavu historického materialu je mozno
vyuzit piredev§im normu EN 16096 (srpen 2012) Conservation of cultural property -
Condition survey and report of built cultural heritage. Jednd se o dokument, ktery ma
obecnou povahu a pruizkum je zaloZzen na "hodnoceni dochovaného stavu vizualni
prohlidkou, kombinovanou v piipadé¢ potieby jednoduchym méfenim". Norma se
neodvolavda na zadnou dalSi technickou normu a jejim zakladnim poslanim je
dokumentace stavajiciho stavu. Pro zkouSeni historickych materiali z kulturnich pamatek
se vedle CEN norem pouzivaji normy Ceského normalizaéniho institutu CSN, EN, dale
normy WTA (Védecko-technickd spole¢nost pro sanace staveb a péfi o pamatky) a
organizace RILEM (International Union of Laboratories and Experts in Construction
Materials, Systems and Structures), kterd vydava tzv. technicka doporuceni pro feSeni

jednotlivych problémil v oblasti konstrukénich materiala.

VI. Srovnani ,,novosti postupi“ oproti piivodni metodice, prip. jejich zdivodnéni, a
jejich srovnani s postupy v zahranici

Naroky na provadéni materialového priizkumu v CR jsou v riizném rozsahu zmifiovany v
publikacich architektt, historikdt uméni, technologti a dalsich pracovnikli pamatkové péce
[13-18]. Jsou doporuceny metody zjistujici slozeni materidlu (chemické a fazové),
mikrostrukturu, velikost a tvar ¢astic (mikroskopicka analyza, granulometricka analyza) a
déle jsou jmenovany nékteré metody pro zjisténi pficin posSkozeni dila (stanoveni vlhkosti
gravimetrickou metodou nebo exaktnimi vlhkoméry, stanoveni obsahu vodorozpustnych
soli  kapalinovou chromatografii, zjiSténi biotickych  Skiidci  mykologickou
mikroskopickou analyzou, strukturdlni poskozeni ultrazvukovym, piip. radarovym
vySetienim, rentgenografii, pocitacovou tomografii. Novd metodika se zaméfuje na
materidlové vlastnosti, které charakterizuji anorganické stavebni materidly, a které je
tteba posoudit pfed navrZzenim postupu ciSténi, konsolidace, doplnéni chybé&jici hmoty,
hydrofobizace pamatkového objektu, aby zasah splioval naroky na kompatibilitu
materiali. Metodika vznikla na zaklad€ studia zahrani¢nich odbornych publikaci [1-12] a
vyzkumu provedeného v ramci projektu NAKI DF12P010VVO018.

VII. Uplatnéni Certifikované metodiky

Metodika je uréend pracovnikim pamatkové péce, restauratorim, architektim a
projektantim pro presn€js$i zaddvani zkousSek a analyz materidlovych vlastnosti. Tyto
vlastnosti jsou zjiStovany pii predprojektové piipravé nebo restauratorském prizkumu

v ramci obnovy pamatkovych objektti nebo predméti kulturniho dédictvi.
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Appendix IT

The conservation procedure is presented as it was published, in the Czech language with
original numbering of tables, figures and used references.

ZPEVNENI HISTORICKE VAPENNE OMITKY DISPERZI NANOCASTIC
HYDROXIDU VAPENATEHO V ALKOHOLU

Pamatkovy postup

Zuzana Slizkova a Dita Frankeova

1. Uvod

Tento pamatkovy postup je vysledkem vyzkumného projektu s nazvem ,,Nové materialy a
technologie pro konzervaci materidlli pamatkovych objektli a preventivni pamatkovou
pé&i®, &. NAKI DF11P010VV012, podpofeném Ministerstvem kultury CR. Jednim
z ukoll projektu bylo vypracovani a ovéteni postupu konsolidace historickych materialti
pamatkovych objektt. Predkladany postup se tykd zpevnéni historickych vapennych
omitek.

2. Cil pamatkového postupu

Cilem pamatkového postupu je zachrana historické vapenné omitky na stavebnim
objektu, ktery je kulturnim dédictvim, pficemz poskozeni omitky se vyznacuje
dezintegraci (oddélovanim zrn nebo shlukll zrn). Zichrana omitky spociva v jeji
impregnaci kapalnym vapennym zpeviujicim prostfedkem, ktery prosdkne omitku a po
vytvrdnuti vrati omitce pottebnou soudrznost. Cilem postupu je zvysit soudrZznost omitky
jen do takové miry, aby omitce zlstaly vlastnosti charakteristické pro omitku s vapennym
pojivem.

3. Popis pamatkového postupu

Vymezena plocha dezintegrované omitky (napt. 1 m?) se rovnomérné zkrapi kapalnym
zpeviiujicim prostfedkem, kterym je vapenna disperze obsahujici hydroxid vapenaty ve
formé¢ castic rozptylenych v etanolu, pfi¢emz vapenné Castice maji velikost 50-150 nm.
Disperze, nanesend na povrch omitky, penetruje razné rychle (v zavislosti na velikosti
porit omitky) z povrchu omitky do jeji hloubky. Zkrapéni povrchu omitky trvd tak
dlouho, dokud se vapenna disperze jesté do omitky vsakuje a pferusi se v okamziku, kdy
jiz jsou pory omitky disperzi naplnéné a prostiedek do omitky jiZ nepenetruje. Kromé
jemného kropeni se aplikace disperze na omitku miize provadét postiikem nebo pomalym
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polévanim az do nasyceni omitky. Obvykla davka nutné pro prosdknuti vrstvy omitky do
hloubky 1,5 cm je 2,5 litru prostfedku naneseného na 1m? povrchu.

Pro zpevnéni vapennych omitek se pouzije vapenna disperze s koncentraci v rozmezi 10
az 25 g/l (hodnota koncentrace udava obsah hydroxidu vapenatého v disperzi). Na
jemnozrnné a jemnéji porézni omitky se aplikuje disperze s nizsi koncentraci (10 az 15
g/l), zatimco na hrubé omitky s velkymi pory (desitky az stovky pm) je mozné pouzit
vice koncentrovanou disperzi (25 g/1). Pii aplikaci méné koncentrované disperze (10g/1)
je obvykle potfebné omitku napustit dvakrat az ttikrat, pfi vyssi koncentraci (25 g/l)
jedenkrat az dvakrat. Druhd a kazda dalsi aplikace (prosyceni vrstvy omitky disperzi) se
provadi az po vyschnuti zpeviiované omitky.

Zpevnéni omitky se projevi do ne€kolika dni (podle teploty a vlhkosti vzduchu) nartistem
soudrznosti omitky. Po kazd¢é aplikaci by mély byt zhodnoceny alespon in-situ méfitelné
parametry (soudrznost omitky a rychlost absorpce vody do omitky). Vlastnosti oSetiené
omitky by se mély postupné (po dil¢ich zpeviujicich krocich) pfiblizovat vlastnostem
neposkozené vapenné omitky.

Aplikace vapenné disperze se provadi za vhodného pocasi, kdy je omitka vyschld, obsah
vlhkosti v omitce odpovida rovnovazné vlhkosti, relativni vlhkost vzduchu je do 75% a
teplota vzduchu od 10 do 22°C. K postfiku omitky se vyuzivaji bézné ruc¢ni nebo tlakové
postiikovace. Tlak dopadajici disperze musi byt nizky pfimétené stavu degradované
omitky, aby nanaSeni kapalného prostfedku nezptsobovalo odpadavani zrn nebo shlukil
zrn omitky z fasady.

4. Priklady pouzitelnych vapennych disperzi (disperzi nanocastic hydroxidu
vapenatého v alkoholu)

Jsou dostupné vapenné disperze od vice vyrobcl. Na zéklad¢ vysledkli provedeného
vyzkumu ma v soucasné dob¢€ nejlepsi vlastnosti vapenna disperze CalLoSiL E (vyrobce
IBZ - Salzchemie GmbH & Co0.KG). Informace o vyrobku jsou dostupné v technickém
listu na http://www.ibz-freiberg.de/. Koncentrace vapna v prostiedku je uddna v ndzvu
prostiedku, napt. CaLoSiL E 25 obsahuje 25g hydroxidu véapenatého v litru prostiedku,
zatimco CaLoSiL E 15 pouze 15 g hydroxidu vapenatého v litru prostiedku. Prostfedek se
pted aplikaci nijak neupravuje.

5. Optimalni davkovani zpeviiujici disperze

Objemové mnozstvi disperze, které se ma nanést na omitku béhem jedné impregnace a
také odhad casu, pottebného k prosyceni potiebné tloustky omitky je vhodné
optimalizovat na zékladé¢ zkouSky nasakavosti omitky pfimo na objektu. Na malé
zkusebni plose (10x10cm nebo 20x20cm podle moznosti) se zjisti objemové mnozstvi
vapenné disperze, které je potiebné pro prosyceni omitky (naptf. 250ml). Kontrola
hloubky penetrace vapenné disperze se provadi odseknutim malého vzorku napusténé
omitky (plocha 2x2 cm, hloubka 2 ¢i vice cm podle tloustky omitky) a naslednym
natfenim nebo pokapanim plochy kolmé k povrchu omitky fenolftaleinem (indikatorem
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pH). Omitka prosékla vapennou disperzi se barvi fialové, neprosakla omitka zlstava beze
zmény barvy. Podle zjisténé spotieby vapenné disperze na zkuSebni plose se zptesni
objem disperze naneseny na 1m? omitky. Nanesené piebytky disperze, které se nevsakuji
do omitky, se odsavaji savym materidlem (napf. buni¢inou).

6. Barva oSetiené omitky

Jako pfi kazdém zasahu, kterym se syti omitka hydroxidem vapenatym s naslednou
tvorbou uhli¢itanu vapenatého, ktery ma bilou barvu, mize dojit ke zméné barvy omitky
(zb€lani povrchu). Tato pfipadnd zména nevyzaduje zddnou dalsi upravu u omitek, které
maji byt nasledné opatfeny vapennym natérem nebo pieomitnuty.

U pohledovych (nenatiranych) omitek a zejména v ptipadech, kdy se jedna o umeélecka a
umélecko-femeslna dila, je nutno respektovat pozadavek NPU, aby po zpevnéni nedoslo
ke zméné optickych vlastnosti povrchu zpeviiované omitky, tedy ke vzniku nezddouciho
bélavého zdkalu. Riziko zbélani se technologicky vzdy snizi peclivym dodrzovanim
pamatkového postupu, volbou spiSe nizsi koncentrace disperze s nanaSenim ve vice
dil¢ich aplikacich, dodrzovanim vhodnych aplikacnich podminek a odstrafiovanim
nevsdklych piebytkl disperze z povrchu omitky, aby nedoslo k jejich zasychdni na
povrchu. Dal$im preventivnim opatfenim je provedeni vzorkd zpevnéni na omitkach v
konkrétnich situacich s néaslednym vyhodnocenim barvy povrchu omitky pracovnikem
NPU a stanovenim pfijatelné intenzity konsolidace pro danou situaci, tedy stanovenim
prijatelného mnozstvi aplikované vapenné disperze.

7. Meze vyuZitelnosti

Pamatkovy postup neni vhodny pro zpeviiovani omitek, které neobsahuji pdry nebo
praskliny vétsi nez 1 um z diivodu nedostatecné penetrace disperzniho prosttedku. MlzZe
se stat, ze pory omitky jsou na povrchu zazeny v disledku zasoleni omitky siranem
vapenatym nebo v disledku pfitomnosti jinych depozith ¢i zbytkli kompaktni povrchové
upravy. Strukturu povrchové vrstvy zpeviiované omitky (velikost a ¢etnost pori) je proto
vhodné pied zasahem posoudit (nejlépe mikroskopickym vySetfenim piicného fezu
odebranym vzorkem omitky).

8. Pfinos pamatkového postupu

Piinos pamatkového postupu spociva ve vyssi efektivnosti zpeviujiciho procesu oproti
dosavadnim feSenim. Podstata feSeni je ve vyuziti nového vapenného prostredku, ktery
diky optimalni koncentraci vapna (10-25g/1), velikosti vapennych ¢astic 50-250 nm a
absenci vody umoznuje efektivni, kompatibilni a Setrny zpevilujici zdsah béhem relativné
kratké doby (1 az 3 tydny). Pamatkovy postup je mozné aplikovat i na vapenné omitky
chudé na pojivo (s obsahem pojiva pod 10 hm%), které neni vhodné zpeviiovat vapennou
vodou. Tim dochazi k rozsiteni aplikacni sféry vapennych zpeviiujicich prostfedkii pro
historické vapenné omitky.
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9. Zavér

Laboratorni vyzkum potvrdil G¢innost vapenné disperze s velikosti ¢astic 50-150 nm
v etanolu pro zpevnéni dezintegrované vapenné omitky. Dezintegrovana vapenna omitka
dosahla po zpevnéni standardnich hodnot mechanickych vlastnosti vapenné omitky, aniz
by doslo k nezddoucim zménam dalSich fyzikélnich vlastnosti. Pfilohou paméatkového
postupu je protokol o ovétfeni postupu v praxi, pii zpevilovani historické omitky na hrad¢
Karlstejn s obrazovou dokumentaci.

10. Navrh konkrétnich uzivatela

Pamatkovy postup je urcen pro restauratory, technology a pracovniky pamatkové péce.

11. Zpiisob vyuziti vysledku
Pamatkovy postup je uren pro vyuziti bez omezeni.

Byla uzaviena smlouva o vyuziti vysledku mezi vlastnikem vysledku, kterym je UTAM
AV CR, v. v. i. se sidlem Prosecké 76, 190 00 Praha 9, IC:68378297, DIC:CZ68378297 a
uzivatelem vysledku, kterym je spole¢nost GEMA ART GROUP a. s. se sidlem HaStalska
760/27, 110 00 Praha 1, 1C0:26437741, DIC:CZ2643774.
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PROTOKOL O OVERENIi PAMATKOVEHO POSTUPU V PRAXI

Pamatkovy postup Zpevnéni historické vapenné omitky disperzi nanocastic hydroxidu
vapenatého v alkoholu byl ovéfen Ing. Petrem Justou, restauratorem a technologem firmy
GEMA ART GROUP a. s. (Hastalska 760/27, 110 00 Praha 1, IC0:26437741,
DIC:CZ2643774 e-mail: restaurovani@gemaart.cz).

Postup byl ovéien pfi zpeviiovani vnéjsi historické vapenné omitky objektu Cisatsky
paldc na hradé¢ Karlstejn (obr. 1) vletech 2013-2014. Oveéteni probéhlo na zakladé
aplikace popsaného pamatkového postupu (v zafi roku 2013) a zjisténi vysledka zpevnéni
omitky (v fijnu 2013 a listopadu 2014).

Vymezena plocha dezintegrované omitky (plocha ¢. 2 na obr. 2) byla konsolidovdna
rovnomérnym zkrdpénim véapennou disperzi, obsahujici hydroxid vapenaty ve formé
castic velikosti 50-150 nm. Koncentrace disperze byla 10 g/l, disperznim prostiedim byl
etanol. Béhem jedné aplikace bylo naneseno na 1m? omitky 2,5 litru disperze. Po
vyschnuti omitky byl scasovym odstupem cca 1 mésice zjiStén efekt prvniho
konsolida¢niho kroku na mechanické vlastnosti omitky, jeji porovitost a nasdkavost. Bylo
zjisténo, ze po jedné aplikaci vapenné disperze doslo k prokazatelnému zvySeni
soudrznosti omitky (72 % ubytek odtrzeného materialu lepici paskou), zvyseni tlakové
pevnosti 0 68 %, zvySeni ohybové pevnosti o 64 %. Oteviend porovitost klesla o 11 % a
pfiméiené se snizila také rychlost absorpce vody do omitky. Absolutni hodnoty pevnosti
osetfené omitky po jednom zasahu (pevnost v tlaku 0,4 MPa, pevnost v tahu za ohybu 0,2
MPa) byly nadale niz$i oproti pevnosti standardni vapenné omitky. Zjisténé fyzikalni
vlastnosti zpevnéné historické omitky byly vyhodnoceny jako vyhovujici a zpeviiovani
omitky bylo po jedné aplikaci vapenné disperze ukonceno.

Obr. 1. Piidorys hradu KarlStejn, aplikace pam. postupu na vnéj$i omitce jizni strany
Cisarského palace
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Obr. 2. Pohled na plochu referen¢ni (1) a plochu oSetfenou vapennou disperzi (2)

Metodika ovéreni

Odbér vzorka referencni (neoSetfené) i oSetfené omitky a in-situ méfeni soudrznosti a
nasakavosti omitky probéhlo dne 25. fijna 2013, asi jeden mésic po aplikaci pamatkového
postupu. Soudrznost omitky byla hodnocena pomoci tzv. peeling testu a rychlost absorpce
vody do omitky pomoci mikrotrubice a Karstenovy trubice. Odebrané vzorky omitky byly
v laboratofi upraveny do potfebnych rozmérti a nasledné byla zjisténa jejich porovitost a
pevnost v tlaku a v tahu za ohybu. Hodnoty vlastnosti zjisténé na oSetiené omitce byly
porovnany s hodnotami neoSetfené (referencni) omitky.

Dokumentace vysledkii: peeling test

Metodika: Peeling test hodnoti povrchovou soudrznost materidlu a lze jej vyuzit pro
posouzeni zpeviujici ucinnosti konsolida¢niho prostfedku aplikovaného na degradovany
material. Bechem testu je na hodnoceny povrch posuzovaného materidlu aplikovan
prouzek lepici pasky, vzdy stejnym tlakem prstu pfipevnén lepivou stranou k omitce a
nasledné vzdy stejnym tlakem od omitky odtrzen. Hodnoti se hmotnost omitky uvolnéna
z povrchu v dasledku odtrzeni lepici pasky. Hmotnost se zjisti vaZzenim (gravimetricky).
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Pouzitd metodika vychdzi z hodnoceni uvolnéného mnozstvi omitky po postupném
nalepeni a odtrzeni deseti riznych adheznich prouzkd vzdy na stejné misto [12].
[lustraéné je cely postup patrny na obr. 3. Pfi matematickém vyhodnoceni testu je
nalezena asymptotick¢é hodnota A [g], kniz se blizi kfivka (exponencidlni funkce)
prolozena vSemi deseti po sobé jdoucimi hodnotami, zjisténymi pii jednotlivych
méftenich, a kterd predstavuje mnozstvi uvolnéného materialu. Pfi odtrhu na omitce muze
dojit k uvolnéni vétSich zrn pisku a data zkreslend timto zptisobem jsou pii vyhodnoceni

vylou€ena z aproximace. Na grafu 7 jsou tyto vyloucené hodnoty pteskrtnuty.

Obr. 3. Hlavni kroky postupu méteni — aplikace pfedem zvaZené lepici pasky, bezpecny
transport prouzku s odtrzenym materidlem k vaze a opétovné vazeni

Peeling test byl proveden na dvou riznych mistech v ptipad¢ referenni neoSetfené
omitky (REF 1, REF 2) a na jednom mist& v pfipad¢ omitky oSetfené vapennou disperzi
(VD). Na sledovanych povrsich byla vybrana mista dostatecn¢ homogenni a soudrzna tak,
aby na nich bylo méfeni uskuteénitelné, viz obr. 4. V tabulce 1 jsou uvedeny vsechny
naméfené hodnoty, graficky znazornéné v obr. 5-7.

Obr. 4. Aplikace adhezniho prouzku beéhem in-situ méteni na KarlsStejné
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Obr. 5. Vyhodnoceni prvniho peeling testu REF 1 pro referen¢ni omitku
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Obr. 6. Vyhodnoceni druhého peeling testu REF 2 pro referenéni omitku
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Obr. 7. Vyhodnoceni peeling testu pro omitku oSetfenou vapennou disperzi
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Tab. 1. Vysledky peeling testu na referenc¢nich neoSetfenych plochach omitky (REF 1,

REF 2) a na plose omitky osetfené vapennou disperzi (VD)

odtrh €. REF 1 REF 2 VD

1 0,0114 0,0233 0,0072
2 0,0192 0,0387 0,008
3 0,0116 0,0145 0,0069
4 0,0106 0,0232 0,0028
5 0,0058 0,0093 0,0035
6 0,0115 0,0077 0,0061
7 0,0066 0,0143 0,003
8 0,0075 0,0152 0,0093
9 0,0088 0,0144 0,0071
10 0,0125 0,0147 0,0033

konst. A 0,0083 0,0114 0,0027

Stanoveni absorpce vody omitkou pomoci Karstenovy trubice

Metodika: Karstenova trubice byla upevnéna tmelem na omitku a naplnéna vodou po
rysku, viz obr. 8. Sledoval se tbytek vody penetrujici z trubice do omitky plochou 25 mm

v zavislosti na ¢ase.

Obr. 8. Pribéh méteni nasdkavosti pomoci Karstenovy trubice
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Tab. 2. Hodnoty koeficientu absorpce vody vychdzejici z méteni absorpce pomoci

Karstenovy trubice.
Cast [s] 60 120 180 | 240 byreta
Cast [min] | 1 2 3 4 q wac Pokles
- A[m? | [kg.m2s05 wac
Cast*5[s"5] | 7,75 | 10,95 | 13,42 | 15,49 |[mm] kons./ref.
Objem vody 2,30 | 3,10 | 3,80
rep M1 1,40
mA kgml | 28 | 46 | 63 | 7,7 |*>12| #I6E04 0,50
m/A [mlUm?] |2824,9 | 46409 |6255,1|7667,5
Obljem vody |5 2,0 27 | 33
vo ™ 25,12 | 4,96E-04 0,43
mA [kgm?] | 24 4,0 54 | 67 e ’ 14%
m/A [ml/m?] | 24213 | 4035,5 |5448,0 | 6658,6

Stanoveni absorpce vody omitkou pomoci mikrotrubice

Metodika: Rychlost penetrace vody do omitky byla zjiStovéna na zdkladé sledovani
rychlosti posunu vodniho sloupce ve sklenéné tenké trubici o objemu 0,1 ml, obr. 9.
Trubice je uchycena k ,pistoli®, kterd je pfilozena na povrch méfeného materialu
sttedovou vytokovou hubici, coz je kovova trubicka vyplnéna papirovym filtrem. Voda
penetruje do omitky pies papirovy filtr, ktery je ménén po kazdém meéteni. Operator,
ktery drzi ,pistoli pfiloZenou ke zkoumanému povrchu, zmdackne spoust’ pistole
(modifikovanou na spina¢) pokazdé, kdy zadni hladina vodniho sloupce v mikrotrubici
miji rysku objemového dilu na stupnici trubice (celkem 8x, po 0,01 ml). Pfislusny ¢asovy
udaj zaznamenava pamét’, kterd je soucasti zafizeni, a grafické vyhodnoceni méfeni
(objemové mnozstvi vody odchdzejici z trubice ptes definovanou plochu v zavislosti na
Case) nasledn¢ provede software.

Meéfeni bylo provedeno na referencni ploSe (4krat) a na plose oSetiené vapennou disperzi
(5x), na rtiznych mistech. Na obr. 10-11 jsou uvedeny grafické vysledky zavislosti
objemu vody absorbované definovanou plochou omitky na ¢ase. Grafické vyhodnoceni
absorpce vody omitkou v hodnocenych zkuSebnich plochach je v Tab. 3 doplnéno
¢iselnou hodnotou koeficientu nasdkavosti (wac , water absorption coefficient) v [kg.m"
25051 pro snazsi vzajemné porovnani.
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Obr. 9a. Mikrotrubice pro méteni

. . Obr. 9b. Méteni absorpce vody ref. omitkou
nasakavosti
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Obr. 10. Rychlost absorpce vody ref. omitkou. 4 métfeni na riznych mistech ref. omitky.

All Megsurements
1600 -

1400 -
1200 +
1000 -~

800 -

velume/area [ml mid]

600 -

Obr. 11. Rychlost absorpce vody omitkou oSetfenou vapennou disperzi.
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Tab. 3. Hodnoty koeficientu absorpce vody vychdzejici z métfeni absorpce pomoci

mikrotrubice.
typ konsolidantu | wac [kg.m2.s03] Poradi rychlosti Pokles wac kons./ref.
Referenéni 0,70 1
VD 0,50 4 29%

Zkouska pevnosti v tlaku

Metodika: Zkouska byla provedena na plochych hranolech o pfibliznych rozmérech 30 x
35 x 40 mm, které vznikly vyfiznutim z odebraného bloku materidlu, viz. obr.12.
Rozméry hranolli byly zméteny s ptesnosti 0,1 mm. Bylo zajiSténo, aby tlak pisobil
kolmo na horni plochu vzorku. Rychlost zatézovani byla zvolena v rezimu 0,45 mm/min.

Pevnost v tlaku se stanovila vypo¢tem z mezniho zatizeni, které odpovidd okamziku
poruseni vzorku.

Pro zatéZovani se pouzil elektromechanicky zatéZovaci stroj TESTATRON o kapacité
100 kN. Zatézovaci sila byla métena silomérem MTS o rozsahu 10 kN a deformace
zkusebniho vzorku ve sméru ptsobici sily byla méfena potenciometrem fy Megatron.

Obr. 12. Odbér vzorkil pro pevnostni zkousky a zjiSténi porovitosti omitky
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Obr. 13. ZkuSebni téleso pred zacatkem zkousky pevnosti v tlaku

Vysledné hodnoty odec¢tené pii méfeni byly piepocitany podle vztahu:

kde R. je experimentalné métfend pevnost omitky v tlaku v MPa,

F je maximalni plsobici sila do poruSeni v N,

S je plocha tlageného priifezu v mm?.

Appendix 11

Naméiené hodnoty byly opraveny o vliv stihlosti podle metodiky druhého autora zpravy

tak, aby se ziskaly hodnoty ekvivalentni krychlené pevnosti R¢ [7,8].

Tab. 4. Hodnoty tlakovych pevnosti omitek.

ekvivalentni narust
hloubk | Sifka | vySka tlakova prumérna .
a maximalni pevnost krychelna pevnosti
b h o
K& sila F [N] kons./ref.
vzorek & | (mm] | (mm] | [mm] R [MPa] pevnost ons./re
R: [MPa]
K VD tl 28.6 36.0 | 404 939.99 0.65
K VD t2 27.0 29.0 | 33.8 495.07 0.51 0,43
K VD t3 30.9 343 39.3 702.58 0.52 68 %
K ref tl 30.6 40.0 | 44.2 750.10 0.42 0.26
K ref 12 27.0 382 | 413 781.36 0.50 ’
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Zkouska pevnosti v tahu za ohybu

Metodika: Zkouska byla provedena na nestandardnich trameccich o rozmérech shrnutych
v Tab. 5. Tramecky byly vyfezany z vétSiho bloku odebraného na misté. Jejich rozméry
byly zméfeny s presnosti 0,1 mm. Nékteré tramecky byly pfili§ kratké pro ohybovou
zkousku a vysledek by byl ovlivnén smykovym namahdnim. Proto byly vzorky
prodlouzeny pfilepenymi difevénymi protézami podle ovéfené metodiky [18]. Ohybovy
moment je vyvozovan jednou silou, umisténou uprostied tramecku (ttibodovy ohyb).

Pevnost v tahu za ohybu se stanovuje vypoctem mezniho napéti v tahu za ohybu pomoci
méteni maximalniho ohybového momentu pfi poruseni nestandardniho tramecku.

Pro zatéZovani se pouzil elektromechanicky zatéZovaci stroj TESTATRON o kapacité
100 kN. Zatézovaci sila byla métena silomérem fy LUKAS se jmenovitym rozsahem do
500 N. Prihyb uprostied tramecku byl méten snimacem LVDT zavéSenym na piipravku
eliminujicim zatla¢ovani podpor do povrchu vzorku. Citlivost snimace byla lepsi nez
0,00015 mm a rozsah £1 mm. Signal ze snimace byl méfen usttednou DAM a registrovan
pomoci PC. Pfi zkouSce se zatézovalo rychlosti posunu pti¢niku 0,15 mm/min.

Obr. 14. ZkuSebni télesa, bez protéz a protézovand, pied za¢atkem zkouSky pevnosti v tahu
za ohybu

Vysledné hodnoty odectené pii méfeni byly piepocitany podle vztahu:
bh?
kde R; je pevnost malty v tahu za ohybu v MPa,
F je maximalni plisobici sila do poruSeni v N,
! je vzdalenost mezi podporami v mm,
b, h jsou sitka a vyska prifezu v mist¢ lomu v mm.

Ziskané vysledky jsou shrnuty v Tab. 5.
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Tab. 5. Hodnoty pevnosti omitek v tahu za ohybu.

vyska | Sifka podpory 1 maximalni tahova pevnost narust
vzorek &. [mhm] [n:)m] [mm] sila F [N] R([MPa] pevnosti
kons./ref.
K VD 1 22.8 33.2 80 40.41 0.28
K VD 3 20.1 26.6 120 9.80 0.16 64 %
K ref 1 32.1 28.6 120 43.70 0.27
K ref 2 24.6 20.0 120 4.01 0.06
K ref 3 27.5 29.2 120 9.88 0.08

Objemova hmotnost, porovitost pristupna vodé, nasiakavost

Objemova hmotnost, porovitost piistupnd vod¢ a nasdkavost neoSetfené¢ho i oSetfenych
vzorki omitky byly stanovena dle normy CSN EN 1015-10 (Zku$ebni metody malt pro
zdivo - Cast 10: Stanoveni objemové hmotnosti suché zatvrdlé malty). Vzorky byly
vystaveny nasakovani vodou po dobu 70 h zanormalniho atmosférického tlaku.
Nasakavost je pomér hmotnosti vody pfijaté vzorkem (m; - mg) k hmotnosti vysuSen¢ho

vzorku mg.
mg —Mmy

Ab - 100

mgy

Fotodokumentace vzorkli pouzitych pii zkouSce je na obr. 15, vysledky zkousek jsou
shrnuty v Tab. 6.

Tab. 6. Hodnoty objemové hmotnosti, oteviené poérovitosti a nasakavosti.

objemova otevi‘ena | pokles .
hmotnost srovitost nasakavost
vzorek motnos porovitost || o
[kg.m™] [%o] [%o]
REF Pramér 1622 30,1 18,6
Stdv 29 0,9 0,9
VD Pramér 1661 26,8 11 % rel. 16,1
Stdv 30 0,6 0,6
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Obr. 15. Vzorky pro otevienou poérovitost — referencni omitka (obrazek vlevo) a omitka
osetfend vapennou disperzi (obrazek vpravo)

Méreni pevnostniho profilu odporovym vrtanim

Metodika: Zkouska byla provedena pomoci odporové vrtacky TERSIS T2 od firmy
Geotron Elektronik (DE). Pro méfeni byly pouzity vrtdky PROFI LINE do betonu
a kamene od firmy Vrbovsky, o priméru 4 mm, vrtdk byl vyménovan po 3 vrtech. Staly
tlak pro vrtani byl zajiStén kompresorem Nardi Esprit 3T (tlak pro vrtani je mozno
nastavit v rozmezi 60 — 397mBar podle odolnosti a tvrdosti zkouseného materialu, na
Karlstejn¢ byl tlak nastaven na 150 mBar). Vrtani bylo provedeno za podminek, ze
pfistroj nebyl uchycen ve stativu, ale v rukach technika. Vysledkem méfeni je graf, ktery
ukazuje ¢as nutny pro posun vrtdku o 1 mm v sekundéch, v urcité hloubce pod povrchem
omitky (v milimetrech) pfi stalém pftitlaku (150mBar). Vyssi hodnoty ¢asu posunu vrtaku
odpovidaji vy$Simu odporu materidlu viici vrtani. Vysledky jsou uvedeny v Tab. 7 a
grafické zdznamy na obr. 16 a 17.

Obr. 16 a.
Detail omitky na zkuSebni plose REF 1
po 10 vrtech.
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Tab. 7. Hodnoty ¢asu posunu vrtdku v omitce v riiznych hloubkéch pro rizné zkusebni
plochy (priimérné hodnoty z 10 vrtd do kazdé zkusebni plochy)

Cas nutny pro posun vrtiku (s'mm) v uréité hloubce pod povrchem omitky

Hloubka pod povrchem 0-0,5 cm 0,5-1,5 cm 1,5-3 cm
REF 1 (za zkusebnim polem ZFB) 0,2 0,2 0,05
VD 0,5 0,7 0,9

Osetfena omitka je odolnéjsi vaci vrtani ve srovnani s referencni plochou. Zkouska
odporovym vrtanim neni vhodna pro materidly, kde je vysoky rozdil v tvrdosti a pevnosti
jednotlivych slozek, jako je tomu v pfipad¢ omitky na Karlstejné. Velky rozdil v odporu
vuci vrtani mezi pojivem a zrny pisku znesnadiiuje vyhodnoceni zkouSky. Ani opakovani
zkousky 10x na stejném materialu situaci pfili§ nezlepsilo. Vysledky zkousky jsou proto

v tomto piipad¢ orientacni.
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Obr. 16 b. Vysledky odporového vrtani na referencni (neoSetiené) plose
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Obr. 17. Vysledky vridni na plofe omitky zpevnéné vipennou disperzi

Lavir

Tlakova pevnost omitky oetiené vapennou disperzi je vy33i o 68 % ve srovnini s pevnosti
referenéni omitky.

Hodnoceni ohybové pevnosti je komplikovano velkym rozptylem naméfenych hodnot u
referenéni omitky. Pfi respektovini viech tf zjisténych hodnot u referenénich vzorki omitky
a jejich primérné hodnoty je pevnost omitky ofetfend vapennou disperzi vvid o 64 % ve
srovnani s priomérem referenéni omitky.

Vysledky peeling testu, ktery vypovida o soudrinosti povrchu hodnocenych omitek, jsou ve
shodé se zjisténymi pevnostmi omitek. Na ofetfené omitce byl zji%i#n pokles odlougeného
mno#stvi materidlu (zlepieni soudrinosti) o 72% ve srovndni s referenéni omitkou,

(Mevirend pérovitost ofetfené omitky poklesla relativaé o 11 %, piiméfené se snifila také
rychlost absorpee vody do omitly.

¥ Praze 16. 6. 2015

Oweril: Ing. Petr Justa podpis a razitko

774l
Zarsdina v ouchasnim refsiiika, wpdEnann
rpafekgmn soucem v Preag pduil B, wokka T4



