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

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

 

1. Introduction 

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

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

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

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

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

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

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

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

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

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

This study aims at assessing the effectiveness and compatibility of three different alkoxysilanes 
applied on one carbonate and one silicate substrates. Strength increase and physical changes induced 
by the treatments are compared. Two consolidants were newly engineered in the framework of the 
European project Nano-Cathedral—short for—“Nanomaterials for conservation of European 
architectural heritage developed by research on characteristic lithotypes” (Grant Agreement No. 
646178, Call NMP-21-2014: Materials-based solutions for protection or preservation of European 
cultural heritage). The products were developed for a large-scale technological applicability by two 
SME partners. The details of the synthesis route are protected by a non-disclosure agreement. The 
two novel products are based on nano-TiO2 particles linked to ethylic esters of silicic acid in 



Materials 2019, 12, 156 4 of 28 

 

isopropanol. The first product NC-25C is a tetraethyl-orthosilicate in isopropanol, doped with nano-
TiO2 to have photocatalytic activity. It has 70% active content and contains 10−2 ppm TiO2 with less 
than 100 nm in size (generally between 5 and 40 nm, with the highest amount average in size between 
10 and 15 nm). The second product NC-27CP is an alkyl-trialkoxysilane in isopropanol with 75% 
active content and it is containing 10−2 ppm TiO2 particles with the same dimensions as described 
above. The products typical Si-O-C chain was modified with organic groups to obtain higher 
elasticity by forming Si-O-(CH2)n-O-Si. Nano TiO2 is added to reduce the shrinkage of the 
consolidating gel and to confer photocatalytic activity to the stone surface. The spherical shaped TiO2 
nano particles occur in two crystal phases, namely anatase (78.8%) and rutile (21.2%). Although the 
modification of consolidants with nano-TiO2 has been the subject of several laboratory studies [36,37], 
such products are not yet available on the market in large quantities. The potential self-cleaning 
ability conferred by the nano-TiO2 particles is an added functionality to the consolidants, but it was 
not integrated in the research work reported here. Both TiO2 containing products were developed by 
the Italian company Chem Spec Srl in the framework of the EU-funded Nano-Cathedral project. The 
supplier of the nanoparticle is the Spanish-based industry Tecnan (Technologia Navarra de 
Nanoproductos, S.L.). These products were selected due to their higher silica gel content when 
compared to the common commercial products. In principle, higher silica gel contents should result 
in advanced mechanical consolidation properties. The quantity of the silica gel deposited in the stone 
fabric after curing can be varied by the mixing ratio of monomer and oligomer molecules in the 
product, that is to say, the smaller the molecules, the lower the gel deposition rate. Further possible 
modifications include the addition of catalysts that influence the reactivity of the product, and the 
addition of solvents. In this way the products can be customized for varying substrates and decay 
phenomena. The product used as a reference in the present study, traded under the name KSE 300, 
is produced by Remmers (Löningen, Germany); it is the most widely used stone consolidant in 
Central Europe. This is a solvent-free tetraethyl-orthosilicate with a gel deposition rate of 
approximately 30%, which corresponds to 300 g of solid silica content per litre of consolidants.  

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

2. Materials and Methods  

2.1. Petrographic Characterisation  

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

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

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

 
(a) 

 
(b) 

(c)  
 

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

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

2.3. Consolidation Treatment  

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

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

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

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

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

EdL = 4 × 10−6∙l2∙FL2∙ρ∙T (1) 

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

EdL = 4 × 10−6∙l2∙FL2∙ρ (2) 

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

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

σt = 2 × π−1∙P∙L−1∙D−1 (3) 

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

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

Rtf = 1.5∙F∙l∙b−1∙h−2 (4) 

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

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

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

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

Wp = G∙A−1∙∆pv−1 (5) 

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

δp = Wp∙D (6) 

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

9. Finally, colour parameters were determined with a ColorLite sph850 spectrophotometer, 
according to standard EN 15886 [56]. The output of the measurements is reported as CIE 
(International Commission on Illumination) L*, a*, b* colour parameters, tested with a D65 
illuminant at 10° standard observer with a reflectance spectrum in the range of 400 to 700 nm. 
ΔE* was reported and describes the metric difference or distance between two colours before 
and after treatment according to the standards of the International Commission on Illumination. 
Average (L*), (a*) and (b*) values were used to obtain the total colour difference (ΔE*) between 
treated (t) and untreated (nt) measurements with Equation (7). 

∆𝐸 ,
∗ = [(𝐿∗ − 𝐿∗ ) + (𝑎∗ − 𝑎∗ ) + (𝑏∗ − 𝑏∗ ) ] .  (7) 

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

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

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

 
(a) 

 
(b) 

 
(c) 

 
(d) 

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

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



Materials 2019, 12, 156 10 of 28 

 

the most homogeneous solids distribution was achieved with NC-27CP while KSE 300 and NC-25C 
accumulated in the upper parts (approximately 2 cm below the treated surface), as well as on the 
lateral planes of the samples indicating different rates of back migration upon drying. For both 
lithotypes, the adhesion of the consolidants to the grains of the substrate is in general not satisfactory, 
with NC-27CP showing a somewhat better adhesion, followed by KSE 300 and NC-25C treatments. 
St. Margarethen Limestone displays slightly better adhesion because its grain fabric favours the 
mechanical interlocking (Figure 2a). High shrinkage is visible within all three treatments and for both 
stones, with KSE 300 and NC-27CP revealing slightly lower shrinkage than NC-25C. 

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

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

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

3.2. Porometric Characteristics Examined by Mercury Intrusion Porosimetry 

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

Due to its inhomogeneity, the effective total porosity of St. Margarethen Limestone shows 
inconsistent values, which could explain why the specimen in aged condition revealed lower porosity 
as compared to the sound specimen. This indicates the limitation of the used test method for certain 
types of stone and the caution that needs to be taken when interpreting these results. St. Margarethen 
Limestone has an inhomogeneous structure and the size of the tested specimen is not fully 
representative since fossils may reach dimensions up to a few centimetres. Therefore, analysis of both 
the artificially aged and consolidated conditions, leaves some ambiguity in how to interpret the 
results. As an example, which can be observed on Table 1, the sample of St. Margarethen Limestone 
treated with KSE 300 shows a porosity higher than the aged one, a treatment that is supposed to leave 
approximately 30% insoluble residue. Samples heterogeneity may be an explanation, but no definite 
elucidation has been found. As a consequence of this anomaly, all the values in Figure 4 result mostly 
uninformative and hard to interpret, especially for the range of pores larger than 10 µm. 
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Figure 3. Range of porosimetric parameters (pore radii distribution and open porosity by Hg-
intrusion) for the—from top to bottom—sound, aged and consolidated (KSE 300, NC-25C and NC-
27CP) conditions determined by mercury intrusion porosimetry; six months after consolidation 
treatment: values for St. Margarethen Limestone (left side) and Schlaitdorf Sandstone (right side). 
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Figure 4. Differences in open porosity for each class of pores determined from the Hg-intrusion 
porosimetric data. Results for St. Margarethen Limestone (left side) and Schlaitdorf Sandstone (right 
side). To read this comparative graph, from aged to sound conditions, the positive values represent 
the newly created pores in the respective class. When comparing ages to consolidated conditions, the 
positive values represent the amount of pores that were filled with the consolidant. Negative values 
for treated St. Margarethen Limestone in the range of pores higher than 10 µm would represent an 
increase in large pores caused by a treatment, which signify a physical impossibility and are due to 
the inhomogeneous nature of this lithotype.  
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Table 1. Results from mercury intrusion porosimetry for specimens in sound, aged and consolidated 
conditions for St. Margarethen Limestone and Schlaitdorf Sandstone. 

Porometric characteristics of materials 
Conditions 

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

St. Margarethen 
Limestone 

Total pore surface [m2/g] 0.824 1.326 2.168 0.523 0.569 
Average pore diameter [µm] 0.483 0.253 0.183 0.526 0.568 

Total porosity [%] 20.65 17.53 20.63 14.76 16.88 

Schlaitdorf 
Sandstone 

Total pore surface [m2/g] 0.800 0.518 0.477 0.864 0.242 
Average pore diameter [µm] 0.349 0.643 0.533 0.223 0.463 

Total porosity [%] 15.42 18.02 14.20 11.15 7.10 

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

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

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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Figure 5. Microscopic views of thin sections made with a polarised-light microscope under UV-light 
using a fluorescent resin: (a) St. Margarethen Limestone in sound condition and (c) St. Margarethen 
Limestone in artificially aged condition displaying micro cracks mostly of an intra-granular nature 
passing through the microfossils; (b) Schlaitdorf Sandstone in sound condition and (d) Schlaitdorf 
Sandstone in artificially aged condition showing micro cracks mostly of an inter-granular nature 
affecting the grain boundaries.  

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

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

Comparing the values of mercury intrusion porosimetry for the studied stones, it can be 
concluded that each ageing protocol and the following treatment had their specific impact on the 
studied substrates. The treatments induce changes of the surface area, average pore size and 
geometry, pore radii distribution and total open porosity. All those alterations occur to different 
extents, pointing to the central role of the substrate in governing the effects. Not only are the 
consolidants different regarding their solid content after curing, but also the substrates capability to 
accommodate those products differs. However, even though the test results indicate measurable 
impacts on the physical stone parameters and hence the possible resistance towards weathering [61], 
potential consequences of those modifications are difficult to evaluate without predictive models and 
further studies in this area. In addition, the usefulness of this technique for certain types of stone 
needs to be evaluated with more precision and by statistical means. Until then, tests of mercury 
intrusion porosimetry will remain empirical and more of an indicative nature.  

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

Product Specification St. Margarethen Limestone Schlaitdorf Sandstone 
Consolidant KSE 300 NC-25C NC-27CP KSE 300 NC-25C NC-27CP 

Solid Content [%] 31.62 47.82 59.73 32.12 46.59 59.98 
Standard Deviation ±1.46 ±0.57 ±0.54 ±1.04 ±0.67 ±0.50 

3.3. Evaluation of the Consolidation Efficiency (Mechanical Analysis) 

3.3.1. Effects of Thermal Treatment Prior to Consolidation 

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

Table 3. Rounded values for relative decrease/increase [%] for sound (S), aged (A) and consolidated 
(C) samples and absolute average values of Young’s modulus [kN/mm2], splitting tensile strength 
[N/mm2], and flexural strength under concentrated load [N/mm2] for St. Margarethen Limestone and 
Schlaitdorf Sandstone. The graphical visualisation of the same values can be found in Figure 6. All tests 
were performed six months after consolidation. 

Consolidant (S) Sound 
± Std.N 

(A) Aged 
± Std.N 

(C) Consolidated 
± Std.N 

Decrease 
(S-A, %) 

Increase 
(A-C, %) 

Magnitude 
(S-C, %) 

KSE 300 22.7 ± 2.4 9.2 ± 0.7 18.1 ± 1.1 −60 +97 −21 
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St. 
Margarethen 

Limestone 

Young’s 
Modulus 
(kN/mm2) 

NC-25C 10.0 ± 2.9 22.2 ± 4.1 −56 +123 −2 

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

Splitting 
Tensile 

Strength 
(N/mm2) 

KSE 300 

3.3 ± 0.4 1.2 ± 0.2 

1.7 ± 0.4 

−63 

+42 −48 
NC-25C 2.1 ± 0.6 +76 −35 

NC-27CP 2.5 ± 0.5 +111 −23 

Flexural 
Strength 
(N/mm2) 

KSE 300 
NC-25C 

NC-27CP 
7.2 ± 1.8 3.8 ± 1.7 

5.0 ± 1.8 
−47 

+31 −31 
6.2 ± 1.1 +64 −13 
6.9 ± 1.1 +82 −4 

Schlaitdorf 
Sandstone 

Young’s 
Modulus 
(kN/mm2) 

KSE 300 
15.7 ± 1.9 

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

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

Strength 
(N/mm2) 

KSE 300 

3.2 ± 0.2 2.2 ± 0.5 

2.5 ± 0.8 

−34 

+16 −24 
NC-25C 4.1 ± 0.5 +89 +25 

NC-27CP 3.9 ± 0.4 +80 +19 

Flexural 
Strength 
(N/mm2) 

KSE 300 
6.6 ± 1.2 2.8 ± 0.6 

7.2 ± 1.9 
−58 

+156 +8 
NC-25C 9.0 ± 1.2 +223 +37 

NC-27CP 8.4 ± 1.3 +198 +26 

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

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

3.3.2. Effects of Consolidation Treatment  

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

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

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

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

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

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

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

Regarding the mode of mechanical failure in the flexural strength test, it was observed that the 
sound stone can be categorized as brittle and the aged one rather as ductile (Figure 7). NC-25C has 
the capability to shift the failure mode from ductile back to quasi-brittle. Moreover, in the case of 
Schlaitdorf Sandstone this treatment restores the mechanical strength by exceeding the level of the 
sound stone condition. As the silica gel, formed after the curing of the consolidants, is a brittle 
material, there is no surprise that the stiffness is increased. On the other hand, the silica gel acts as a 
kind of filler, deposited inside the stone fabric, and reduces the absolute porosity hence the ductile 
deformability of the stone fabric is decreasing, which is why the failure mode is restored after the 
consolidation. 
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(a) (b) 

Figure 7. Examples of stress-strain curves exhibiting average values of the flexural strength under 
concentrated load. Sound, artificially aged, and subsequently consolidated conditions for (a) St. 
Margarethen Limestone specimens; and (b) Schlaitdorf Sandstone specimens, both tests performed six 
months after the consolidation treatment.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Stone Treatments 
ΔL* 

(6 w) 
ΔL* 

(12 m) 
Δa* 

(6 w) 
Δa* 

(12 m) 
Δb* 

(6 w) 
Δb* 

(12 m) 
ΔE* 

(6 w) 
ΔE* 

(12 m) 

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

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

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

NC-27CP -2.57 1.63 0.61 0.75 0.76 0.66 2.75 1.91 
L* the lightness coordinate ranging from 0 (black) to 100 (white), with positive values meaning 
darkening; a* the red/green coordinate, with +a* indicating redness and –a* indicating greenness; and 
b* the yellow/blue coordinate, with +b* indicating yellowness and –b* indicating blueness. 

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

4. Conclusions 

This study addressed the potential efficiency and compatibility of three alkoxysilanes on two 
substrates of different chemo-mineralogical and petrophysical properties, namely a carbonate and a 
silicate stone. Results clearly show that treatment performance depends primarily on the textural and 
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microstructural parameters of the stone fabric. Under the same conditions, the same consolidant 
applied on different substrates yielded differences in mechanical and physical properties.  

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

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

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

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

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

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

To tailor the performance of a treatment, an experimental study prior to field application seems 
unavoidable. This is in order to understand the relationship between substrate and treatment, since 
all evaluated products, the newly engineered and the reference material, react unpredictably and 
depend primarily on the substrate. Only with the analysis of several parameters simultaneously, is 
an overall risk evaluation possible. 

Author Contributions: M.B., E.M. and J.W. conceived and designed the experiments; M.B. performed and 
supervised the physical and mechanical experiments; E.M. performed the SEM- and E.M. and A.R. the optical 
microscopy analysis; E.M. interpreted the raw data of SEM studies; M.B. and J.D.R. interpreted the raw data of 



Materials 2019, 12, 156 23 of 28 

 

physical and mechanical experiments; M.B. wrote the original draft; all authors reviewed and edited the paper 
and evaluated the final data; all authors approved the final manuscript. 

Funding: This research was conducted in the frame of the European program Horizon 2020 Call NMP21-AC 
646,178 “Nanomaterials for conservation of European architectural heritage developed by research on 
characteristic lithotypes” (Nano-Cathedral). 

Acknowledgments: The authors wish to express their gratitude towards Lukas Achleitner, Sofia Zamfirescu, 
Anna-Maria Tupy, Georg Heidfogel and Anja Ziniel. Anthony Baragona, Peter Urbanek and Vanja Ban are 
gratefully acknowledged for proofreading and generally supporting this paper. The Scientific Laboratory of the 
Federal Monuments Authority in Austria is acknowledged for supplying the UV microscopy facilities. Karin 
Fussenegger is acknowledged for collaborations on mercury intrusion porosimetry. The authors thank Opera 
della Primaziale Pisana for providing the contact angle device, studios of Vienna’s St. Stephen Cathedral 
(Austria) and Colognes Cathedral Church St. Peter (Germany) for the provided stone specimens and ChemSpec 
Srl (Italy) and Remmers (Germany) for the supplied consolidants. 

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design 
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the 
decision to publish the results. 

References 

1. Verges-Belmin, V. Illustrated Glossary on Stone Deterioration Patterns; ICOMOS-ISCS (International Scientific 
Committee for Stone): Paris, Fance, 2008. 

2. Ferreira Pinto, A.; Delgado Rodrigues, J. Stone consolidation: The role of treatment procedures. J. Cult. 
Herit. 2008, 9, 38–53, doi:10.1016/j.culher.2007.06.004. 

3. Ahmed, H.T. Physical and mechanical characteristics of Helwan limestone: For conservation treatment of 
ancient Egyptian limestone monuments. J. Am. Sci. 2015, 11, 136–151. 

4. Pápay, Z.; Török, Á. Evaluation of the efficiency of consolidants on Hungarian porous limestone by non-
destructive test methods. Cent. Eur. Geol. 2007, 50, 299–312, doi:10.1556/CEuGeol.50.2007.4.1. 

5. Franzoni, E.; Sassoni, E.; Scherer, G.W.; Naidu, S. Artificial weathering of stone by heating. J. Cult. Herit. 
2013, 14, E85–E93, doi:10.1016/j.culher.2012.11.026. 

6. Da Fonseca, B.S.; Ferreira Pinto, A.P.; Picarra, S.; Montemor, M.F. Artificial aging route for assessing the 
potential efficacy of consolidation treatments applied to porous carbonate stones. Mater. Des. 2017, 120, 10–
21, doi:10.1016/j.matdes.2017.02.001. 

7. Zhang, L.Y.; Mao, X.B.; Lu, A.H. Experimental study on the mechanical properties of rocks at high 
temperature. Sci. China Ser. E Technol. Sci. 2009, 52, 641–646, doi:10.1007/s11431-009-0063-y. 

8. Ruedrich, J.; Kirchner, D.; Siegesmund, S. Physical weathering of building stones induced by freeze-thaw 
action: A laboratory long-term study. Environ. Earth Sci. 2011, 63, 1573–1586, doi:10.1007/s12665-010-0826-
6. 

9. Ban, M.; Baragona, A.; Ghaffari, E.; Weber, J.; Rohatsch, A. Artificial aging techniques on various lithotypes 
for testing of stone consolidants. In Science and Art: A Future for Stone, Proceedings of the 13th International 
Congress on the Deterioration and Conservation of Stone, Volume 1; Hughes, J., Howind, T., Eds.; University of 
the West of Scotland: Paisley, UK; 2016; pp. 253–260. 

10. Price, C.A. Stone Conservation: An Overview of Current Research; The J. Paul Getty Trust: Los Angeles, CA, 
USA, 1996. 

11. Delgado Rodrigues, J.; Grossi, A. Indicators and ratings for the compatibility assessment of conservation 
actions. J. Cult. Herit. 2007, 8, 32–43, doi:10.1016/j.culher.2006.04.007. 

12. Sasse, H.; Snethlage, R. Evaluation of stone consolidation treatments. Sci. Technol. Cult. Herit. 1996, 5, 1996. 
13. Graziani, G.; Sassoni, E.; Franzoni, E. Consolidation of porous carbonate stones by an innovative phosphate 

treatment: Mechanical strengthening and physical-microstructural compatibility in comparison with 
TEOS-based treatments. Herit. Sci. 2015, 3, doi:10.1186/s40494-014-0031-0. 

14. Persia, F.; D’Amato, R.; Padella, F.; Pilloni, L.; Rinaldi, A.; Tatì, A. Performance of nanomaterials for the 
conservation of artistic stones. EAI Energ. Ambient. Innov. 2012, II-2012, 77–81. 

15. Siegesmund, S.; Snethlage, R. Stone in Architecture: Properties, Durability; Springer: Berlin/Heidelberg, 
Germany, 2011; pp. 415–550, ISBN 3642144756. 



Materials 2019, 12, 156 24 of 28 

 

16. Auras, M.; Meinhardt, J.; Snethlage, R. (Eds.) Leitfaden Naturstein-Monitoring, Nachkontrolle und Wartung als 
Zukunftsweisende Erhaltungsstrategien; Fraunhofer IRB Verlag: Stuttgart, Germany, 2011; ISBN 978-3-8167-
8407-4. 

17. Tiano, P.; Filareto, C.; Ponticelli, S.; Ferrari, M.; Valentini, E. Drilling force measurement system, a new 
standardisable methodology to determine the stone cohesion: Prototype design and validation. Int. J. 
Restor. Build. Monum. 2000, 6, 115–132. 

18. Costa, D.; Delgado Rodrigues, J. Evaluation of consolidation treatments applied to granitic materials. 
Experience and critical overview of laboratory testing. In Proceedings of the International Symposium on 
Stone Consolidation in Cultural Heritage: Research and Practice, Lisbon, Portugal, 6–7 May 2008; 
Rodrigues, J.D., Mimoso J.M., Eds.; LNEC: Lisbon, Portugal, 2008; pp. 389–398. 

19. Snethlage, R.; Ettl, H.; Sattler, L. Ultrasonic measurements on PMMA-impregnated marble sculptures. 
Zeitschrift der Deutschen Geologischen Gesellschaft 1999, 150, 387–396. 

20. Snethlage, R. Leitfaden Steinkonservierung, Planung von Untersuchungen und Maßnahmen zur Erhaltung von 
Denkmälern aus Naturstein; Fraunhofer IRB Verlag: Stuttgart, Germany, 2008; ISBN 978-3-8167-8407-4. 

21. Drdácký, M. Testing efficiency of stone conservation treatments. In Advanced Materials for the Conservation 
of Stone; Majid, H., Ioannis, K., Eds.; Springer: Cham, Switzerland, 2018; pp. 175–184, ISBN 978-3-319-72259-
7. 

22. Price, C.A.; Doehne, E. Stone Conservation: An Overview of Current Research, 2nd ed.; Getty Publications: Los 
Angeles, CA, USA, 2011. 

23. Clifton, J.R. Stone Consolidating Materials: A Status Report; NBS Technical Note 1118:46; U.S. Department of 
Commerce, National Bureau of Standards: Washington, DC, USA, 1980. 

24. George, W.; Goins, E.S. Alkoxysilanes and the Consolidation of Stone; Getty Publications: Los Angeles, CA, 
USA, 2005. 

25. Ghaffari, E.; Köberle, T.; Weber, J. Methods of polarising microscopy and SEM to assess the performance 
of nano-lime consolidants in porous solids. In Proceedings of the 12th International Congress on the 
Deterioration and Conservation of Stone, Columbia University, New York, NY, USA, 22–26 October 2012; 
pp. 22–26. 

26. Mascha, E.; Weber, J.; Ban, M. Erforschung von Nano-Materialien in der Gesteinsrestaurierung: 
Auswirkung von Festigungsmaßnahmen anhand von Laborversuchen innerhalb des EU-Projektes Nano-
Cathedral. In Proceedings of the Natursteinsanierung Stuttgart 2018: Neue 
Natursteinrestaurierungsergebnisse und Messtechnische Erfassungen Sowie Sanierungsbeispiele, 
Stuttgart, Germany, 16 March 2018; Patitz, G., Grassegger-Schön, G., Wölbert, O., Eds.; Fraunhofer IRB 
Verlag: Stuttgart, Germany, 2018. 

27. Pintér, F.; Weber, J.; Bajnóczi, B. Visualisation of solid consolidants in pore space of porous limestone using 
microscopic method. In Proceedings of the 11th International Congress on Deterioration and Conservation 
of Stone, Torun, Poland, 15–20 September 2008; pp. 473–480. 

28. Zornoza-Indart, A.; Lopez-Arce, P.; Zoghlami, K.; Leal, N.; Simão, J. Marine Aerosol weathering of 
Mediterranean calcarenite stone: Durability of ethyl silicate, nano Ca(OH)2, nano SiO2, and nanostructured 
consolidating products. Stud. Conserv. 2018, 1–17, doi:10.1080/00393630.00392018.01477654. 

29. Wendler, E.; Klemm, D.; Snethlage, R. Consolidation and hydrophobic treatment of natural stone. In 
Proceedings of the 5th International Conference on Durability of Building Materials and Components, 
Brighton, UK, 7–9 November 1990; Chapman & Hall: London, UK, 1990; pp. 203–212. 

30. Charola, A.E. Water repellents and other “protective” treatments: A critical review. Restor. Build. Monum. 
2003, 9, 3–22, doi:10.1515/rbm-2003-5727. 

31. Zhang, P.; Tian, J.; Xu, R.F.; Ma, G.J. Hydrophilicity, photocatalytic activity and stability of tetraethyl 
orthosilicate modified TiO2 film on glazed ceramic surface. Appl. Surf. Sci. 2013, 266, 141–147, 
doi:10.1016/j.apsusc.2012.11.117. 

32. Gherardi, F.; Goidanich, S.; Dal Santo, V.; Toniolo, L. Layered nano-TiO2 based treatments for the 
maintenance of natural stones in historical architecture. Angew. Chem. Int. Ed. Engl. 2018, 57, 7360–7363, 
doi:10.1002/anie.201712752. 

33. Maravelaki-Kalaitzaki, P.; Kallithrakas-Kontos, N.; Korakaki, D.; Agioutantis, Z.; Maurigiannakis, S. 
Evaluation of silicon-based strengthening agents on porous limestones. Prog. Org. Coat. 2006, 57, 140–148, 
doi:10.1016/j.porgcoat.2006.08.007. 



Materials 2019, 12, 156 25 of 28 

 

34. Da Fonseca, B.S.; Picarra, S.; Ferreira Pinto, A.P.; Montemor, M.F. Development of formulations based on 
TEOS-dicarboxylic acids for consolidation of carbonate stones. New J. Chem. 2016, 40, 7493–7503, 
doi:10.1039/c6nj00455e. 

35. Berto, T.; Godts, S.; De Clercq, H. The effects of commercial ethyl silicate based consolidation products on 
limestone. In Science and Art: A Future for Stone, Proceedings of the 13th International Congress on the 
Deterioration and Conservation of Stone, Volume 1; Hughes, J., Howind, T., Eds.; University of the West of 
Scotland: Paisley, UK, 2016; pp. 271–280. 

36. Sassoni, E.; D’Amen, E.; Roveri, N.; Scherer, G.W.; Franzoni, E. Photocatalytic hydroxyapatite-titania 
nanocomposites for preventive conservation of marble. IOP Conf. Ser. Mater. Sci. Eng. 2018, 364, 012073, 
doi:10.1088/1757-899X/364/1/012073. 

37. Miliani, C.; Velo-Simpson, M.L.; Scherer, G.W. Particle-modified consolidants: A study on the effect of 
particles on solegel properties and consolidation effectiveness. J. Cult. Herit. 2007, 8, 1–6, 
doi:10.1016/j.culher.2006.10.002. 

38. Folk, R.L. Petrology of Sedimentary Rocks; Hemphill Publishing Company: Austin, TX, USA, 1980. 
39. Pettijohn, F.; Potter, P.; Siever, R. Sand and Sandstone, 2nd ed.; Springer: New York, NY, USA, 1987. 
40. Graue, B.J. Stone Deterioration and Replacement of Natural Building Stones at the Cologne Cathedral—A 

Contribution to the Preservation of Cultural Heritage. Ph.D. Thesis, Georg-August-Universität Göttingen, 
Göttingen, Germany, 2013. 

41. Graue, B.; Siegesmund, S.; Middendorf, B.; Oyhantcabal, P. Requirements for replacement stones at the 
Cologne cathedral—A systematic approach to general criteria of compatibility. In Proceedings of the 12th 
International Congress on Deterioration Conservation of Stone, Columbia University, New York, NY, USA, 
22–26 October 2012. 

42. Grimm, W. Bildatlas wichtiger Denkmalgesteine der Bundesrepublik Deutschland; Bayerisches Landesamt fur 
Denkmalpflege: München, Germany, 1990; Volume 50. 

43. Gradstein, F.M.; Ogg, J.G.; Hilgen, F.J. On The Geologic Time Scale. Newsl. Stratigr. 2012, 45, 171–188, 
doi:10.1127/0078-0421/2012/0020. 

44. Dunham, R.J. Classification of carbonate rocks according to depositional textures. Am. Assoc. Pet. Geol. 1962, 
1, 108–121. 

45. Embry, A.F., III; Klovan, J.E. A late Devonian reef tract on northeastern Banks Island, NWT. Bull. Can. Pet. 
Geol. 1971, 19, 730–781. 

46. Moshammer, B.; Uhlir, C.; Rohatsch, A.; Unterwurzacher, M. Adnet ‘marble’, Untersberg ‘marble’and 
Leitha limestone—Best examples expressing Austria’s physical Cultural Heritage. Eng. Geol. Soc. Territ. 
2015, 5, 253–257. 

47. Rohatsch, A. Neogene Bau-und Dekorgesteine Niederösterreichs und des Burgenlandes; Mitteilungen IAG BOKU: 
Wien, Austria, 2005. 

48. Ban, M.; Pliessnig, M. The Biedermeier cemetery of St Marx in Vienna: Planning, management and 
treatment implementation. In Conservation of Sculpture Parks; Archetype Publications Ltd.: London, UK, 
2018; pp. 59–72. 

49. CEN. Standard EN 14146, Determination of Dynamic Elastic Modulus by Measuring the Fundamental Resonant 
Frequency; BSI: London, UK, 2004. 

50. ASTM International. ASTM D 3967–08, Standard Test Method for Splitting Tensile Strength of Intact Rock Core 
Specimens; ASTM International: West Conshohocken, PA, USA, 2008. 

51. Baumgartner, M. Auswirkungen von Steinfestiger auf die Mechanischen Eigenschaften von Natursteinen 
historischer Bauwerke: Teil 3. Untersuchungen und Prüfungen von Gealterten und Gefestigten 
Steinproben. Master’s Thesis, Vienna University of Technology, Vienna, Austria, 2017. 

52. Ziniel, A. Auswirkungen von Steinfestiger auf die mechanischen Eigenschaften von Natursteinen 
historischer Bauwerke: Teil 2. Brazilian Test, Druck-, Biegezug-und direkter zweischnittiger Scherversuch. 
Master’s Thesis, Vienna University of Technology, Vienna, Austria, 2017. 

53. CEN. Standard EN 12372 Natural Stone Test Methods—Determination of Flexural Strength Under Concentrated 
Load; BSI: London, UK, 2007. 

54. CEN. Standard EN 15801, Conservation of Cultural Property—Test Methods—Determination of Water Absorption 
by Capillarity; BSI: London, UK, 2010. 

55. CEN. Standard EN 15803, Conservation of Cultural Property—Test Methods—Determination of Water Vapour 
Permeability; BSI: London, UK, 2010. 



Materials 2019, 12, 156 26 of 28 

 

56. CEN. Standard EN 15886, Conservation of Cultural Property—Test Methods—Colour Measurement of Surfaces; 
BSI: London, UK, 2010. 

57. Remmers. Technical Guideline, KSE Modular System. Availabe online: http://www.remmers.co.uk/ 
fileadmin/doc/pz/TL_0571_EN.pdf (accessed on 28 November 2018). 

58. Cnudde, V.; Cnudde, J.P.; Dupuis, C.; Jacobs, P.J.S. X-ray micro-CT used for the localization of water 
repellents and consolidants inside natural building stones. Mater. Charact. 2004, 53, 259–271, 
doi:10.1016/j.matchar.2004.08.011. 

59. Pesce, G.; Morgan, D.; Odgers, D.; Henry, A.; Allen, M.; Ball, R. Consolidation of weathered limestone using 
nanolime. Proc. Inst. Civil Eng. Constr. Mater. 2013, 166, 213–228, doi:10.1680/coma.12.00051. 

60. Alvarez De Buergo, M.; Fort, R.; Gomez-Heras, M. Contributions of scanning electron microscopy to the 
assessment of the effectiveness of stone conservation treatments. Scanning 2004, 26, 41–47, 
doi:10.1002/sca.4950260107. 

61. Croveri, P.; Luigi, D.; Joann, C.; Chiantore, O. Porosimetric changes and consequences for damage 
phenomena induced by organic and inorganic consolidation treatments on highly porous limestone. In 
Science and Art: A Future for Stone, Proceedings of the 13th International Congress on the Deterioration and 
Conservation of Stone, Volume 1; Hughes, J., Howind, T., Eds.; University of the West of Scotland: Paisley, 
UK, 2016; pp. 67–74. 

62. Vutukuri, V.S.; Lama, R.D.; Saluja, S.S. Handbook on Mechanical Properties of Rocks: Testing Techniques and 
Results; 1st ed.; Trans Tech Publ.: Clausthal, Germany, 1974; Volume 1. 

63. Baumgartner, L. Das Festigkeits-und Verformungsverhalten von Postaer Sandstein bei 
Zugbeanspruchung. In Proceedings of the 19 Tagung für Ingenieurgeologie und des Forums für junge 
Ingenieurgeologen, Technische Universität, München, Germany, 13–16 March 2013; pp. 407–414. 

64. Coviello, A.; Lagioia, R.; Nova, R. On the measurement of the tensile strength of soft rocks. Rock Mech. Rock 
Eng. 2005, 38, 251–273, doi:10.1007/s00603-005-0054-7. 

65. Chen, R.; Stimpson, B. Interpretation of indirect tensile-strength tests when moduli of deformation in 
compression and in tension are different. Rock Mech. Rock Eng. 1993, 26, 183–189, doi:10.1007/Bf01023622. 

66. Perras, M.A.; Diederichs, M.S. A review of the tensile strength of rock: Concepts and testing. Geotechn. Geol. 
Eng. 2014, 32, 525–546, doi:10.1007/s10706-014-9732-0. 

67. Aydin, A.; Basu, A. The use of Brazilian test as a quantitative measure of rock weathering. Rock Mech. Rock 
Eng. 2006, 39, 77–85, doi:10.1007/s00603-005-0069-0. 

68. Delgado Rodrigues, J. Swelling behaviour of stones and its interest in conservation. An appraisal. Mater. 
Constr. 2001, 51, 183–195, doi:10.3989/mc.2001.v51.i263-264.363. 

69. Jimenez-Gonzalez, I.; Rodriguez-Navarro, C.; Scherer, G.W. Role of clay minerals in the physicomechanical 
deterioration of sandstone. J. Geophys. Res. Earth Sur. 2008, 113, doi:10.1029/2007jf000845. 

70. Cherblanc, F.; Berthonneau, J.; Bromblet, P.; Huon, V. Influence of Water Content on the Mechanical 
Behaviour of Limestone: Role of the Clay Minerals Content. Rock Mech. Rock Eng. 2016, 49, 2033–2042, 
doi:10.1007/s00603-015-0911-y. 

71. Snethlage, R.; He, L.; Ma, T.; Wendler, E.; Sattler, L.; Simon, S. Der Sandstein von Dafosi-Untersuchungen 
zu den Ursachen der Schäden und zur Konservierung-The Sandstone of Dafosi Investigation into Causes 
of Deterioration and Conservation Methods. ICOMOS–Hefte des Deutschen Nationalkomitees 1996, 17, 220–
239. 

72. Scherer, G.W.; Wheeler, G.S. Silicate consolidants for stone. Key Eng. Mater. 2009, 391, 1–25. 
73. Milchin, M.; Weber, J.; Krist, G.; Ghaffari, E.; Karacsonyi, S. Ethyl-silicate consolidation for porous 

limestone coated with oil paint—A comparison of application methods. In Science and Art: A Future for 
Stone, Proceedings of the 13th International Congress on the Deterioration and Conservation of Stone, Volume 2; 
Hughes, J., Howind, T., Eds.; University of the West of Scotland: Paisley, UK, 2016; pp. 889–896. 

74. Park, H.D.; Shin, G.H. Geotechnical and geological properties of Mokattam limestones: Implications for 
conservation strategies for ancient Egyptian stone monuments. Eng. Geol. 2009, 104, 190–199, 
doi:10.1016/j.enggeo.2008.10.009. 

75. Sassoni, E.; Graziani, G.; Franzoni, E. An innovative phosphate-based consolidant for limestone. Part 1: 
Effectiveness and compatibility in comparison with ethyl silicate. Constr. Build. Mater. 2016, 102, 918–930, 
doi:10.1016/j.conbuildmat.2015.04.026. 

76. Martinho, E.; Mendes, M.; Dionisio, A. 3D imaging of P-waves velocity as a tool for evaluation of heat 
induced limestone decay. Constr. Build. Mater. 2017, 135, 119–128, doi:10.1016/j.conbuildmat.2016.12.192. 



Materials 2019, 12, 156 27 of 28 

 

77. Jerome, P.S.; Weiss, N.R.; Gilbert, A.S.; Scott, J.A. Ethyl silicate as a treatment for marble: Conservation of 
St. John’s Hall, Fordham University. APT Bull. 1998, 29, 19–26, doi:10.2307/1504544. 

78. Ksinopoulou, E.; Bakolas, A.; Moropoulou, A. Consolidation effectiveness of modified Si-based 
nanocomposites applied to limestones. Mater. Struct. 2018, 51, doi:10.1617/s11527-018-1281-1. 

79. Rohatsch, A.; Nimmrichter, J.; Chalupar, I. Physical properties of fine grained marble before and after 
conservation. In Proceedings of the 9th International Congress on Deterioration and Conservation of Stone, 
Venice, Italy, 19–24 June 2000; pp. 453–458. 

80. Stuck, H.; Forgo, L.Z.; Rudrich, J.; Siegesmund, S.; Torok, A. The behaviour of consolidated volcanic tuffs: 
Weathering mechanisms under simulated laboratory conditions. Environ. Geolol. 2008, 56, 699–713, 
doi:10.1007/s00254-008-1337-6. 

81. Pápay, Z.; Török, Á. Micro-Fabric, Pore-size distribution and water absorption of consolidated porous 
limestone. In Engineering Geology for Society and Territory-Volume 8, Springer: Cham, Switzerland, 2015; pp. 
553–556, doi:10.1007/978-3-319-09408-3. 

82. Remmers. Technical Data Sheet, KSE 300. Availabe online: http://www.remmers.co.uk/fileadmin/ 
doc/tm/TM1_0720_EN.pdf (accessed on 28 November 2018). 

83. Häupl, P.; Homann, M.; Kölzow, C.; Riese, O.; Maas, A.; Höfker, G.; Christian, N. Lehrbuch der Bauphysik: 
Schall-Wärme-Feuchte-Licht-Brand-Klima; Springer: Berlin, Germany, 2017; p. 215, ISBN 3658160748. 

84. Ballester, M.A.D.; Gonzalez, R.F. Basic methodology for the assessment and selection of water-repellent 
treatments applied on carbonatic materials. Prog. Org. Coat. 2001, 43, 258–266, doi:10.1016/S0300-
9440(01)00204-1. 

85. Tsakalof, A.; Manoudis, P.; Karapanagiotis, I.; Chryssoulakis, I.; Panayiotou, C. Assessment of synthetic 
polymeric coatings for the protection and preservation of stone monuments. J. Cult. Herit. 2007, 8, 69–72, 
doi:10.1016/j.culher.2006.06.007. 

86. Charola, A.E. Water-repellent treatments for building stones: A practical overview. APT Bull. 1995, 26, 10–
17, doi:10.2307/1504480. 

87. Lettieri, M.; Masieri, M. Performances and coating morphology of a siloxane-based hydrophobic product 
applied in different concentrations on a highly porous stone. Coatings 2016, 6, 60, 
doi:10.3390/coatings6040060. 

88. Kronlund, D.; Bergbreiter, A.; Meierjohann, A.; Kronberg, L.; Lindén, M.; Grosso, D.; Smått, J.-H. 
Hydrophobization of marble pore surfaces using a total immersion treatment method–product selection 
and optimization of concentration and treatment time. Prog. Org. Coat. 2015, 85, 159–167, 
doi:10.1016/j.porgcoat.2015.03.023. 

89. Gherardi, F.; Roveri, M.; Goidanich, S.; Toniolo, L. Photocatalytic nanocomposites for the protection of 
European architectural heritage. Materials 2018, 11, 65, doi:10.3390/ma11010065. 

90. Fujishima, A.; Zhang, X.; Tryk, D. TiO2 photocatalysis and related surface phenomena. Surf. Sci. Rep. 2008, 
63, 515–582, doi:10.1016/j.surfrep.2008.10.001. 

91. Moreau, C.; Leroux, L.; Vergès-Belmin, V.; Fronteau, G.; Barbin, V. Which factors influence most the 
durability of water repellent treatments: Stone properties, climate or atmospheric pollution. In Proceedings 
of the Hydrophobe V, 5th International Conference on Water Repellent Treatment of Building Materials, 
Brussels, Belgium, 15–16 April 2008; pp. 129–142. 

92. Boutin, F. Comparative study of the efficiency of protective treatments applied to stone. In Proceedings of 
the Hydrophobe III, Third International Conference on Surface Technology with Water Repellent Agents, 
Universität Hannover, Hannover, Germany, 25–26 September 2001; pp. 233–244. 

93. De Clercq, H.; De Witte, E. Effectiveness of silicon based water repellent agents at different application 
conditions. II. Commercial water repellents. Int. J. Restor. Build. Monum. 2001, 7, 641–654. 

94. Poli, T.; Toniolo, L.; Sansonetti, A. Durability of protective polymers: The effect of UV and thermal ageing. 
Macromol. Symp. 2006, 238, 78–83, doi:10.1002/masy.200650611. 

95. Wendler, E.; von Plehwe-Leisen, E. Water repellent treatment of porous materials. A new edition of the 
WTA leaflet. Hydrophobe V Water Repel. Treat. Build. Mater. 2008, 155–168. 

  



Materials 2019, 12, 156 28 of 28 

 

96. Hansen, C.M. Water transport and condensation in fluoropolymer films. Prog. Org. Coat. 2001, 42, 167–178, 
doi:10.1016/S0300-9440(01)00168-0. 

97. Garcia, O.; Malaga, K. Definition of the procedure to determine the suitability and durability of an anti-
graffiti product for application on cultural heritage porous materials. J. Cult. Herit. 2012, 13, 77–82, 
doi:10.1016/j.culher.2011.07.004. 

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


