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Abstract  

 

In this study, two treatments were performed on deteriorated volcanic tuff stone samples 

taken from a 16th-century historical structure: (i)solventless mixtures of ethyl silicates 

(TEOS) tetraethoxysilane consolidation product followed by application of two different 

silane-siloxane-based water-repellent commercial products (TEOS+WR1 and TEOS+WR2), 

(ii) two different silane-siloxane based water repellent commercial products (one emulsion 

(WR2) and the other solution (WR1) based). This study aims to determine the effectiveness, 

compatibility, durability and service life of the studied conservation treatments on tuff stones. 

Therefore, colorimetric measurements, chemical and petrographic analyses (XRF, XRD, 

SEM-EDS) and physical and mechanical characterization tests were performed on the treated 

and untreated samples.Additionally, accelerated weathering tests were performed in the 

laboratory on all treated stones to determine the long-term performance of the chemical 

treatments.After these weathering tests,physical (water absorption under atmospheric 

pressure, water capillarity coefficient, water vapour permeability) and mechanical (ultrasonic 

pulse velocity, flexural and compressive strength) property tests were performed again and 

according to the results, the performance change in the efficiency indexes (TEI,%) was 

calculated. All results were compared and discussed. The results showed the best 

performance of TEOS+WR1 treatment in improving the consolidating and water-repellency 

abilities of tuff stone samples.However, the least colour change in the colour measurements 

after the treatments was in the treatments using emulsion-type water-repellent products. 

 

Keywords: Volcanic tuff; State of conservation; Stone consolidation; Water repellent;   

                  Chemical treatment 
 

 

Introduction  

 

From ancient times, the construction of buildings was carried out following bioclimatic 

design. Local materials were used to ensure the principle of sustainability and to benefit from 

natural heat energy sources. Thus, the environmental and energy-efficient construction 

principles of the period were applied. Natural stones have been a critical material in historical 

buildings and monuments since ancient times. Natural stones' durability and environmental 

resistance have ensured their sustainability for centuries [1]. 

Tuff stones are among the natural stones used in historical buildings in different 

countries. Tuff stones are igneous rocks of volcanic origin. The stone known as "Od stone," a 

type of volcanic tuff stone, is green dacitic tuff and is the commonly used tuff stone in many 

historical buildings and monuments in Turkey. These types of tuff stones were used in buildings 

and repair works in the Roman, Early Byzantine Period (4-6th century) and Ottoman Period 

(16-20th century) due to their lightweight, easy workability, fire resistance, low energy and 
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labour requirement [2]. However, degradation processes adversely affect tuff stones due to their 

chemical and mineralogical composition, macro-porous texture and poor mechanical properties 

[3, 4]. Environmental factors such as precipitation, wind erosion, temperature fluctuations, 

biological decomposition and water-soluble salts (especially in buildings close to the sea) cause 

decay types such as flaking, erosion and alveolarization on the surfaces of tuff stones [2, 4].  

Moreover, the resulting damage is usually the result of interactions of various physico-

mechanical mechanisms such as salt crystallization, freezing-thawing and thermal and moisture 

expansion [5, 6]. Water entering the material for various reasons and in different forms (solid, 

liquid, gas phases) is the primary damage factor for tuff stones. Water has a very influential role 

in the degradation mechanisms of tuffs, as it quickly penetrates volcanic tuff material with high 

porosity and strong hydrophilic character, thus carrying abrasive substances, promoting 

microbial, dissolving soluble components and creating high tensile stresses when frozen [5, 7]. 

Due to problems such as the limited life of the quarries and the cost of removing and 

transporting the stones from the quarries, it has become more critical to preserve the original 

natural stone materials in the building without changing them during the preservation works. 

Maintaining authenticity is one of the core concepts of most conservation needs and keeping the 

authenticity of the original natural stone materials in historical buildings in situ is one of the 

aims of protecting cultural heritage structures. For this reason, protective chemical treatment 

methods are used by using water-repellent and consolidant chemical materials to reduce the 

hydrophilicity of volcanic tuff stones, to prevent biological, chemical and physical mechanisms 

that cause deterioration and to strengthen the deteriorated stones [8-13]. When there is surface 

loss in stones, consolidant protective materials are used mainly for the stones that deteriorate 

due to the loss of binding minerals. These materials are used to improve the cohesion of the 

stone's mineral components, increase the stone's mechanical resistance by providing cohesion 

between the degraded areas of different degrees and reduce surface loss [13-15]. In addition, if 

the water penetrating the stone accelerates the deterioration processes, water-repellent products 

are used to delay the contamination of the stone, prevent the penetration of water and aqueous 

solutions into the stone and reduce the deterioration rate of the stone [13, 14, 16]. Additionally, 

some performance criteria are expected from consolidant and water-repellent chemical 

materials.  

These are the fact that the stones change the water vapour permeability, optical 

properties and aesthetic properties little or not at all, do not cause biological factors in the 

stones, increase the durability properties of the stones, be economical and ecological etc. [13-

17]. 

Sustainability from a cultural heritage perspective is about all preventive solutions 

developed to maintain the desired conditions over the lifetime of the heritage object, thus 

prolonging its life [18]. Many consolidant and water-repellent products have been used in 

historical buildings and monuments conservation studies [12, 19]. Alkoxysilane-based products 

are the world's most well-established and used stone consolidant materials [12].  These products 

are preferred for volcanic tuff preservation because they create synthetic silica between the 

pores of the degraded stones. In many studies, it has been stated that treating the surfaces of the 

stones with a consolidant material first, followed by the second application of water-repellent 

material to the surfaces of the stones, provides longer-term protection on the stone surfaces 

[20].  

However, in another study, it was determined that using water-repellent materials alone 

was more successful in conservation studies of volcanic tuffs since it was determined that the 

water absorption values of volcanic tuffs decreased and the deterioration processes of volcanic 

tuffs were reduced [21]. 

Researchers and companies are constantly modifying chemical compositions to improve 

the performance of alkoxysilane-based treatments or to address environmental and safety issues 

[11, 12, 22].  Despite this, the vital constituents responsible for the consolidation action in 
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alkoxysilanes have remained virtually unchanged over time. For this reason, alkoxysilane-based 

products have been used for over forty years [22]. The most commonly used alkoxysilane 

precursor in commercial products as a protective material is tetraethoxysilane (TEOS). TEOS 

has been extensively studied in international research, as it can penetrate the stone matrix [23] 

and polymerizes through a sol–gel process, forming siloxane chains that bind grains [11, 22-

29].  

Tetraethoxysilane (TEOS) and alkyl alkoxysilanes lack solubility when used in 

consolidant or water-repellent product formulations. Therefore, formulations must be applied in 

organic solvents (VOCs) to be classified as "greener" solvent formulations [30].  VOC (volatile 

organic compound) regulations mean that any chemical treatment must be formulated to be 

environmentally friendly. For this reason, protective chemical products must have sufficient 

VOC levels not to emit harmful chemical gases and can be called “green” solvents [31].  Due to 

the harmful environmental effects of solvent-based water repellents, emulsions (water-based) 

formulations were introduced in the late 1980s and were shown as an alternative to solvent-

based formulations [32, 33]. Some studies have observed that water-based formulations 

increase penetration depth in humid environments and perform better in low-porous stones such 

as granite. On the other hand, a lower performance was obtained compared to solvent-based 

formulations against freezing-thawing cycles [32, 33].  Additionally, water often scores higher 

in the solvent classification. Moreover, for this reason, using aqueous methods instead of 

organic solvents in conservation studies is preferred as the most environmentally friendly and 

safest approach. However, the full sustainability of these practices is questioned if the high 

energy cost of chemical treatments is given more importance [34].   

The literature research shows that the decay and protection of volcanic tuffs have yet to 

be studied in detail as sandstone and limestone. Since the deterioration mechanisms of volcanic 

tuffs are more complex than other stones, consolidation is risky and requires detailed studies. In 

this study, degraded volcanic tuff samples were taken from a listed historical structure of the 

15-16th century located by the sea in Istanbul and the macro and microstructure of these stone 

samples were determined. Then, two different protective chemical treatments were applied to 

these deteriorated stone samples (i) solventless mixtures of ethyl silicates (TEOS) 

tetraethoxysilane consolidation product followed by the application of two different water-

repellent commercial product applications, which are a mixture of silane siloxane, (ii) two 

different water-repellent products, which are a mixture of silane siloxane alone, are emulsion 

and solution based.  

This study aims to investigate the effectiveness of these protective chemical treatments 

on tuff stones (effectiveness on physical and mechanical properties and microstructure), long-

term performance (durability) and compatibility and evaluate the analysis results. In addition, 

two questions were investigated in this study.  

These questions are, (i) is the consolidation followed by the application of water-

repellent treatment or are the water-repellent treatments alone more effective in conservation 

studies of volcanic tuff stones?  (ii) is the emulsion-based or solvent-based application more 

effective in water-repellent treatments in conservation studies of volcanic tuff stones? 

Accordingly, the effectiveness of the consolidation and water-repellent treatments was assessed 

through morphological, physical and mechanical characterization of untreated and treated 

samples.  

Afterwards, the service life of chemical products was determined by applying 

accelerated weathering tests on both untreated and treated samples. In addition, within the scope 

of this study, the sustainability of the long-term performance of solvent types used in emulsion-

based and solution-based water-repellent products in conservation studies of volcanic tuff 

stones and their effects on the “green” environment are discussed. 
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Experimental part 

 

Materials 

Volcanic tuff stone (od stone) samples taken from the structure were labelled as AC. 

These samples were prepared for different experiments which were carried out on the samples 

to determine chemical composition, mineralogical-petrographic, physical and mechanical 

properties. 

Chemical and petrographic characterization of the stones 

Chemical analyses on tuff samples taken from the historical building were carried out 

with the XRF method using an X-ray spectrometer device in Siemens SRS 3000 and Spectro IQ 

models. Also, Energy-dispersive X-ray spectroscopy (EDS) was used to define the elemental 

composition of the samples. The average results of the XRF analysis and EDS analysis of 

samples are shown in Table 1. 
 

Table 1. Chemical composition of AC samples (XRF and EDS analysis results) 
 

Analysis 

Method 

SiO2 

(%) 

Al2O3 

(%) 

Fe2O3 

(%) 

CaO 

(%) 

MgO 

(%) 

K2O 

(%) 

Na2O 

(%) 

 

SO3 

(%) 

XRF 61.81 12.44 5,94 4.24 2.40 1.61 2.14 - 

EDS 58.28±2 14.93±1 5.88±0.9 3.22±0.7 4.75±0.5 2.20±0.9 4.56±0.9 6.19±0.3 

 

Thin sections were prepared for petrographical-mineralogical analyses and X-ray 

analysis methods on thin sections were performed using the Philips brand PW-1430 model 

device. As a result of these analyses, it was seen that the tuffs taken from the structure were 

rhyolitic, rhyodacitic and dacitic type tuffs containing clinoptilolite type zeolite [35]. As a result 

of alteration, clay minerals called montmorillonite were found in the internal structures of the 

stone samples (Fig. 1). Furthermore, the main elements in all stone samples are quartz, 

plagioclase, orthoclase and alkali feldspar. 

 

 
Fig. 1. The intact (a), (b) and deteriorated (c), (d) internal structure of AC; microscope microphotographs under single 

refractive (a), (c) and under double refractive (b), (d) (Q: quartz, AF: alkali feldspar, P: plagioclase, single refractive: 

under linear light, double refractive :under parallel light) 
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The physical and mechanical properties of the stones 

Capillary absorption, water absorption under atmospheric pressure, water vapour 

permeability and specific mass tests were performed on tuff samples taken from the historical 

building. The values of other physical properties (capillary absorption coefficient, water 

absorption by weight, water absorption by volume, specific gravity, bulk unit weight, porosity) 

were calculated according to the results. During the physical property tests, six samples were 

prepared for each experimental group. The average results of physical property tests of od stone 

samples are shown in Table 2. 

Table 3. The average results of mechanical property tests of Od stone samples 

Samples 

Flexural 

Tensile 

Strength 

(MPa) 

Compressive 

Strength of broken 

parts in flexural 

strength (MPa) 

Cube 

Compressive 

Strength 

(MPa) 

Ultrasonic 

Pulse Velocity 

(km/sn) 

Dynamic 

Modulus of 

Elasticity (MPa) 

AC 6,8±0,4 40±2,0 37±2,0 2,49±0,1 15,2 x103 

 

The average values of mechanical properties of AC code samples, flexural tensile 

strength 5–10MPa, compressive strength of parts broken as a result of flexural tensile strength 

test 40–45MPa, cube compressive strength 35–40MPa, ultrasonic pulse velocity 2.20–

2.70km/sec, the dynamic modulus of elasticity is 12.1–19 x103MPa. 

Methods 

Determination of chemical treatment application procedure 

In stone samples, ethyl silicate consolidation product (labelled as TEOS), solution type 

(diluted with organic solvent) water repellent product (labelled as WR1) and emulsion type 

water repellent (ethoxy siloxane) product (labelled as WR2) were used. The samples were 

prepared in three groups. The first group was prepared as untreated reference samples, the 

second group as the samples treated with a consolidant product (TEOS) followed by application 

of water-repellent chemical product and the third group treated with only water-repellent 

chemical products (Fig. 2). 

Table 2. The average results of physical property tests of Od stone samples 

 

Samples 

 

N (g/m2√min.) 
Sk 

(%) 

Sh 

(%) 

dh 

(g/cm3) 

do 

(g/cm3) 

p 

(%) 

AC 269,8±7,0 7,8±0,005 15,7±0,009 2,05±0,01 2,45±0,02 16±0,005 

N:Capillarity absorption coefficient, Sk:water absorption by weight , Sh:water absorption by volume, dh:bulk unit 

weight, do:  specific gravity, p:porozite 

 

The average values of physical properties of AC code samples, water absorption by 

weight 7-8%, water absorption by volume 15-16%, the bulk unit weight 2.05g/cm3, specific 

gravity 2.45-2.50g/cm3, porosity rate of 16-18% and water vapour diffusion resistance factor 

was calculated as 50-60µ  (Table 2). 

In order to determine the mechanical properties, flexural tensile strength tests were 

performed on prismatic samples. Secondly, compressive strength tests were conducted on 

the broken parts after the flexural tensile strength tests. In addition, compressive strength 

tests were carried out on cube samples of approximately 50x50x50mm. The average results 

of mechanical property tests are given in Table 3. 
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Fig. 2. Application of Chemical Treatments in the Laboratory 

 

The labelling system of the samples used in conservation studies is shown in Table 4. 

The consolidant product with the TEOS code was undiluted, while the protective water-

repellent products were diluted. The general properties of consolidant and water-repellent 

chemical products are given in Table 5. 

In the first treatment, a consolidant and water-repellent product was used. First, the 

consolidation product TEOS was applied to the sample surfaces with a brush without dilution. 

TEOS was applied to all six surfaces of the samples in two cycles; after waiting for fifteen 

minutes, it was used again in two cycles. Then, after fifteen minutes, another application was 

made in the form of the final two cycles. The process is finished when it is seen that the samples 

no longer absorb the chemical product. The application period lasted 36-40 minutes. The 

consolidant product consumption amount is 0.97kg/m2. After treatment with the consolidant 

product, the samples were kept in the laboratory environment (20oC and 50% RH) for two 

weeks. Then, at the end of the second week, the water-repellent products (WR1 and WR2) were 

applied separately for two cycles. Then after waiting for fifteen minutes, the process was 

finished by applying two cycles again.  

The water-repellent product alone was applied to the samples in the second treatment. 

WR1 was diluted with white spirit at a ratio of 1:11 with a brush and WR2 was diluted with 

water at a ratio of 1:11 with a brush and applied to the six surfaces of the samples in two cycles. 

After waiting for fifteen minutes, it was applied again in two cycles. Then, after fifteen minutes, 

another application was made in the form of the final two cycles. The process is finished when 

it is seen that the samples no longer absorb the chemical product. These samples were kept in 

the laboratory environment (20oC and 50% RH) for four weeks. Table 6 shows the consumption 

rates and amounts of all chemical applications made on AC samples. 

Table 4. Labelling system of samples used in conservation studies 

Labelled Name of Samples Instructions 

AC-UNTR 

The reference samples of the tuff stone (od stone) were taken 

from the historical building, where no chemical product was 

applied 

AC-TEOS+WR1 

Samples treated with a consolidant and solution type (diluted 

with solvent) water-repellent product 

AC-TEOS+WR2 

Samples treated with a consolidant and emulsion type  water-

repellent (ethoxy-siloxane) product 

AC-WR1 

Samples treated with solution type (diluted with solvent) water 

repellent (methoxy-siloxane) product 

AC-WR2 
Samples treated with emulsion type  water-repellent (ethoxy-

siloxane) product 
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Table 5. General characteristics of chemical products [36-38] 

 

Products Property Value Inspection Method 

Consolidant Product 

(SILRES® BS OH 100) [36] 

 

Ethyl Silicate  

Pure Silicic Acid Ester  

 

Density at 25 °C approx. 0.97 g/cm³ DIN 51757 

Ignition temperature 

(liquids) 
> 400 °C DIN 51794 

Flash point 195 °C ISO 2719 

Catalyst neutral - 

Colour colourless to yellowish - 

Ethyl silicate content approx. 100 wt. % - 

Water Repellent Product 

(SILRES® BS 290) [37] 

 

Mixture of Silane and Siloxane  

Methyl-octyl methoxysiloxane 

Appearance colourless, hazy - 

Silane-/Siloxane 

content 
approx. 100 wt. % - 

Water Repellent Product 

(SILRES® BS SMK 1311) [38] 

 

Mixture of Silane and Siloxane 

(microemulsion concentrate) 

Methyl-octyl ethoxysiloxane  

 

Density at 25 °C 0.95 - 0.97 g/cm³ DIN 51757 

Viscosity, dynamic at 

25 °C 
1 - 10 mPa·s DIN 51562 

Appearance clear - 

Colour yellowish to reddish - 

Flash point 25 °C not specified 

Silane-/Siloxane 

content 
100 wt. % - 

 

Table 6. Consumption rates and amounts of all chemical applications made on AC samples 

Consolidant Water Repellents 

Measured Criteria TEOS WR1 WR2 

Consumption amount 

(kg/m2) 
0,97 0,89 0,86 

Application time 36 min 36 min 36 min 

Method of Application 

2 rounds 

practice  

15 min wait  

2 rounds 

practice 

15 min wait  

2 rounds 

practice 

2 rounds practice  

15 min wait  

2 rounds practice 

15 min wait  

2 rounds practice  

2 rounds practice  

15 min wait  

2 rounds practice 

15 min wait  

2 rounds practice  

Solvent 
without 

dilution 

White spirit 

(dilution 1:1 by 

weight) 

Demineralized 

water 

(dilution 1:1 by 

weight) 

Environment 

To/RH (%) 
20oC/50 20oC/60 20oC/60 
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Experimental processes and evaluation of the performance of protective products 

The experimental process consists of three stages: (i) Determination of macro and 

microstructure of volcanic tuff samples taken from intact and deteriorated parts of the historical 

building, (ii) investigation of the effectiveness of chemical treatments on samples taken from 

historical buildings by experiments, (iii) determining the effectiveness of chemical treatments 

on the durability properties of aged stones. Durability tests were conducted on deteriorated 

stones to determine whether the treatments provided benefit the conservation of historical 

stones and thus their long-term performance was determined. Figure 3 shows the flow chart of 

the experimental processes applied to the stones. 

 

 
 

Fig. 3. Flow Chart of Experimental Processes Applied to Stones 
 

Morphological characterization 

The morphological characterization of untreated and treated tuffs was carried out by 

Scanning electron microscopy coupled with energy-dispersive X-ray microanalysis (SEM-EDS) 

to evaluate the distribution of water-repellent products following the consolidation product in 

the tuff substrate. SEM micrographs were obtained using a Rigaku RINT 1000 Scanning 

Electron Microscope, working at 40kV acceleration voltage and 30mA, coupled with energy-

dispersive X-ray spectroscopy. All analyzes were performed at a scanning speed of 5 degrees 

per minute between 3-60o 2θ. 

Colorimetric measurements 

One month after the treatments, colour measurements were made on the tuff stones when 

the polymerization period of the protective products was completed. The chromatic variations 

after colorimetric tests verified treatments according to UNI EN 15886 Standard [39] and using 

a CM-2600d Konica Minolta spectrophotometer. Chromatic parameters were expressed 

according to the CIE (Commission Internationale d’Eclairage) L*a*b* space, where a* is the 

red/green coordinate, b* is the yellow/blue coordinate and L* is the lightness/darkness 

coordinate [40]. The chromatic change ΔE was calculated according to the following formula:  

                                   

ΔE* = (ΔL*2+ Δa*2 + Δb*2)1/2       (1) 

 

Physical properties measurement 

The water absorption by capillarity coefficient test was applied according to the 

European Standard UNI EN 15801 [41]. The samples were dried at a constant mass of 105°C. 
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The samples were immersed in water at a depth of 3-4mm without being moved until the end of 

the test. The stopwatch device started and at time intervals, the samples were removed from the 

water and weighed.  

The amount of water absorbed per surface unit as a function of time was calculated with 

this formula:            

                                                N = [Q / A.√t ]                              (2) 

 

where: N is the capillarity coefficient of the stones (g/m2√min), Q is the amount of water per 

unit time (g), A area of the side immersed in water (m2) and t times (min). 

Turkish Standard TS EN 13755 [42] test method was used to determine the water 

absorption rate at atmospheric pressure. The samples were dried in the oven to a constant mass 

and placed in a container after cooling in the desiccator. Water at 20±5oC was added to up to a 

quarter of the samples and waited for one hour. Then, half and three-quarters of the samples 

were kept in water at intervals of one hour and 1.2-2.0cm of water was poured over the samples 

and they were kept in water and then weighed. After this process, the samples in water were 

weighed on the balance and the water absorption rates by weight and volume were calculated. 

 

Water absorption rate by weight: Sk = [(Gd-Gk)/Gk] x 100(%),        (3) 

 

Water absorption rate by volume: Sh = [(Gd-Gk)/(Gd-Gds)] x 100(%)                         (4) 

 

In the formula where Gd is the weight of the sample saturated with water (g), Gk is the 

weight of the dry sample (g) and Gds: The weight of the sample in water (g).  

In addition, the samples were wholly immersed in water at 20oC. Weight gains in certain 

periods were calculated as a percentage and shown by drawing a graph. The same samples were 

removed from the water and weight losses were determined as percentage in the laboratory 

environment. The drying rate graph was drawn over time in the same graph, including the water 

absorption rate [43]. 

The water vapour permeability properties of the stones were determined according to the 

dry cup method defined in the DIN 52615 [44] standard. CaCl2 was used as water-absorbing 

material in the experiment. The same test was performed on both treated and untreated samples 

and the weight differences were calculated. This experiment was conducted in a desiccator 

environment fixed at 20-23oC and 90-99% RH. The weight changes of the samples were 

measured at the same time every day. This experiment continued for three months. Water 

vapour diffusion resistance coefficient (μ) was calculated with the following formula: 

 

       Water vapour diffusion resistance coefficient (µ) = 1/d (ξHxAx [(P1-P2)/G]–dH)                (5) 

 

In the formula where d is the thickness of the sample (m), d is the thickness of the sample (m), 

ξH is the water vapour conductivity of the air, A is the area of the sample (m2), P is the water 

vapour pressure value (Pascal), G is the amount of water vapour passing through (kg/h) and dH 

is the remaining under the sample is the thickness of the air (m), 

 

                             ξH = (0,083/RBxT)x(Po/Ph)x(T/273)1.88                        (6) 

 

In the formula, T is the temperature in oK, Ph is the average air pressure, Po is the normal 

atmospheric pressure. 

Mechanical properties measurement 

An ultrasonic pulse velocity test (UPV) was applied according to Turkish Standard TS 

EN 14579 [45]. WTW DIGI EG-C2 model electronic device was used to detect ultrasonic 

pulses. Repeated readings of the transition time (T, µs) were made until a minimum value was 
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obtained in the sound transmission. Transmissions of the pulse velocity were calculated from 

the formula: Vo= L/T where V is the pulse velocity in km/s, L is the length of the sample in mm 

and t is the time it takes for the length of the pulse to traverse in µs. In addition, the dynamic 

modulus of elasticity values was calculated using the ultrasonic pulse velocity found in the 

stone samples and the density values of the samples.  

The formula is: 

                          Eu = Vo2 x dox103 (N/mm2)           (7) 

 

The simple beam bridge method loaded at the midpoint according to the European 

Standard UNI EN 12372 [46] was used to determine the flexural tensile strength. This study 

took the distance between the supports as 100 mm. The samples were placed centred on the 

supports. The flexural tensile strength was calculated using the equation:  

 

                        Б eğ = 1.5x (Pk×ℓ)/ b×h2,                         (8) 

 

where: Pk is the load at the break in N, ℓ is the distance between the supports in (mm) and (h) 

and (b) denote the thickness and width of the sample, respectively. 

The uniaxial compressive strength test was applied according to the European Standard 

UNI EN 1926 [47] on the samples divided into two after the flexural tensile strength test. Each 

half sample was placed between the loading heads of the test press, the load was applied and the 

maximum load shown by the test press at the moment of breakage was recorded. This value 

gives the breaking load value (Pk) and the compressive strength was calculated with the 

following formula:  

                                             Б = Pk/A,    (9) 

 

where: A is the cross-sectional area of loading in the samples in mm2. 

Accelerated weathering tests 

Accelerated weathering tests such as wetting-drying cycles, freezing-thawing tests, salt 

crystallization tests and ageing by the sulfur-dioxide action test were performed after 

conservation studies. Again, water absorption and ultrasonic pulse velocity tests were 

performed on the samples that came out of the ageing tests without damage. Accordingly, the 

treatment efficiency indexes (TEI, %) and performance losses of the chemical applications were 

evaluated. 

A wetting-drying cycle durability test was performed according to ASTM D5313 [48] 

standard. The treated and untreated samples were dried in distilled water at 20oC for 24 hours 

and dried in an oven at 60oC for 18 hours and the weight change in certain periods was 

calculated. The experiment lasted three months. 

Freezing-thawing test was applied by keeping the treated and untreated samples in 

distilled water at 20oC for 6 hours. Then keeping them in a freezer at 22oC for 18 hours. The 

experiments were carried out in cycles lasting 28 days. The Turkish Standard TS EN 12371 [49] 

was used in the experiments. Weight changes (%) of the samples in certain periods during the 

freezing-thawing cycles were calculated. 

The salt crystallization test aims to determine the resistance of stone samples to salt 

attack. In the experiment, treated and untreated samples were first immersed in 14% Na2SO4 

solution for 6 hours. Secondly, it was kept in an oven at 60oC for 16 hours and then cooled at 

room temperature for 2 hours. At the end of 20 cycles, the samples were kept in distilled water 

for one day and after washing them in tap water, they were dried in an oven and weighed. 

Turkish Standard TS EN 12370 [50] was used in the experiment. The samples' weight changes 

(%) at certain periods during the experiment were calculated. 

Ageing with the sulfur dioxide action test is a method used to evaluate the resistance of 

stone samples to damage caused by extreme environmental conditions in the presence of 
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polluting gases. The test was carried out according to the Turkish Standard TS EN 13919 [51]. 

Stone samples were saturated with water for 24 hours before starting the experiment. The 

weights of the saturated samples and the samples in water were weighed and then the test was 

applied. In the test, treated and untreated stone samples were immersion in two different 

concentrations of H2SO3 solutions containing 5% SO2 in different desiccators for 21 days in a 

closed container.  

The efficacy of the treatment was calculated as a percentage with the treatment efficacy 

index (TEI) with the following formula:  

 

                          TEI = [Wtr-Wuntr/Wuntr] x 100,                                (10) 

 

where: Wtr is the physical value treated after treatment; Wuntr is the first untreated physical value 

before treatment. 

 

Results and discussion 

 

Morphological characterization 

Preliminary experiments were carried out on od stones (volcanic tuff stones) to 

understand the penetration depths of chemical products. A harmless red dye was added to the 

consolidant and water-repellent chemical products used and applied to the stones and the 

penetration depth (by making it visible) was measured. As a result, the penetration depth of the 

TEOS consolidant product was 3-5mm, the penetration depths of the WR1 water-repellent 

product diluted with solvent and the WR2 water-repellent product diluted with water were 

measured between 2-3 mm and no colour change was observed in the stones (Fig. 4).  

 

 
 

Fig. 4. The chemical gel formed in AC-TEOS+WR1 (a),(b) and AC-TEOS+WR2 (c), 

(d) microscope microphotographs under single refractive (a),(c) and under double refractive (b),(d) 

 

Thin section analyses were performed on the chemically treated stone samples labelled 

AC-TEOS+WR1 and AC-TEOS+WR2 to investigate the effect of the treatments on the 

microstructure. The thin section analysis conducted after AC-TEOS+WR1 application shows 

silicate gel in a bright image on the matrix between phenocrysts. It has surrounded the crystal 

edges, especially at alkali feldspar and plagioclase boundaries.  
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In the thin section analysis after AC-TEOS+WR2 application, silica gels are generally 

seen on the matrix. Quartz and plagioclase, which should be seen in whiter light tones in 

Polarized Light Microscope microphotographs under single refractive, are opaquer due to the 

gel formed after chemical treatments. Also, their optical relief appears to be higher due to silica 

gel, while plagioclase should be lower (Fig. 4). 

In the microscope images of thin-section analyses, it was seen that the chemical silica 

gel formed in the inner structure of the stone covers the minerals or surrounds the cavities of the 

minerals (Fig. 4). For this reason, X-ray spectroscopy and scanning electron microscopy 

analyses were also performed and the results were compared since the colours of the minerals 

themselves could not be understood in some samples (Fig. 5). 

 

 
 

Fig. 5. X-ray Spectroscopy Graphs of AC Samples 
 

Clays and zeolites cannot be seen clearly in thin section analysis regarding crystal 

morphology, but the presence of clay and zeolite has been detected in the matrix (X-ray 

diffraction (XRD)) analyses. While the matrix was more greyish brown in the untreated 

samples, differences were observed in the clayey zeolite matrix in the treated samples. 

In the X-ray analysis performed on the treated and untreated samples, the 

Montmorillonite mineral peak, which is the alteration product, decreased and the increase in the 

SiO2 (silica) mineral peak became quite evident in the chemically applied samples (Fig. 5). The 

order of succession of the chemical treatments, respectively, is as follows: the best results were 

obtained from the samples applied TEOS+WR1 followed by WR1, TEOS+WR2 and WR2. 

Essential minerals are shown in these charts.  

SEM micrographs of tuff stone (od stone) samples applied TEOS+WR1, TEOS+WR2, 

WR1 and WR2 chemical products were taken (Figs. 6 and 7). In SEM micrographs of untreated 

tuff samples, od stone has a loose textured microstructure with capillary cracks in places and 

therefore exhibits heterogeneous behaviour (Fig. 8). 

However, SEM micrographs of treated stone samples (especially 2000x-3500x) show a 

layer of silica gel homogeneously enveloping the stone matrix as a cover. In the EDS (Energy 

Dispersive Spectrum) analysis results, the SiO2 ratio, respectively 65–75% in untreated 

samples, 80–100% in TEOS+WR1 treated samples and around 90% in TEOS+WR2 treated 

samples (Figure 6, Figure 7). The SiO2 ratio was around 70-80% in the samples treated with the 

water-repellent product alone. Figure 7 shows SEM micrographs of tuff samples treated with 

water-repellent (WR1-WR2) products alone. 
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Fig. 6. SEM-EDS Analysis of AC-TEOS+WR1 (A) and AC-TEOS+WR2 (B) Stone Samples 

 

 
Fig. 7. SEM Analysis of AC-WR1 (A) and AC-WR2 (B) Stone Samples 

 

 
Fig. 8. SEM-EDS Analysis of Untreated Samples of AC Stone Sample 

 

Colorimetric Measurements 

In the field of stone preservation, there are no absolute rules for the interpretation of 

colour changes. Based on visual observations and measurements, different authors propose 

different values (from 1 to 5) as the threshold for acceptable colour change. After all treatments, 

all colour variation values are within the acceptable limits (ΔE* value < 5) [52, 53]. All 

treatments showed a lower colour variation (∆E*) than 3, thus confirming the suitability of all 
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treatments for restoring and conservating purposes. However, all treatments with negative ΔL* 

values result in minimal darkening of the tuff samples. Therefore, in treatments using solution-

typed water-repellent products (AC-TEOS+WR1 and AC-WR1), the solvent may have caused 

slight darkening of the tuff stones. The obtained values are reported in Table 7. 

 
Table 7. Color measurements in treated stone samples 

 

Treatments 
Δ (Treated and untreated samples)  

ΔL* Δa* Δb* ΔE* 

AC-TEOS+WR1 -1.93 -0.88 1.12 2.40 

AC-TEOS+WR2 -0.87 0.39 0.63 1.14 

AC-WR1 -0.93 -0.42 0.75 1.27 

AC-WR2 0.41 0.17 0.31 0.54 

 

The results of physical property tests 

The physical property test results repeated on the same samples before and after 

chemical treatment are given in Table 8 comparatively. 

In order to interpret the changes in the movement of liquid and gaseous water in the 

pores of the stone, the calculation of total water absorption, capillarity absorption coefficient, 

drying rate and water vapour diffusion resistance factor gives a more realistic evaluation 

opportunity. The water absorption and drying rates calculated as a result of the experiments 

performed on the treated and untreated AC samples are shown graphically in figure 9. When 

these results were compared, it was determined that the water absorption and drying rate of AC-

TEOS+WR1 and AC-WR1 samples, respectively, after chemical applications were lower than 

AC-TEOS+WR2 and AC-WR2 samples. 

The values in Table 8 and the graphs in figure 9 were used to calculate the decrease 

rates in the capillary water absorption values of the samples, the water absorption values of the 

samples and the increasing rates of the bulk unit weight of the samples. The values of chemical 

treatment efficiency indexes are shown in figure 10. 
 

Table 8. The Effect of Chemicals on Physical Properties of Stone Samples 

After chemical treatment, capillary water absorption rates decreased by 91% for the AC-

TEOS+WR1 sample, 90% for the AC-WR1 sample, 89% for the AC-TEOS+WR2 sample and 

88% for the AC-WR2 sample, respectively. In addition, water absorption rates after chemical 

treatment decreased by 85% in the AC-TEOS+WR1 sample, 84% in the AC-WR1 sample, 82% 

in the AC-TEOS+WR2 sample and 70% in the AC-WR2 sample, respectively (Fig. 10). These 

results are similar to the graphs in figure 9. In addition, the bulk unit weight of the stones 

increased by approximately 1.4% after the treatments labelled AC-TEOS+WR1 and AC-

Applications 

Initial 

N 

(g/m2√

min.) 

Initial 

Sk 

(%) 

Initial 

Sh 

(%) 

Initial 

dh 

(g/cm3) 

Final 

N 

(g/m2√

min.) 

Final 

Sk 

(%) 

Final 

Sh 

(%) 

Final 

dh 

(g/cm3) 

AC-

TEOS+WR1 

308,4 

±5,0 

8,0 

±0,001 

17,03 

±0,01 

2,14 

±0,005 

25,94 

±4,0 

1,2 

±0,001 

2,65 

±0,002 

2,17 

±0,01 

AC- 

TEOS+WR2 

270,83 

±5,0 

8,1 

±0,002 

17,63 

±0,07 

2,15 

±0,01 

34,3 

±4,0 

1,6 

±0,003 

3,49 

±0,02 

2,18 

±0,001 

AC- 

WR1 

303,1 

±5,0 

8,0 

±0,001 

17,2 

±0,002 

2,13 

±0,005 

29,5 

±2,0 

1,2 

±0,001 

2,6 

±0,002 

2,15 

±0,003 

AC- 

WR2 

285,3 

±5,0 

7,9 

±0,008 

16,91 

±0,09 

2,12 

±0,05 

33,16 

±2,0 

2,5 

±0,003 

5,4 

±0,005 

2,13 

±0,05 

N: Capillarity absorption coefficient, Sk:water absorption by weight , Sh:water absorption by volume, dh:bulk unit 

weight 
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TEOS+WR2, in which the consolidant and water-repellent products were applied together. 

After the treatments labelled AC-WR1 and AC-WR2, only water-repellent product treatments, 

the bulk unit weight of the stones increased by approximately 1% (Fig. 10). In general, it is 

understood that after chemical treatment, silane-siloxane-based products increase the bulk unit 

weight of the stone by 1–1.5% and decrease the capillary water absorption and water absorption 

values by 80–90%. 

 

 
 

Fig. 9. Effect of Chemicals Materials on Water Absorption Rate of AC Samples and  

Water Desorption Rate of AC Samples 

 

 
Fig. 10. Treatments Efficiency Indexes on Physical Characterizations of AC Samples 
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The water vapour diffusion resistance factor test was carried out by weighing the 

weights of the same samples in the same temperature and humidity environment before and 

after the chemical treatment was applied to the AC samples. The experimental results were 

calculated comparatively and the chemical treatment efficiency index (TEI) was calculated 

(Table 9). 

Table 9. Water vapour diffusion resistance coefficients and TEI values of AC samples 

 

Applications 

 

Samples 

Water vapour 

diffusion 

resistance 

coefficient before 

chemical 

treatment 

Water vapour 

diffusion 

resistance 

coefficient after 

chemical 

treatment 

Water vapour 

diffusion 

resistance 

coefficient TEI 

values (%) 

TEOS+WR1 1AC1 60 70 

TEOS+WR1 

% 12 

TEOS+WR1 1AC2 54 60 

TEOS+WR1 1AC3 59 64 

AVERAGE 58±6,0 65± 7,0 

TEOS+WR2 2AC1 55 58 

TEOS+WR2 

% 11,5 

TEOS+WR2 2AC2 50 55 

TEOS+WR2 2AC3 53 62 

AVERAGE 52±2,0 58±3,0 

WR1 3AC1 50 55 

WR1 

% 8 

WR1 3AC2 46 48 

WR1 3AC3 50 53 

AVERAGE 48±2,0 52±3,0 

WR2 4AC1 61 68 

WR2 

% 8 

WR2 4AC2 58 60 

WR2 4AC3 60 66 

AVERAGE 60±1,0 65±4,0 

 

After chemical treatments, the water vapour diffusion resistance factor increased by 12% 

in the AC-TEOS+WR1 sample, 11.5% in the AC-TEOS+WR1 sample and 8% in the AC-WR1 

and AC-WR2 samples, respectively. It is accepted that the chemical materials used in 

consolidation and conservation studies increase the original stone's water vapour diffusion 

resistance factor by 10-15% at most [54]. Thus, the experimental results are at an acceptable 

level. 

The results of mechanical property tests 

Ultrasonic pulse velocity test was performed on six chemically treated and untreated AC 

samples and the results were compared. The ultrasonic pulse velocity in the chemically treated 

samples increased by about 30% compared to the untreated samples. In another study, while the 

treatment efficiency index (TEI) value of ultrasonic pulse velocity was found to be 30% in the 

samples with the consolidant and water-repellent application, it was found to be at most 15% in 

the samples using water-repellent alone [55]. Similar results to these results were obtained in 

this study as well and are shown in figure 11. 

It is expected that the ultrasonic pulse velocity increase in the samples where the 

consolidant and water-repellent products are applied together is higher than in the samples in 

which the other water-repellent product is applied alone. Because while the weight of the 

samples treated with more than one chemical product increases, the pore filling also increases. 
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Fig. 11. The treatments Efficiency Indexes on  

Ultrasonic Pulse Velocity of AC Samples 
 

The results of accelerated weathering tests 

In this study, some accelerated weathering tests, also recommended in the ASTM E-

2167 [15] standard, were carried out to determine preservation treatments' durability (long-term 

performance) and service life. These are accelerated ageing tests such as wetting-drying cycles, 

freezing-thawing tests, salt crystallization tests and ageing by the sulfur-dioxide action test [15]. 

These experiments were performed at 30 cycles to compare the results. In order to compare the 

durability of the treated and untreated samples and chemical materials, the water absorption and 

ultrasonic pulse velocity tests were repeated on the samples that did not deteriorate in the 

ageing tests and the change in the chemical treatment efficiency index was calculated. After 30 

cycles of the wetting-drying cycles test, the physical and mechanical property tests were 

repeated on the same samples and the chemical treatment efficiency indexes (TEI) were 

calculated. These values are shown comparatively in figure 12. The TEI change rates in the 

physical properties of the samples were calculated by taking the differences in the treatment 

efficacy index values found before and after the wetting-drying cycle test. In calculating the 

TEI change rates in the samples' mechanical properties (flexural and compressive strength), the 

flexural and compressive strength values of the chemically untreated (UNTR) samples before 

the wetting-drying cycle test were taken into account. The values found before the ageing test 

and the changes in the flexural and compressive strength values found after the ageing test were 

calculated as percentages and shown in graphs.  

 
Fig. 12. The Effect of the Wetting-Drying Cycles Tests on  

the Physical and Mechanical Properties of the Stones (TEI %) 

 

The wetting-drying cycles durability tests were the least damaging of the other 

accelerated weathering tests. Weight changes during this experiment were not very pronounced. 

The water absorption ratio of the untreated samples increased by 2.5% in the AC samples at the 

end of the accelerated weathering test. On the other hand, the changes in the treatment efficacy 

indexes in the water absorption test of the treated samples were not found to be very different. It 

has been observed that they maintain their protective properties. Since the treated samples 
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absorb less water, they were not affected much by the wetting-drying cycle test under normal 

pressure. The lower percentage of change in the AC samples is explained by the fact that the 

clay particles formed as a result of alteration in the internal structures of these samples activate 

during the wetting-drying test and block the significant gaps in the stone pores. Since it does not 

absorb much water, the total water absorption ratio changes slightly in this case.  

At the end of the freezing-thawing durability test, water absorption and ultrasonic pulse 

velocity tests were performed on the samples before the mechanical tests and the results were 

compared with the previous values. The change rates in the obtained chemical treatment 

efficiency indexes (TEI) are given in figure 13 collectively. In addition, after the water 

absorption and ultrasonic pulse velocity tests, the values obtained by flexural and compressive 

strength tests were compared with those before the accelerated weathering test. Moreover, 

decreases in strengths were evaluated as changes in chemical treatment efficiency indexes (TEI) 

(Fig. 13).  

 

 
Fig. 13. The Effect of the Freezing-Thawing Cycles Tests on  

the Physical and Mechanical Properties of the Stones (TEI %) 

 

As a result of accelerated weathering tests, the water absorption rate of the untreated 

samples increased by about 15%. This increase is more than the increase in the wetting-drying 

test can be explained by the internal stresses created by the freezing water in the stone. As a 

result of the freezing-thawing resistance test, the protection properties of the chemically treated 

samples in the water absorption test changed a lot. The performance (efficiency value) of the 

chemical materials (products) in the water absorption test decreased by 17% in samples treated 

with TEOS+WR1, decreased by 34% in samples treated with TEOS+WR2, decreased by 25% 

in samples treated with WR1 (emulsion type) and decreased by 79% in the sample treated with 

WR2 (solution type) samples (Fig. 13). The freezing-thawing resistance test was more effective 

in the samples using an emulsion-type water-repellent product. On the other hand, the treatment 

type least affected by the freezing-thawing resistance test was the TEOS+WR1 applied samples. 

Despite the performance reductions, it has been determined that the chemically treated samples 

are in much better condition than the untreated samples.  

As there was no significant change in the water absorption values of the untreated 

samples due to the wetting-drying and freezing-thawing resistance tests, it was thought that the 

samples were not affected at all by these tests. However, the ultrasonic pulse velocity values 

were found to be quite different afterward. The low water absorption of these samples was due 

to the clay particles displacing and swelling in the water, entering the spaces in the stone pores 

and blocking the pores. Weight changes are not evident since they dry more slowly than the 

treated samples. 

Salt crystallization resistance tests were performed for a total of 20 cycles. At the end of 

this test, all untreated AC samples were fragmented on the 15th cycle. The dark brown patches 

on the surface of the untreated AC samples disintegrated after they were hollowed out. The salt 

crystallization resistance test was the most destructive ageing test. This result showed that the 
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crystallization of the salt entering the stone's internal structure causes very large internal 

stresses in the stone; thus, it is more effective in untreated samples with high water absorption 

capacity. The most successful results were found in AC-TEOS+WR1, AC-TEOS+WR2 and 

AC-WR1 samples. The TEI change rates obtained in the results of repeated water absorption, 

ultrasound velocity and mechanical property tests after the salt crystallization resistance test are 

shown in figure 14.  

 

 
Fig. 14. The Effect of the Salt Crystallization Cycles Tests on  

the Physical and Mechanical Properties of the Stones (TEI %) 
 

The salt crystallization resistance test was the one that most affected the efficiency 

values of chemical products. The performance (efficiency value) of chemical materials 

(products) in the water absorption test decreased by 19% in samples treated with TEOS+WR1, 

decreased by 36% in samples treated with TEOS+WR2, decreased by 18% in samples treated 

with WR1 (emulsion type) and decreased by 41% in the sample treated with WR2 (solution 

type) samples (Fig. 14). After the salt crystallization resistance test, there was almost no 

difference in the ultrasonic pulse velocity values of the stone samples because this is the result 

of salts crystallizing and filling the internal structure of the stone samples and the clay 

movements in the stone pores. 

The effects of all accelerated weathering tests on the mechanical properties of the 

untreated reference samples are shown in Table 10. These values were compared with the 

mechanical property values of the untreated samples before the experiments and were 

calculated as percentages of loss of performance changes. 

As a result of accelerated weathering tests, the mechanical properties of the treated and 

untreated stone samples were compared. As shown in Table 10, as a result of the wetting-drying 

cycles test of the untreated samples, the flexural strength loss was 40%, the compressive 

strength loss was 25% and as a result of the freezing-thawing cycles test, the flexural strength 

loss was 52%, while the compressive strength loss was 40%. As a result of the salt 

crystallization resistance test, the untreated samples were destroyed with the greatest damage.  

 
Table 10. Effects of Ageing Tests on the Mechanical Properties of the Untreated Sample 

 

Decrease Rates in Mechanical 

Properties 

Ultrasonic Pulse 

Velocity Loss, 

(%) 

Flexural Strength 

Loss, 

(%) 

Compressive 

Strength Loss, 

 (%) 

End of wetting-drying cycles tests 

AC- UNTR 
9,5 40 25 

End of freezing-thawing cycles tests 

AC- UNTR 
14 52 40 

End of salt crystallization cycles tests 

AC- UNTR 

they completely disintegrated. 
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Moreover, as a result of accelerated weathering tests, chemical treatments generally 

improved the mechanical properties of the stones. In particular, the mechanical strengths of the 

samples treated with TEOS+WR1 and TEOS+WR2 (applications together with a consolidant 

and a water-repellent) are better than those treated with WR1 and WR2 (only water-repellent 

applications) (Figs. 12-14). The AC-TEOS+WR1 sample provided the best flexural and 

compressive strength against wetting-drying, freezing-thawing and salt effects crystallization. 

 

Conclusions 

 

Conservation studies were carried out on volcanic tuff stone samples (od stone samples) 

taken from a historical building. The degraded stones taken from the building were treated with 

both solventless mixtures of ethyl silicates (TEOS) tetraethoxysilane consolidation product 

followed by applying two different silane-siloxane-based water-repellent commercial products 

and only two different silane-siloxane based water repellent commercial products (one emulsion 

and the other solution based).The effects of using various chemical products were investigated 

in the study and their durability properties were examined. In addition, the sustainability of 

emulsion and solution-type solvent materials in water-repellent products on the long-term 

performance of preservation treatments and environmental effects are discussed.  

As a general result of the conservation studies, TEOS+WR1 application (ethyl silicate 

followed by silane-siloxane based solution type water repellent) was the most successful 

treatment in improving the physical properties of the stones and preserving the performance of 

the treated stones as a result of accelerated weathering tests. In general, samples treated with all 

consolidant products followed by water-repellent products (AC-TEOS+WR1 ve AC- 

TEOS+WR2) were more successful in improving the physical properties of tuff stones than 

samples treated with water-repellent products (AC-WR1 ve AC-WR2). However, when the 

sustainability of their performance in accelerated weathering tests was examined, the most 

successful result was obtained in the samples treated with TEOS+WR1, followed by the second 

most successful results in the samples treated with WR1 alone. In this case, according to the 

performance order, TEOS+WR1, WR1 and TEOS+WR2 applications were found to be 

successful, respectively. The most significant loss of performance was in the samples treated 

with WR2. As a result, consolidant and solvent-based water-repellent products fill some of the 

macro-voids in the stones, providing better penetration and adapting to the internal silicate 

structure. Thus, applications treated with a consolidant followed by a water-repellent product 

succeeded in all experiments as they were less affected by water, moisture and salt.  

The results obtained by the colorimetric measurements showed that all products did not 

cause any significant variations in original colour after treatment and negligible colour 

variations were observed, i.e., all values are within an acceptable limit (ΔE* < 3).  Although the 

TEOS+WR1 treatment showed the best consolidation and water-repellency performance in tuff 

stones, it caused more colour change (ΔE* = 2.40) than other treatments. This may have been 

caused by the fact that it was a solvent-based water-repellent product. The colour change was 

less in treatments with emulsion-type water-based water-repellent products (TEOS+WR2 and 

WR2). This result shows that water-based products are generally more suitable for stone 

preservation treatments in terms of colour.  

Solvent-based water-repellent materials may show different performances depending on 

their polymerization degree. In this study, it was understood that emulsion-type water-repellent 

applications were significantly affected by the moisture content of the stone. Conservation 

studies with water-repellent materials vary depending on the structure and properties of the 

stones. Especially in volcanic tuff stones, the penetration depth problems of chemicals arise due 

to different types of clay. For this reason, it is considered that more success can be achieved 

when solvent-based water-repellent products are used after ethyl silicate consolidation 

application in such stones.  
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However, consideration should be given to whether a solvent-based material is necessary 

to minimize toxicity without compromising the efficacy of stone preservation treatments and 

simultaneously increase the sustainability of a treatment process. If a solvent is required, 

consider how much surface protective materials and solvent are needed, how long it will be 

used and which type will be the most environmentally friendly. However, it can be challenging 

to determine this based solely on an individual's knowledge and experience. Other evaluation 

sources should be sought, such as case studies and various published guidelines [56]. 

Preservation-protection-repair studies are required for detailed studies on tuff stones, 

which have a very different structure than stones such as limestone and sandstone. The working 

systematics set out at the end of this study should be followed for each tuff stone. However, 

testing their suitability in the laboratory environment is recommended before deciding on the 

selection and application methods of the products applied in conservation studies. Because the 

success of preservation applications depends primarily on the type of stone, then the kind of 

products, application technique, penetration ability and durability. 
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