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ABSTRACT 10 

Tetra-ethoxysilane or tetraethyl orthosilicate (TEOS), also known as ethyl silicate, traditionally 11 

applied to consolidate stone, has recently begun to be used on Portland cement mortars and 12 

concrete with promising results. TEOS not only fills the pores in the substrate, but reacts with 13 

the cement favouring the precipitation of new C-S-H gels that densify and strengthen the 14 

materials. This study explored the effectiveness of new TEOS-based treatments bearing 15 

nanosilica (NS) or nanolime (NC) in and their compatibility with cement materials found in the 16 

built heritage, given the participation of the various products in the pozzolanic reactions that 17 

may induce additional C-S-H gel. The physical and hydric properties (mechanical strength, 18 

porosity, surface gloss and colour, water vapour permeability and low pressure water 19 

absorption) of a Portland cement mortar were determined before and after applying the 20 

consolidants. Ethyl silicate, alone or in conjunction with nanolime (4:1), proved to most 21 

effectively raise material strength and improve water repellence while conserving the original 22 

colour and gloss. 23 
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1. Introduction 25 

Concrete attained noble architectural status in the twentieth century, when it began to be used on 26 

building exteriors and in sculpture [1]. While durable if properly designed, produced and 27 

maintained, in practice concrete often needs to be repaired [2,3], as it is subject to cracking or 28 

spalling attributable to a variety of causes [4,5]. European standard EN 1504 [6] defines the 29 

requirements that must be met by products and systems to protect and repair concrete structures 30 

in terms of the degree of deterioration (including products to be injected into the concrete, 31 

adhesives, products to protect reinforcement and surface treatments). However, intervention to 32 



conserve cultural assets is subject to very specific principles [7,8] that reject overly aggressive 33 

treatments, recommend action only where and to the extent strictly necessary with products that 34 

alter neither the physical-chemical properties of the materials nor overall aesthetics and call for 35 

pre-testing, along with other requisites. 36 

 37 

Material consolidation, understood to consist in the application of a product to a crumbling 38 

surface to improve cohesion, mechanical properties and the adherence of the altered layers to 39 

the healthy substrate, is a common practice in heritage stone conservation and restoration. Tetra-40 

ethoxysilane (TEOS), also known as ethyl silicate (Si(OEt)4), is one of the most widely used 41 

consolidation products [9] for its compatibility with and stability in [10] such substrates. 42 

 43 

It hydrolyses in the presence of water (moisture in the atmosphere or in the pores of the 44 

material), generating silanol groups (Si-OH) that polymerise to form siloxane bonds (Si-O-Si) 45 

and ultimately inducing the precipitation of a silica gel that raises stone strength. 46 

 PL  47 

  This gel fills the pores and adheres to substrates with a Si base, also by forming siloxane (Si-O-48 

Si) bonds [11]. It consequently adheres poorly to non-siliceous materials (such as limestone or 49 

marble). The treatment layer may also crack during drying on a number of types of substrates. 50 

Strategies developed to prevent this latter difficulty envisage combining the material with 51 

surfactants [12], additives [13] or nanoparticles [14,15,16,17]. 52 

 53 

Recent studies on the consolidation of cement-based materials, less intensely researched to date 54 

[18,19,20], have assessed the effect of TEOS on the physical properties of mortars with 55 

promising results: mechanical strength and durability (reduction of chlorides and carbonation 56 

depth) were enhanced with no significant alteration of surface colour or gloss. Nonetheless, 57 

TEOS has been shown to penetrate compact materials in depth [19] and in early age (1 day) 58 

cements the formation of alcohols during TEOS hydrolysis retards hydration and favours the 59 

formation of a more porous, weaker structure [21]. 60 

 61 

Nanosilica (nano-SiO2, NS)-based surface consolidating treatments [22], on the grounds of the 62 

reactivity of two of the main products of Portland cement hydration, portlandite (Ca(OH)2) and 63 

C-S-H gel [10,20,23], and their ability to fill the pore systems, have been attempted, with 64 

varying success on hardened concrete and cement mortars, for whilst they can densify these 65 

materials, their penetration capacity is lower than in TEOS. In fact, NS compared with a variety 66 

of organic or inorganic surface treatments has been found to be less effective in reducing water 67 

absorption [24], chloride migration or CO2 penetration [19; 24] or in raising mechanical strength 68 



[25]. Nonetheless, results are quite dependant on the microstructure of the coated materials 69 

since in more porous substrates nanoparticles are able to penetratete deeper and therefore act 70 

more effectively on reducing the migration of water and aggressive agents [26]. Like this, 71 

Sanchez et al. [27] by forcing the migration of nanosilica under the action of an electric on a 72 

cement mortar enhanced the surface of the material and thus the durability of the entire bulk and 73 

confirmed the sealing ability and pozzolanic activity of the nanoparticles [28]. 74 

 75 

Nanolime (nano-Ca(OH)2, NC), traditionally used to consolidate carbonate-based materials 76 

[29], has also been tried recently as a surface treatment for porous cement mortar in conjunction 77 

with nanosilica (a coat of NS followed by a coat of NC) with promising results in terms of 78 

mechanical strength [25]. 79 

 80 

In the pursuit of the most ideal surface treatments to consolidate heritage cement assets by 81 

capitalazing the advantages of the aforementioned products (i.e. TEOS is more effective in 82 

filling pores smaller than 50 nm [22]; NS has a extremely high pozzolanic reactivity [22]); and 83 

their physicochemical compatibility and feasible synergy potential, this study explored the 84 

performance of TEOS and NS or NC blends on a cement mortar. In fact, recent studies have 85 

shown that nanoparticles can improve the performance of coatings on cement-based materials, 86 

by increasing their surface roughness and thus water repellency [30], or vice versa, the 87 

performance of nanoparticles can be enhanced by coatings like in a recent study of Hou et al. 88 

[31] in which nanosilica particles coated with polymethylhydrosiloxane enhanced the water 89 

proofing properties of a cement mortar. 90 

 91 

The effectiveness and compatibility of the new explored consolidating blends were assessed in 92 

keeping with heritage intervention criteria and the possible changes in the physical and hydric 93 

properties of a Portland cement mortar: mechanical strength, porosity, surface gloss and colour, 94 

water vapour permeability and low pressure water absorption. 95 

 96 

2. Experimental 97 

2.1. Materials and treatment application 98 

Portland cement (CEM I 42.5N/SR; Table 1) specimens of two sizes, 10x10x60 mm and 99 

60x70x10 mm, were prepared with a water/cement ratio of 1:2 and a cement/sand ratio of 1:5. 100 

The fines (Ø < 1 mm) were removed from the standardised sand to favour mortar porosity. This 101 

is a way to simulate the porosity of a degraded mortar in need of consolidation. TEOS (CTS 102 

ESTEL 1000), used as a reference, and combinations of the product with two proportions of 103 



nanosilica (BASF MEYCO MS 685) and nanolime (CTS NANORESTORE)  (Table 2) were 104 

drip-applied to one side of specimens (previously cured in a humidity chamber at RH>95 % and 105 

a temperature of 21(±2) °C for 28 days) until apparent saturation, defined as the point when the 106 

surface remained moist for at least 1 min. Inasmuch as TEOS and NS could not be blended due 107 

to differences in the polarity of their respective solvents, NS was applied first, followed by 108 

TEOS. Manufacturer recommendations were followed to apply NC in conjunction with TEOS 109 

to prevent the appearance of carbonate veils on the surface, namely by placing a moist paper 110 

pulp poultice for 8 h on 9 g Japanese paper over the surface to be treated, all covered by 111 

polyethylene terephthalate film. In Table 3, the total amount of products consumed by the 112 

mortars either in one step (TEOS; TEOS and NC) or two (NS followed by TEOS) is listed. 113 

Used ratios were based on preliminary application tests and represent the volume of each 114 

product blended together before application for TEOS and NC mixes or individually applied for 115 

NS and TEOS treatments.  116 

The physical properties of the specimens were characterised after curing the treatments for 117 

5 weeks at 21(±2) ºC and relative humidity of 45(±5) % 118 

 119 

2.2. Methods 120 

 121 

Pore size distribution in the mortars before and after application of the treatments was found on 122 

a Mercury Micromeritics Autopore IV 9500 V1.05 porosimeter, applying a maximum intrusion 123 

pressure of 22 749.92 MPa, which corresponds to a pore diameter of 0.0067 µm. Since 124 

treatments were applied to one side of the specimens, porosity results of 1cm3 fragments were 125 

just used for comparison purposes, in no case as absolute values. 126 

 127 

Possible variations in water vapour permeability were determined to RILEM recommendations 128 

[33]. To ascertain material resistance to water absorption, Karsten tube tests were performed 129 

[34]. The latter test is particularly apt in studies of protective treatments for the historic heritage 130 

since can be carried out in situ. 131 

 132 

After 28 days of initial curing, the untreated and treated 10x10x60 mm specimens were tested 133 

for compressive and flexural strength, respectively on an IBERTEST Autotest 200/10SW frame 134 

and a NETZSCH 6.111.2 device [35]. The resonant frequency signals generated in flexural 135 

mode vibration (Young's modulus or the dynamic modulus of elasticity) were recorded as 136 

specified in international standard UNE-EN ISO 12680-1: 2007 [36] on a GrindoSonic MK5 137 

“Industrial” analyser. 138 

 139 



The chromatic coordinates (L*, lightness, and hue, a* (red+/green-) and b* (yellow+/blue-)) 140 

were measured in 60x70x10 mm mortar specimens before and after treatment with a Minolta 141 

CM 2500 D spectrophotometer. The total colour variations (ΔE*) were calculated from the 142 

following equation (DE* = (ΔL*)2+(Δa*)2+(Δb*)2)1/2) [37]. Surface gloss was determined on the 143 

same surfaces at an 85° angle using a Minolta Multi Gloss 268 glossimeter sensitive to 144 

variations in scantly glossy surfaces (0-160 µm gloss units). 145 

3. RESULTS AND DISCUSSION 146 

3.1 Porosity 147 

The cement mortar prepared had an open porosity of 12.85 % (vol,), with pores of a diameter of 148 

over 10 µm (entrained air pores) accounting for 24.78 % and capillary pores, the ones that 149 

decrease over time as cement reacts with capillary water,  i.e., with a diameter of 0.01 µm-10 150 

µm (Table 4, Fig. 1), for 73.1 %. The remaining 2.2 % consisted of pores of C-S-H gel [38]. 151 

Whilst all the treatments lowered total mortar porosity, the ones with the highest TEOS content 152 

were particularly effective, reducing the value by 20 % to 32 % (NS+TEOS (1:1), TEOS and 153 

TEOS+NC (4:1)) (Table 4), while also filling entrained air pore more intensively. 154 

TEOS and the TEOS+NC blends were most effective in lowering mortar capillary porosity, 155 

especially in respect of the smallest capillary pores (1-0.01 µm), and the only ones to reduce the 156 

mean pore size. Such pore structure refinement, which favours material durability by hindering 157 

the diffusion of aggressive ions, is the result of the physical pore filling (Hou et al. [22] reported 158 

that TEOS may penetrate pores under 50 nm) and the precipitation of C-S-H gel, the product of 159 

the pozzolanic reaction between TEOS and the cement matrix [10,20,21] and TEOS with 160 

nanolime [20]. 161 

The two combinations of TEOS and NS induced a substantial rise in the number of the smallest 162 

capillaries (1-0.01 µm), the outcome of the conversion of larger pores, and a considerable 163 

decline in gel pores (<0.01 µm). Unlike NC, the application of NS before ethyl silicate would 164 

not favour the formation of pore gels. The failure of NS to penetrate in the pore matrix, as 165 

illustrated by SEM micrography and Ca and Si elemental mapping on the mortar surface (Fig. 166 

2), would hamper subsequent access by TEOS which ultimately could fill larger pores. 167 

3.2 Water vapour permeability 168 



The treatments lowered the water vapour transmission rate by 50 %-63 % (Table 5). Hou et al. 169 

[26] observed steeper declines in porosity in specimens made with higher w/c ratios in cement 170 

pastes treated with TEOS and a colloidal nano-SiO2. 171 

At 59 %-63 %, the TEOS+NC blends induced the steepest declines, followed by the treatments 172 

with a higher ethyl silicate content, namely TEOS and NS+TEOS (1:9), with similar values (54 173 

%-56%) (Table 5).  Generally speaking, the greater the pore structure refinement the greater was 174 

the reduction in permeability (with the exception of treatment NS+TEOS (1:9)). Whilst 175 

reductions of over 25 % are not recommended for heritage stone conservation [39], that 176 

threshold is not applicable to cementitious materials, in which the pores in the paste become 177 

more refined as the hydration reactions progress: the volume of capillary pores, which primarily 178 

govern the transport properties of cement-based materials [26], declines while the volume of gel 179 

pores rises. Material durability is in fact enhanced with such refinement, given the lesser 180 

possibility of expansion or contraction due to moisture gradients or acidic gas migration [26]. 181 

3.3. Low pressure water absorption 182 

The possible changes in the surface characteristics of the mortars after application of the 183 

treatments, i.e., TEOS-prompted water repellence [40] and pore filling, were determined with 184 

the low pressure water absorption test.  185 

The water absorbed by the specimens through Karsten tubes before and after applying 186 

TEOS+NS or TEOS+NC are shown in Figure 3, while Table 6 gives the values for each product 187 

of the two coefficients traditionally used to determine water repellence in historic materials on 188 

the grounds of those curves. All the products applied induced substantial declines in water 189 

absorption, ranging from 62% to 83%. De Witte et al. [41] deemed that a material is resistant to 190 

water penetration when amount of water absorbed measured by a Karsten tube is greater than or 191 

equal to 0.5 cm3 between 5 and 15 minutes after starting the test (period of time in which the 192 

absorption rate is highest). Further to that criterion, the untreated mortar would itself be 193 

rainwater-resistant (Table 6). However, according to the Nwaubani and Dumbelton´s [42] 194 

threshold value (≤0.35 kg/m2h) for assessing water repellency, only the mortars treated with 195 

NS+TEOS (1:9) and TEOS+NC (4:1), the combinations with the highest TEOS content, would 196 

be effectively protected. 197 

As these treatments induced consolidation rather than water repellence strictly speaking, they 198 

proved to be highly effective in terms of lowering water ingress and with it the amount of any 199 



dissolved aggressive ions, observation reported by other authors after the application of only 200 

TEOS [18,26,40]. 201 

 202 

3.4 Colour and gloss 203 

The values of the 5 week chromatic parameters (ΔE* = (ΔL*)2 + (Da*)2 + (Δb*)2)1/2) and gloss 204 

(DG) in the mortars are given in Table 7. 205 

With the exception of the blend with a high nanolime content (TEOS+NC (1:4)), all the 206 

treatments darkened the mortar surface (decline in L*). In the products with a high TEOS 207 

content in particular, the colour change was perceptible to the naked eye, assuming a threshold 208 

of DE*>3 (for colour change in general [43]). Nonetheless, all but one of the colour variations 209 

were wholly acceptable for the purposes of ancient building material conservation (ΔE*≤5; 210 

[43]). The exception was the change prompted by the NS+TEOS (1:9) blend, where ΔE*>10.50. 211 

The results of applying TEOS separately were consistent with those reported by Pigino et al. 212 

[18] for Portland cement concretes, with DE* values of around 5 or even lower (DE*=2.6), 213 

depending on the water/cement ratios in the cement mixes. In an earlier study, Barberena-214 

Fernandez et al. [24] found that separately, nanosilica and nanolime induced much lower, 215 

imperceptible (DE*<2) variations in colour in the same type of substrate. They also observed 216 

that nanosilica modified surface gloss slightly, albeit perceptibly to the naked eye, assuming the 217 

DG*>2 threshold established by García and Malaga [44]. TEOS+NS-based treatments also 218 

affected surface gloss, more intensely at higher proportions of NS (ΔG=2.5-3.9). Such 219 

variations may nonetheless be regarded as acceptable. 220 

3.5 Mechanical properties 221 

Further to the pre- and post-treatment mortar mechanical strength findings, at 37.71 MPa, 222 

untreated compressive mortar strength was slightly lower than specified in European standard 223 

EN 197-1 [45] for a 28 day, type I 42.5 cement (42.5 MPa-62.5 MPa). That was attributable to 224 

the low cement/sand ratio and the removal of fines during cement preparation to favour 225 

treatment penetration (Fig. 4). Flexural strength was 7.88 MPa (Fig. 4). Both types of strength 226 

rose after application of all the treatments without exceeding the limits recommended for the 227 

conservation of stone materials (treated specimen strength/untreated specimen strength <1.5) 228 

[46]. 229 

The greatest rise in compressive (46 %) and flexural (36 %) strength was observed in the 230 

specimens with ethyl silicate (TEOS) as the sole component, which was consistent with the fact 231 



that they also exhibited the steepest decline in total and entrained air porosity, corroborated by 232 

the excellent linear correlation between the latter and compressive strength (Fig. 5). The next 233 

strongest specimens were the ones treated with ethyl silicate-high blends: (TEOS+NC (4:1) and 234 

NS+TEOS (1:9)). The rise in compressive and flexural strength in the former was respectively 235 

36 % and 33 % and in the latter 39 % and 35 %. 236 

The separate application not only of nanolime but also of nanosilica to the same substrate in a 237 

prior study by Barberena-Fernández et al. [25] prompted moderate (14 %) to low (3 %) rises in 238 

compressive strength. Nanosilica ineffectiveness was due either to surface carbonation, which 239 

would impede the pozzolanic reaction due to the lack of portlandite on the surface, or to 240 

treatment viscosity (Table 2), which would hamper its penetration into the substrate. 241 

Nonetheless, when used in appropriate proportions (1:5:1) [25], due to the pozzolanic reaction 242 

between the two types of nanoparticles, they induced greater rises than the combinations 243 

containing low concentrations of ethyl silicate studied here (NS+TEOS (1:1) and TEOS+NC 244 

(1:4)). 245 

 246 

The results of the acoustic resonance spectroscopic trials, a non-destructive method particularly 247 

apt for architectural heritage conservation studies, showed that at 31.5 GPa, Young’s modulus 248 

or the dynamic modulus of elasticity was high in the untreated specimens (Fig. 6). The products 249 

that induced the steepest increase in material stiffness (rises in Young’s modulus of 13%-18 %) 250 

were, logically, the same ones that prompted the highest rises in mechanical strength: those with 251 

more ethyl silicate in their composition, TEOS, TEOS+NC (4:1) and NS+TEOS (1:9), which 252 

filled the entrained air pores most effectively. 253 

 254 

4. Conclusions 255 

This study explores the potential of blends of TEOS with different amount of NS or NC 256 

particles for the consolidation of cement-based historic assets. Of all these treatments studied, 257 

only calcium hydroxide nanoparticles combined with ethyl silicate (TEOS) (TEOS+NC (4:1)) 258 

exhibited great affinity for conservation of cement mortar. Both, TEOS alone or combined with 259 

NC (4:1) raised mechanical strength by over 35 %, reduced the mean pore diameter and 260 

improved water repellence which would favour material durability by hindering the diffusion of 261 

aggressive ions. Furthermore, they did not perceptibly modify surface gloss or colour unlike the 262 

treatments with NS contrary, the presence of NS (NS+TEOS (1:9) and NS+TEOS (1:1)).  263 



These results reveal the necessity of further exploring new blends that combine nanoparticles 264 

with either organic or inorganic coatings by optimizing the dosages of both components and the 265 

application procedures that ensure better penetration of the treatments. 266 

Acknowledgments 267 

Funding from the Regional Government of Madrid (Geomateriales 2; S2013/MIT-2914) is 268 

gratefully acknowledged. Financial support for Dr. Paula M. Carmona-Quiroga was provided by 269 

the Spanish Ministry of the Economy and Competitiveness under project BIA2015-73237-JIN. 270 

 271 

References 272 

 273 
[1] R. Peralbo Cano, J.A. Durán Suárez, La escultura y la dimensión del hormigón: morteros y 274 
hormigones con aplicaciones técnico-escultóricas, Facultad de Bellas Artes, Universidad de Granada, 275 
Granada, 2005. 276 
 277 
[2] ACI Committee 201, Guide for Durable Concrete (ACI 201.2R-16), American Concrete Institute, 278 
Detroit, Farmington Hills, Michigan, 2016. 279 
 280 
[3] ACI Committee 308, Standard Practice for Curing Concrete, (ACI 308-92; Reapproved 1997), 281 
American Concrete Institute,Farmington Hills, Michigan, 1997. 282 
 283 
[4] P.A.M. Basheer, S.E. Chidiac, A.E. Long, Predictive models for deterioration of concrete structures, 284 
Constr. Build. Mater. 10 (1996) 27-37. 285 
 286 
[5] L. Courard, A. Guillard, A. Darimont, J.M. Bleus, P. Paquet, Pathologies of concrete in Saint-Vincent 287 
Neo-Byzantine Church and Pauchot reinforced artificial Stone, Constr. Build. Mater. 34 (2012) 201-210. 288 
 289 
[6] UNE-EN 1504:1-10, Products and systems for the protection and repair of concrete structures - 290 
Definitions, requirements, quality control and evaluation of conformity, European committeefor 291 
standardization, 2005-2014. 292 
 293 
[7] The Venice Charter, International Charter for the conservation and restoration of monuments and 294 
sites, IInd International Congress of Architects and Technicians of Historic 295 
Monuments, Venice, 1964. http://www.icomos.org/charters/venice_e.pdf (last accesed 16 November 296 
2017). 297 
 298 
[8] Nara Document, Nara Conference on Authenticity in Relation to the World Heritage 299 
Convention, Nara, 1994. http://www.icomos.org/charters/nara-e.pdf, (last accesed 16 November 2017). 300 
 301 
[9] E. Doehne, C.A. Price, Stone Conservation: An Overview of Current Research, second ed., Getty 302 
Publications, Los Angeles, 2010. 303 
 304 
[10] F. Sandrolini, E. Franzoni, B. Pigino, Ethyl silicate for surface treatment of concrete – Part I: 305 
Pozzolanic effect of ethyl silicate, Cem. Concr. Compos. 34 (2012) 306–312. 306 
 307 
[11] G. Wheeler, J. Méndez-Vivar, E.S. Goins, S.A. Fleming, C.J. Brinker,  Evaluation of 308 
alkoxysilane coupling agents in the consolidation of limestone, in:  V. Fassina (Ed.), 9th International 309 
Congress on Deterioration and Conservation of Stone, Venice, 19-24 June 2000, Elsevier, Amsterdam, pp 310 
541-545. 311 
 312 



[12] M.J. Mosquera, D.M. de los Santos, A. Montes , L. Valdez-Castro, New Nanomaterials for 313 
Consolidating Stone, Langmuir 24 (2008) 2772–2778. 314 
 315 
[13] Y. Liu, J. Liu, Synthesis of TEOS/PDMS-OH/CTAB composite coating material as a new 316 
stone consolidant formulation, Constr. Build. Mater.122 (2016) 90–94. 317 
 318 
[14] C. Miliani, M.L. Velo-Simpson, G.W. Scherer, Particle-modified consolidants: a study on the effect 319 
of particles on sol–gel properties and consolidation effectiveness, J. Cult. Herit. 8 (2007) 1-6.  320 
 321 
[15] F. Xu, D. Li, Q. Zhang, H. Zhang, J. Xu, Effects of addition of colloidal silica particles on TEOS-322 
based stone protection using n-octylamine as a catalyst, Prog. Org.Coat. 75 (2012) 429-434.   323 
     324 
[16] A. Peterová, S.G. Mayo, J. Polonský, V. Knotek, P. Kotlík, Influence of different nanoparticles in 325 
stone silicon-based consolidant, Key Eng. Mater. 714 (2016) 90-94.  326 
 327 
[17] E.K. Kim, J. Won, J-Y. Do, S.D. Kim, Y.S. Kang, Effects of silica nanoparticle and GPTMS addition 328 
on TEOS-based stone consolidants, J. Cult. Herit. 10 (2009) 214-221. 329 
 330 
[18] B. Pigino, A. Leemann, E. Franzoni, P. Lura, Ethyl silicate for surface treatment of concrete - Part II: 331 
Characteristics and performance, Cem. Concr. Compos. 34 (2012) 313-321. 332 
 333 
[19] E. Franzoni, B. Pigino, A. Leemann, P. Lura, Use of TEOS for fired-clay bricks consolidation, Mater. 334 
Struct. 47 (2014) 1175-1184. 335 
 336 
[20] A.M. Barberena-Fernández, P.M. Carmona-Quiroga, M.T. Blanco-Varela, Interaction of TEOS with 337 
cementitious materials: Chemical and physical effects, Cem. Concr. Compos. 55 (2015) 145-152. 338 
 339 
[21] Y. Cai, P. Hou, C. Duan, R. Zhang, Z. Zhou, X. Cheng, S. Shah, The use of tetraethyl orthosilicate 340 
silane (TEOS) for surface-treatment of hardened cement-based materials: A comparison study with normal 341 
treatment agents, Constr. Build. Mater. 117 (2016) 144-151. 342 
 343 
[22] P. Hou, X. Cheng,	 J. Qian, S.P. Shah, Effects and mechanisms of surface treatment of hardened 344 
cement-based materials with colloidal nanoSiO2 and its precursor, Constr. Build. Mater. 53 (2014) 66-73. 345 
 346 
 347 
[23] P. Hou, R. Zhang, Y. Cai, X. Cheng, S.P. Shah, In situ Ca(OH)2 consumption of TEOS on the surface 348 
of hardened cement-based materials and its improving effects on the Ca-leaching and sulfate-attack 349 
resistivity, Constr. Build. Mater. 113 (2016) 890-896. 350 
 351 
[24] X. Pan, Z. Shi, C. Shi, T-C Ling, N. Li, A review on surface treatment for concrete – Part 2: 352 
Performance, Constr. Build. Mater. 133 (2017) 81-90. 353 
 354 
[25] A.M. Barberena-Fernández, M.S. Andrés-Moya, P.M. Carmona-Quiroga, M.T. Blanco-Varela, 355 
Nanosilica and nanolime on the conservation of mortars and concretes of our heritage, in: M.A. Rogerio-356 
Candelera (Ed.), Science, Technology and Cultural Heritage - Proceedings of the 2nd International 357 
Congress on Science and Technology for the Conservation of Cultural Heritage, Seville, 24-27 June 2014, 358 
Taylor & Francis, London, 2014, pp. 127-132. 359 
 360 
[26]  P. Hou, X. Cheng, J. Qian, R. Zhang, W. Cao, S.P. Shah, Characteristics of surface-treatment of nano-361 
SiO2 on the transport properties of hardened cement pastes with different water-to-cement ratios, Cem. 362 
Concr. Compos. 55 (2015) 26-33. 363 
 364 
[27] M, Sánchez, M.C. Alonso, R. González, Preliminary attempt of hardened mortar sealing by colloidal 365 
nanosilica migration, Constr. Build. Mater. 66 (2014) 306-312. 366 
 367 
[28] P. Hou, J. Qian, X. Cheng, S.P. Shah, Effects of the pozzolanic reactivity of nanoSiO2on cement-368 
based materials, Cement and Concrete Composites 55 (2015) 250-258. 369 
 370 



[29] C. Rodriguez-Navarro, E. Ruiz-Agudo, Nanolimes: from synthesis to application, Pure Appl. Chem. 371 
90 (2018) 523-550. 372 
 373 
[30] G. Li, J. Yue, C. Guo, Y. Ji, Influences of modified nanoparticles on hydrophobicity of concrete with 374 
organic film coating, Constr. Build. Mater. 169 (2018) 1-7. 375 
 376 
[31] P. Hou, R. Li, H. Li, N. Xie, X. Cheng, L.P. Singh, The use of hydrophobicity and pozzolanic reactivity 377 
of the PMHS/nanosilica hybrid composites on the water absorption of cement mortar, J. Therm. Anal. 378 
Calorim. (2018) article in press. 379 
 380 
[32] J.I. Tobón, O. Mendoza, O.J. Restrepo, L. Soriano, J. Monzó, J. Payá, Evaluation of pozzolanic activity 381 
of nanosilica in lime pastes at early age, in: C. Shi, Y. Yao (Eds.),14th International Congress on the 382 
Chemistry of Cement, ICCC, Beijing: 13-16 October, 2015. 383 
 384 
[33] RILEM Commission 25-PEM Protection et Érosion des Monuments,  Test no. II. 385 
2. Coefficient of water conductivity (D), Matér. Construct.13 (1980) 196-199. 386 
 387 
[34] RILEM Commission 25-PEM Protection et Érosion des Monuments. Test no. II. 388 
4. Water absorption under low pressure (pipe method). Matér Construct. 13 (1980) 201-205. 389 
 390 
[35] UNE-EN 196-1:2005, Methods of testing cement - Part 1: Determination of strength, European 391 
committeefor standardization, 2005 392 
 393 
[36] UNE-EN ISO 12680-1: 2007, Methods of test for refractory products - Part 1: Determination of 394 
dynamic Young's modulus (MOE) by impulse excitation of vibration (ISO 12680-1:2005), European 395 
committeefor standardization, 2007. 396 
 397 
[37] ISO 11664-4:2008(E)/CIE S014-4/E:2007, Colorimetry Part 4: CIE 1976 L*a*b* Colour Space, 398 
Commission Internationale de l’eclairage; Vienna, Austria, 2007. 399 
 400 
[38] K.K. Aligizaki, Pore Structure of Cement-BasedMaterials: Testing, Interpretation and 401 
Requirements, first ed., Abingdon, Taylor & Francis, 2006. 402 
 403 
[39] P. Maravelaki-Kalaitzaki, N.Kallithrakas-Kontos, Z. Agioutantis, S Maurigiannakis, D. Korakaki, 404 
Evaluation of silicon-based strengthening agents on porous limestones, Prog. Org.Coat. 57 (2006) 140-148. 405 
 406 
[40] E. Franzoni, B. Pigino, C. Pistolesi, Ethyl silicate for surface protection of concrete: Performance in 407 
comparison with other inorganic surface treatments, Cem. Concr. Compos. 44 (2013) 69-76. 408 
 409 
[41] De Witte, E., De Clercq, H., Van Hees, R.P.J., Koek, J., Binda, L. Baronio, G., Ferrieri, D., 410 
Measurements techniques, in: RP.J. van Hees, (Ed.), Evaluation of the performance of surface treatments 411 
for the conservation of historic brick masonry, Research Report No 7, European Commission, Brussels, 412 
1998, pp. 69-88. 413 
 414 
[42] S.O. Nwaubani, J. Dumbelton, A practical approach to in-situ evaluation of surface-treated structures, 415 
Constr. Build. Mater. 15 (2001) 199-212. 416 
 417 
[43] L. Pinho, F. Elhaddad, D.S. Facio, M.J. Mosquera, A novel TiO2–SiO2 nanocomposite converts a 418 
very friable stone into a self-cleaning building material, Appl. Surf. Sci. 275 (2013) 389-396. 419 
 420 
[44] O. García, K. Malaga, Definition of the procedure to determine the suitability and durability of an anti-421 
graffiti product for application on cultural heritage porous materials, J. Cult. Herit. 13 (2012) 77-82.  422 
 423 
[45] EN 197-1:2011, Cement - Part 1: Composition, specifications and conformity criteria for common 424 
cements, European committeefor standardization, 2011. 425 
 426 
[46] H.R. Sasse, R. Snethlage, The methods for the evaluation of stone conservation treatments, in: N. Baer, 427 
R. Snethlage (Eds.), Saving our cultural heritage: the conservation of historic stone structures, report of the 428 
Dahlem Workshop, John Wiley & Sons, Berlín, 1997, pp. 223-243. 429 



 430 

Fig. 1. Pore size distribution (vol.%) in untreated (UT) and, ethyl TEOS-treated and TEOS+NC (left) and 431 

TEOS+NS (right) -treated mortars. 432 
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 453 

Fig. 2. BSEM micrograph and Ca and Si mapping in nanosilica-coated mortar. 454 
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 481 

Fig. 3. Low pressure water absorption through Karsten tubes in treated and untreated specimens. 482 
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Fig. 4. Pre- and post-treatment compressive and flexural strength in cement mortar. 506 
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Fig. 5. Linear correlation between compressive strength and entrained air pore volume in untreated and 544 

consolidant-treated mortar. 545 
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 561 

Fig. 6. Young’s modulus in pre- and post-treated cement mortar specimens. 562 
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 570 
 571 
Table 1. XRF-based chemical analysis for cement CEM I 42.5N/SR. 572 

 573 

(%) SiO2 Al2O3 Fe2O3 MnO MgO CaO SO3 K2O TiO2 LI* 

Cement 19.01 4.06 4.73 0.03 1.64 62.4 3.19 0.66 0.23 3.02 

 574 

LI*: loss on ignition at 1000 ºC 575 

 576 
 577 
 578 
 579 
 580 
 581 

 582 

Table 2. Main physical-chemical characteristics of treatment products (manufacturers´ 583 

information). 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

* Presently registered as MASTERROC® MS 685 602 

** [32] 603 

 604 

 605 

 606 

 ESTEL1000® 

(CTS) 

 

NANORESTORE

® (CTS) 

 

MEYCO MS 

685® (BASF)* 

 

Acronym TEOS NC NS 

Composition Tetraethyl 

orthosilicate 

Calcium hydroxide 

nanoparticles 

Silicon dioxide 

nanoparticles 

Solvent White spirit D40 Denaturalised 

isopropyl alcohol 

Water 

Density (g/cm3) 

(20ºC) 

0.97  0.8  1.134 ±0.03  

Viscosity (kg/(m s) 0.0049 (20ºC) 0.00275 (25ºC) < 0.03 (20 ºC) 

Active principle wt% 75  0.5 40 

Particle dimensions - < 100 nm 98.7 nm (mean)** 

pH - 7.2 10 ±1 

Liquid characteristics Colourless Opaque white Opaque white 



Table 3. Amount of product consumed by the mortars. 607 
 608 

Treatment 

 

Applied together 
(cm3) 

NS (1st product) 
(cm3) 

TEOS (2nd 
product) (cm3) 

 a b a b a b 

TEOS 0.65 4.5 - - - - 

TEOS + NC (4:1) 0.49 3.37 - - - - 

TEOS + NC (1:4) 0.16 1.12 - - - - 

NS+ TEOS (1:9) - - 0.07 0.5 0.6 4.5 

NS+ TEOS (1:1) - - 0.2 1.5 0.2 1.5 

a= 10x10x60 mm; b= 60x70x10 mm 609 
 610 
 611 

 612 

 613 

 614 

 615 

 616 

Table 4. Total porosity and mean pore size of treated and untreated cement mortars. 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 
 626 

 627 

 628 

 629 

 630 
 631 
 632 
 633 
 634 
 635 
 636 

 Total 

porosity 

(vol. %) 

Mean pore Ø 

(μm) 

Untreated 12.85 0.0769 

TEOS 9.47 0.0558 

TEOS+NC (4:1) 8.80 0.0575 

TEOS+NC (1:4) 11.13 0.0583 

NS+TEOS (1:9) 10.27 0.0934 

NS+TEOS (1:1) 11.14 0.0743 



Table 5. Water vapour conductivity coefficients (d) in untreated and consolidant-treated cement 637 

mortars. 638 

 δ (Kg/m.s.Pa) % Reduction 

Untreated 1.90E-12 - 

TEOS 0.87E-12 54.2  

TEOS+NC (4:1) 0.70E-12 63.1  

TEOS+NC (1:4) 0.77E-12 59.4  

NS+TEOS (1:9) 0.84E-12 55.9  

NS+TEOS (1:1) 0.95E-12 50.0  

 639 

 640 
 641 
 642 
Table 6. Low pressure water absorption in untreated and consolidant-treated cement mortar 643 

specimens. 644 

 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 
 657 
 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 
 666 
 667 
 668 
 669 
 670 
 671 

 Water absorption 

after 60 min 

(kg/m2·h) 

Absorption (cm3) 

from 5 min to 15 min 

Untreated 1.98 0.1 

TEOS+NC (4:1) 0.35 0.03 

TEOS+NC (1:4) 0.75 0.08 

NS +TEOS (1:9) 0.33 0.02 

NS+TEOS (1:1) 0.42 0.04 



Table 7. Variations in lightness (L*), chromatic coordinates a* and b*, total colour (ΔE*) and 673 

gloss (ΔG). 674 

 675 

 L* a* b*  G 

Untreated 73.75 0.40 5.65 - 0.17 

 ΔL* Δ a* Δ b* ΔE* ΔG 

TEOS -4.87 0.10 1.13 5.03+1.01 0.13+0.05 

TEOS+NC (4:1) -3.14 -0.34 0.22 3.35+0.20 0.23+0.1 

TEOS+NC (1:4) 0.82 -0.07 -2.03 2.32+1.03 0.08+0 

NS+TEOS (1:9) -10.38 0.20 1.57 10.50+0.29 2.48+0.35 

NS+TEOS (1:1) -0.26 -0.04 -1.31 3.07+0.16 3.93+0.8 


