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ABSTRACT 21 

Soluble salts are considered one of the main agents in weathering of porous materials 22 

used in building constructions. In this work, a comparison in terms of protection against 23 

the damage caused by salts, durability and harmful effects of the application of a joint 24 

lime repair mortar, with and without K4Fe(CN)6 in its composition, for bonding 25 

sandstone blocks contaminated with NaCl was evaluated. Results show that the 26 

introduction of ferrocyanide allowed: 1) to protect the mortar during the curing process, 27 

hindering the entry of salts into its pores during drying; 2) to improve the carbonation of 28 

the mortar and its adhesion to the porous materials´ surface and 3) to remove chlorides 29 

from the surrounding materials, reaching percentages of reduction close to 100%. All of 30 

these without causing aesthetic damage to the materials and maintaining a protective 31 

capacity against NaCl over time that allows considering this treatment not only as a 32 

shock treatment but also as a preventive measure. 33 

 34 

KEYWORDS: preventive treatment, salt damage, crystallization modifiers, lime 35 

mortar, ferrocyanide. 36 

 37 

1. Introduction 38 

Built cultural heritage, and also modern structures, is continuously exposed to several 39 

alteration factors, both natural and anthropogenic, that makes in some cases its 40 

preservation at serious risk. Among these alteration factors, soluble salts induced decay 41 

is a major issue of interest within the field of heritage conservation since is one of the 42 

most widespread cause of damage [1–5].  43 

Damage caused by this agent depends on the zone of the material where they crystallize: 44 

1) On its surface, as efflorescence, the damage is merely aesthetic, since they do not 45 
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exert any pressure against the pore’s wall. 2) Beneath the material surface, as sub- and 46 

crypto-efflorescence, severe damage may occur since salts can cause internal pressures, 47 

due to crystallization, hydration and thermal expansion processes against the pore’s 48 

walls that can exceed the tensile strength of the material. In consequence, the loss of 49 

part of the material in the form of blistering, scaling (flaking and spalling), 50 

alveolization, crumbling and granular disintegration (powdering and sanding) 51 

(terminology according to [6]) can be produced. This loss of material can put at risk 52 

both the historic-artistic value of the affected monument and in extreme cases structural 53 

problems, which can endanger the stability of the infrastructure and therefore the safety 54 

of the people that are inside or around the building. 55 

The mobilization and subsequent crystallization of salts, on the surface or within a 56 

porous material, is conditioned, among others factors such as pore structure of the 57 

material, microclimatic variations and nature of salts, by the following ones: movement 58 

of the moisture flow towards the evaporation surface and also by the continuity of this 59 

flow inside the material. This continuity depends on the balance between the drying rate 60 

of the material, through the evaporation surface, and the water absorption rate by 61 

capillary suction [3,7–11]. As long as the continuity in the moisture flow is not lost, the 62 

moisture tends to move towards the evaporation surface by advection processes [8]. The 63 

direction and sense of these advective processes in monuments where there are different 64 

types of construction materials occur towards those materials with the greatest pore 65 

volume in the capillary pore range (0.1-100 µm [12]) and within this range, a greater 66 

pore volume with a small access diameter. This explains why generally in joint mortars 67 

a greater accumulation of salts than in adjacent masonry blocks (either ornamental rocks 68 

or bricks) occurs. 69 
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Due to this frequent accumulation of salts, decay of mortar is higher than the blocks it 70 

bonds, and therefore the mortar is one of the most renewed material in historic 71 

masonries [13,14]. Cultural heritage conservation field has investigated the use of 72 

different repair mortars, to recover the integrity and continuity of the façade reducing 73 

the voids and discontinuities of its surface, and in consequence, hindering the entry of 74 

external agents that can promote weathering processes.  75 

Currently and due to the difficulty - sometimes impossibility - of acting on the source of 76 

salts, one of the most used strategy to mitigate the damage caused by them consists on 77 

reducing its content within the affected material by the application of different 78 

desalination techniques, such as: immersion baths [15,16] (only valid for small 79 

elements), application of sacrificial mortars and poultices [17–20] (not suitable for 80 

historic or artistic finishing), electrokinetic techniques [21–25] and the use of 81 

crystallization modifiers [26–28]. Most of these desalination techniques can be 82 

considered as shock treatments, i.e., treatments that during their application reduce the 83 

ion content in the material, although once the treatment is finished its effect disappears, 84 

and the re-entry of the salts can take place again. For this reason, there is a current 85 

mainstream in conservation science about the development and application of 86 

preventive techniques [29,30]. 87 

With the aim of improving the protection of construction materials against the action of 88 

soluble salts, especially for built cultural heritage, this study proposes assessing under 89 

laboratory conditions the suitability and efficacy of applying repair joint mortars with 90 

added modifiers for bonding building materials subjected to salt crystallization 91 

processes (similar conditions to those that exist on site), in order to: 1) protect the 92 

mortar during the process of curing, hindering the damage caused by salts that may 93 

come from the adjacent stone ashlars, 2) favor the entry of the modifier compound into 94 
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the weathered surrounded stones in order to remove the salts in the form of 95 

efflorescence, and 3) obtain a lasting protective method against salts (specially NaCl) 96 

over time. By this way, during the wetting periods of the monument, the releasing of the 97 

modifier contained in the mortars can protect both the mortar and the surrounded 98 

materials (stone ashlars or bricks).  99 

Recent studies have shown 1) that the use of modifiers can limit or reduce the harmful 100 

effects caused by soluble salts, due to:  101 

a) the thermodynamic effect: the modifiers prevent or slow down the salt crystallization, 102 

allowing to keep a high concentration inside the pores [31–33]. In consequence, salts 103 

remain for a longer time dissolved and can be moved, with the favorable conditions for 104 

it, towards the evaporation surface, where they will crystallize in the form of 105 

efflorescence rather than subflorescence [34,35].  106 

b) the kinetic effect: the modifiers change the crystal habit, both on the surface and 107 

inside the stone, by causing precipitation under conditions other than equilibrium 108 

[33,34,36,37].  109 

2) the parameters that have influence on their effectiveness, such as: the modifier 110 

concentration [33–36], the pore system of the material (especially pore connectivity) 111 

[27,33,34,38], environmental conditions [32,33,36,39], the nature and the complexity of 112 

the salts present in the material since for each type of salt there is usually a specific type 113 

of inhibitor, for example: urea, cadmium chloride and ferrocyanides for sodium 114 

chloride; borax, phosphonates, sodium dodecyl sulfate for sodium sulphate 115 

[26,27,32,33,40], and the application method [27]. In addition, the presence of several 116 

salts in the medium, even those with the same anion, reduces the effectiveness of the 117 

inhibitor in increasing the saturation concentration of those salts that would be 118 

susceptible to the inhibitor action [11]. 119 
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However, to the authors' knowledge, no specific study focused on analyzing the 120 

effectiveness of these compounds on complex structures was found, i.e. ashlars or 121 

bricks bonded by a mortar to shape a masonry, nor studies that assess the suitability of 122 

adding these compounds to repairing mortars to achieve an effective and lasting 123 

protective method against soluble salts for the entire masonry and structure. The aim of 124 

this study is analyzing those issues by the comparison in terms of salt extraction ability, 125 

durability and harmful effects of the application of a joint lime repair mortar to bond 126 

sandstone blocks contaminated with NaCl, with and without the addition of a 127 

ferrocyanide-based compound (potassium ferrocyanide) as modifier in its composition, 128 

which is in direct contact with a source of water with different anions in its composition 129 

(chlorides, nitrates, and sulfates). 130 

 131 

2. Materials and methods 132 

2.1. Stone material: sandstone 133 

Spain is the seventh largest producer of natural stone in the world after China, India, 134 

Turkey, Iran, Italy and Brazil, being the sandstone extracted in the province of Burgos 135 

the 7% of the Spanish natural production [41].  136 

An ashlar of sandstone, namely Dorada Urbion, quarried in Vilviestre del Pinar 137 

(Burgos-Spain, Latitude: 41.951024° N and Longitude: 3.078283° W) was used for this 138 

study. This sandstone has been widely used in historic and modern constructions and 139 

has characteristics that make it sensible to salt induced decay. 140 

Thirty four cubic specimens were obtained from the ashlar: 10 of 5 cm side and 24 of 6 141 

cm side. 142 

The main sandstone’s properties were determined using the 5 cm side-cubic specimens, 143 

following several European standards and procedures established in previous 144 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 

 

researches: water accessible porosity according to [42], capillary porosity and capillary 145 

water absorption coefficient following [43,44] respectively. Mercury accessible porosity 146 

and pore size distribution were determined, in duplicate, using a Micromeritics 147 

Autopore IV9500 porosimeter and fragments of 1 cm3. This porosimeter works with 148 

two ranges of working pressure: one of low pressure between 14-200 kPa and another 149 

one of high pressure between 0.20-225 MPa, thus allowing the measurement of pores 150 

with an access diameter between 360 µm and 3.8 nm. 151 

The 24 cubic specimens of 6 cm side were used to evaluate the salt extraction ability 152 

with the joint mortar. Prior to applying the mortar to bond the stone specimens, these 153 

were weighed and contaminated with a solution of 20 wt% NaCl. This salt was selected 154 

for being one of the most common salts found in porous building materials and 155 

responsible very frequently for the decay of built cultural heritage [2,45]. The 156 

contamination process, similar to the one used in [46,47], consisted of 5 cycles, each of 157 

them of a duration of 4 days: 2 days of capillary absorption, during which the 158 

evaporation and subsequent accumulation of salts took place via the lateral and upper 159 

faces of the specimens, followed by a drying process of 2 days at laboratory conditions 160 

(24±2 ºC and 32±4% RH), during which the salts that are still dissolved are distributed 161 

inside the material mainly by advective processes during the evaporation of the solution 162 

but also by diffusion processes. The specimens were turned over every cycle to achieve 163 

a distribution as homogeneous as possible, by placing the opposite face (top face) in 164 

contact with the solution. In this way, as shown in previous works and as it could be 165 

observed in the specimens at the end of the contamination process, there was not any 166 

surface that presents a greater accumulation of saline efflorescence. At the end of the 167 

contamination cycles, all the samples were dried in an oven (45ºC) until constant mass 168 

and weighed again in order to know the weight gain due to the penetration of salts. 169 
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 170 

2.2. Mortar 171 

Lime-based mortar was selected due to its higher compatibility than cement-based 172 

mortar, in terms of mechanical properties [48,49] and source of soluble salts [50,51], 173 

with the typical building materials used in monuments (ornamental rocks and bricks). 174 

Mortar was elaborated by mixing four-year matured lime putty from PROEISCON Ltd. 175 

(74% Ca(OH)2 and 89 wt% of water content) with standard silicic (90%) sand from 176 

CEN Normsand EN 196-1, ranging its grain size from 0.063 to 2 mm, in a volume ratio 177 

1:3, before the incorporation of ultrapure water. This type of water was used in order to 178 

avoid introducing salts into the mortar mixture. 179 

Part of the elaborated mortar was kept without any addition, as a reference (onwards 180 

MR), and in the other part of the mortar a modifier was added (onwards MM). In this 181 

case a 1.23 wt% of potassium ferrocyanide (potassium hexa-cyanoferrate (II) trihydrate 182 

from Sigma-Aldrich, K4Fe(CN)6∙3H2O) with respect to the binder was added. 183 

Ferrocyanide was selected because it is the modifier that provides the highest 184 

supersaturation for NaCl nucleation [33,52]. Previous studies have shown that alkaline 185 

ferrocyanides allow: 1) to inhibit the crystallization process by delaying the onset of 186 

NaCl nucleation, both in mortars [36,37,53,54] and in other porous building materials 187 

(limestone [35,55], granite [27,34], sandstone [38] and bricks [32]), 2) to increase the 188 

concentration of NaCl leading to the solution supersaturation, and 3) to modify NaCl 189 

crystallization habit from cubic to a dendritic one with low adherence to the surface of 190 

the material [27,31,32,34,36,55].  191 

The amount of ultrapure water added to the mortar was 15.10 wt% (in MR) and 15.59 192 

wt% (in MM) with respect the mix lime putty and aggregates. This amount was 193 

considered enough to achieve an adequate workability and consistency according to the 194 
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slump test [56]. The greater water content added to MM than MR was related to the 195 

highest concentration of ions in the mortar composition and the necessity to reduce the 196 

viscosity in order to achieve a similar workability. 197 

The main physical properties of both mortars (MR and MM) were determined following 198 

the same procedures as those used to characterize the sandstone: water and mercury 199 

accessible porosity [42], capillary porosity [43], capillary water absorption coefficient 200 

[44] and pore size distribution. For this purpose, 8 mortar cubes of 4 cm side, demolded 201 

after two days and cured under laboratory conditions (24±2 ºC, 32±4 %RH and 678±53 202 

ppm CO2) during 28 days, were used per kind of mortar (MR and MM), as well as cubic 203 

mortar fragments of 1 cm side, extracted both from the mortar cubes and from the joint 204 

mortars applied to bond the sandstone samples, were used to analyze, in duplicate, the 205 

pore size distribution. 206 

 207 

2.3. Experimental setup 208 

Couples of 6 cm side stone specimens contaminated with a solution of 20 wt% NaCl 209 

were bonded by a 2 cm thick layer of lime mortar to set up the assembly (Fig. 1a), 6 210 

couples without modifier (onwards S-MR-S) and 6 couples with modifier (onwards S-211 

MM-S). For this purpose, the stone surfaces were pre-wetted before the application of 3 212 

cm of mortar. After that, a light pressure was applied to achieve a good adhesion 213 

reducing the thickness of the mortar in 1 cm. Finally, the protruded mortar from the 214 

surface of the sandstone blocks was removed. The term S-M-S will be used onwards to 215 

refer to both assemblies. 216 

Each of the twelve S-M-S assemblies were left curing under laboratory conditions 217 

(24±2 ºC, 32±4 %RH and 678±53 ppm CO2) during 28 days, which was considered 218 

enough to achieve a sufficient setting to be able to carry out the experiments. Every 5 219 
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days all the assemblies were weighed. During this curing process, the S-M-S assemblies 220 

were placed with the mortar joint horizontally to favor the bonding between both stone 221 

specimens (see Fig. 1a). 222 

The efflorescence formed on the surface of the assemblies after the 28 days of curing 223 

was collected by brush or scalpel, depending on the case, and weighed. After that, four 224 

S-M-S (2 of S-MR-S and 2 of S-MM-S assemblies) were used to analyze the initial 225 

distribution of chloride in the bulk of both stones and mortars. For this purpose, each of 226 

the sandstone specimens was divided by hammer and chisel into 8 equal parts, and the 227 

joint mortar layer samples into two parts (see Fig. 1). Each of these parts was weighed 228 

and powdered. From each of the sandstone and mortar powder obtained, two samples of 229 

0.15 g were taken and stirred by ultrasound waves in 15 mL of ultrapure water during 230 

45 min. After filtration through 0.45 μm opening mesh sieve, the chloride content was 231 

analyzed by high resolution chromatography - IC - (Metrohm 761 Compact IC). With 232 

the data gathered by IC and making an average between the chloride content present in 233 

the rock parts that are at the same height (for example: average between the parts 1 and 234 

2), the distribution of chloride throughout the assembly was determined, in 2D, using a 235 

mathematical software (Surfer 8.0) and using kriging process as statistical interpolation 236 

method. 237 

The other eight S-M-S (4 of S-MR-S and 4 of S-MM-S assemblies) were used to 238 

analyze the effectiveness of the mortar as a protective method against the crystallization 239 

of salts as subflorescence. For this purpose, the S-M-S assemblies were dried to 240 

constant weight and after that were placed, with the mortar joint in a vertical 241 

arrangement, in plastic containers of 1.5 L capacity (Fig. 1b). Inside each container 242 

there are two supports on which the assemblies were placed. The volume of each 243 

container from its base to the top of the supports is 1 L, so only 0.5 L can be absorbed 244 
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by the assembly during the wetting process by capillarity. Once the assembly was 245 

placed in the container (onwards system: S-M-S + C) its weight was again recorded, 246 

both before and after pouring 1.5 L of tap water into the container, which composition 247 

is, in mg/L: Cl- 11.757, SO4
2- 8.378 and NO3- 1.038. The system was then sealed, on the 248 

water surface, with adhesive plastic film to force the evaporation only through the S-M-249 

S assembly, recording its weight once more (starting point of the test). This procedure 250 

to measure the evaporation rate of solutions through the stony materials is similar to that 251 

used in previous studies [34,35]. 252 

This test, made under the same laboratory conditions as stated before, simulates the 253 

penetration of water by capillarity into the building materials that constitute a wall, 254 

either through the ground or through other previously saturated materials, while 255 

evaporation takes place on its surface. 256 

 257 

INSERT FIGURE 1  258 

 259 

2.4. Assessment of the protective effectiveness, durability and harmful effects of 260 

the method during a wetting phase 261 

In order to assess how the addition of modifiers in the mortar composition allow to 262 

force the migration of salts presents within the surrounding stones and increase the salt 263 

crystallization resistance of the mortar, the following determinations were performed: 264 

- Water evaporation rate during the wetting phase. Each system (S-M-S + C) was 265 

weighed daily until the evaporation of the 0.5 L of water or until constant weight was 266 

reached. Besides, a photographic record was obtained to visualize the damage of both 267 

mortars and stone, and to get the distribution and morphology of the efflorescence on 268 

the surfaces. 269 
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- At the end of the wetting phase, before removing each assembly S-M-S from the 270 

containers, all the formed efflorescence was collected from the surface by brush or 271 

scalpel and weighed. These measurements, together with the comparison between the S-272 

M-S dry weight before and after the wetting process, allowed assessing the ratio 273 

between efflorescence and subflorescence (Eqs. from 1 to 4). 274 

Subflorescence (g) = S-M-S initial dry weight – S-M-S final dry weight   [Eq. 1] 275 

Total salt content (g) = Efflorescence + Subflorescence   [Eq. 2] 276 

Efflorescence (%) = 100 ∙ Efflorescence (g) / Total salt content (g)  [Eq. 3] 277 

Subflorescence (%) = 100 ∙ Subflorescence (g) / Total salt content (g)  [Eq. 4] 278 

This ratio was also determined, as a verification method, by comparing the weight of 279 

the efflorescence collected with respect to the subflorescence that remained in the entire 280 

assembly calculated from the IC measurements. 281 

- The ability to force the salt migration was evaluated at different times of the wetting 282 

phase, establishing as the starting point of each assembly the initial distribution of the 283 

existing salts in their respective assembly (S-MR-S and S-MM-S). The first wetting step 284 

was stopped after two weeks (2 S-M-S per assembly), while the second wetting step 285 

(another 2 S-M-S per assembly) were extended for 11 days long. In both cases, these 286 

time intervals were determined by the evaporation of the 0.5L of water. The final 287 

content and distribution of the salts in each of the assemblies was determined following 288 

the analytical procedure described above in section 2.3. 289 

At the end of each test, the height of the water remaining inside the container was 290 

determined, as well as its volume and the chloride content (by IC) that was mobilized 291 

towards the water by diffusion, due to the expected existence of a concentration gradient 292 

between the assembly and the tap water. Stone and mortars fragments were used to 293 

analyze: 1) the morphology of the formed NaCl crystals, both inside and on the 294 
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material’s surface, by Scanning Electron Microscopy using a Jeol JSM-633OF 295 

microscope. Energy dispersive X-ray analysis (EDS) coupled to the microscope, was 296 

used in order to perform elemental analysis of the mortar, before and after the wetting 297 

process. 2) Modifier content that remains in the mortar at different phases of the 298 

treatment by X-ray fluorescence (XRF) using a non-destructive Niton Serie XL3t 299 

equipment from Thermo Scientific. A total of 5 measurements, per phase of treatment 300 

and mortar, were taken in order to increase the accuracy. 301 

For the evaluation of harmful effects associated to the use of this inhibitor in the mortar 302 

composition as a protective technique, the following two parameters were determined: 303 

1) Color changes, both on the mortars’ and stones’ surface, and also the risk of 304 

intervention, since previous studies indicate that the presence of a high concentration of 305 

ferrocyanides in a porous material can trigger color changes that discourage their use 306 

[27,35]. For this purpose, before and after each test (15 days after drying at room 307 

conditions), chromatic parameters of each S-M-S assembly, both the surface of mortars 308 

and sandstone specimens, were measured using a Minolta CM-700d spectrophotometer. 309 

A total of 20 random measurements per sandstone specimen and mortar were recorded. 310 

Color was expressed in the CIEL* a* b* color space. The measurements were taken 311 

including the specular component (SCI mode), spot diameter of 8 mm, illuminant D65 312 

and an observer angle of 10º. Color differences (ΔL*, Δa*, Δb*, ΔC*ab) and total color 313 

difference (ΔE*ab) caused in each material were calculated, taking the initial color as the 314 

reference value.  315 

2) Carbonation degree of both mortars applied between salt laden sandstones, at 316 

different times of the test (after 28 days of curing and at the end of the two wetting 317 

phases). For this purpose, thermogravimetric analysis with simultaneous differential 318 

scanning calorimetry (TG-DSC) were performed using a SDT-Q600-DSC Q-200, in N2 319 
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atmosphere 10ºC/min heating rate. Two dried and grinded mortar samples (10 mg each 320 

one) obtained from the different assemblies tested were used. Also two samples were 321 

obtained from mortar cubes after 28 days of curing. The carbonation degree was 322 

calculated from the relation between portlandite (Ca(OH)2) depletion and calcite 323 

formation (CaCO3) since the initial values were measured on dried lime putty.  324 

3) Integrity of the mortar. This parameter was evaluated macroscopically, analyzing 325 

daily its consistency visually. 326 

 327 

3. Results and discussion 328 

3.1. Sandstone characterization 329 

Dorada Urbion is a subarkose, a medium grained sandstone with uniform texture mainly 330 

composed of quartz (65%) feldspars (30%) and rock fragments (10%), with a 331 

moderately well-sorted sediment [41]. Under a geological point of view, it belongs to 332 

the Urbion geological group, and to the fluvial Weald Facies (Cameros Mountain 333 

Range). It presents a light beige tone with ocher streaks due to the presence in its 334 

composition of iron oxy-hydroxides.  335 

Regarding the main physical properties, related to the porosity properties, of this 336 

sandstone (Table 1), it can be noticed that: 1) this stone has a high accessible porosity to 337 

water, which makes it a rock highly susceptible to salt damage; 2) the difference 338 

between the values of the porosity accessible to water and to mercury (approximately 339 

4%), and that the accessible to water was less than that to mercury, indicates that this 340 

stone has a certain pore volume below a pore size diameter of 0.1 μm, which correspond 341 

to pores not accessible to water, and 3) the difference between water accessible porosity 342 

and capillary porosity (approximately 4%) indicates that part of the sandstone’s pore 343 

volume do not lies within the capillary range between 0.1-100 μm [12]. 344 
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 345 

INSERT TABLE 1 346 

 347 

With respect to the pore size distribution (see Fig. 2), the sandstone shows a tri-modal 348 

pore size distribution: 1) a pore range lower than 0.1 µm (peaking at 0.01 µm), 2) 349 

another range between 0.1-1 µm (peaking at 0.1 µm), 3) and a range of pores between 350 

1-3 µm (peaking at 1 µm). About 57 % of the total pore volume lies within the range 351 

between 0.1-1 µm and the 78% lies within the capillary range between 0.1-100 µm (see 352 

Table 2). Only 20% of the total porosity lies in the nanometer range. 353 

 354 

INSERT FIGURE 2 355 

INSERT TABLE 2 356 

 357 

3.2. Mortars characterization 358 

Table 1 shows the data of the main physical properties, related to porosity, of both 359 

mortars used in this study (MR and MM). 360 

In general, it can be noted that: 1) the accessible porosities, both to water and to 361 

mercury, and capillary porosity of both mortars are higher than for sandstone. This 362 

higher capacity of capillary absorption of both mortars explains why during the wetting 363 

process the water rising occurs preferentially from the mortar, passing later on to the 364 

stone specimens, where the dissolution of salts takes place. During the drying process, 365 

the preferential evaporation front is the mortar itself, producing a return of the water 366 

flow and an accumulation of salts inside it, process similar to the one that governs the 367 

operation of the poultices [58,59]. 2) The fact that accessible porosity to water, in both 368 

mortars, is higher than the mercury accessible porosity indicates that in both mortars, 369 
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but especially in the MM one, there is a certain pore volume with a size diameter higher 370 

than the measuring range of the porosimeter (360 µm). This fact is related with the 371 

range of pores that plays an important role in each porosity: pores accessible to water 372 

are those with an access diameter greater than 0.1 µm, and pores accessible to mercury 373 

are those with an access diameter between 0.00387-360 µm.  374 

Comparatively, the presence of the modifier in the mortar composition causes a slight 375 

increase in the water accessible porosity (an increase which, considering the deviation, 376 

is not statistically significant). However, with respect to the mercury accessible 377 

porosity, the results are opposite, i.e. this parameter is higher in MR than in MM. This 378 

may be related to the existence of a larger pore volume not accessible to water (pores 379 

below 0.1 µm) in MR and also, as mentioned above, with the existence in MM of a 380 

greater pore volume with an access diameter higher than 360 µm in this mortar. 381 

Regarding the pore size distribution and the volume of mercury intruded at different 382 

intervals of pore access diameter (see Fig. 2 and Table 2, respectively), it can be seen 383 

that both mortars have a similar pore size distribution with two main families: one 384 

between 0.1-1 (peaking at 0.2 µm) and another range between 10-100 (peaking at 20 385 

µm). Slight differences can be observed when analyzing the volume intruded by pore 386 

range: MR shows a higher pore volume in the range between 0.1-100 µm, which 387 

explains why the capillary porosity is higher in this mortar than in MM.  388 

 389 

3.3. Water evaporation rate and efflorescence/subflorescence ratio 390 

3.3.1. During curing process 391 

Figure 3 shows the average weight loss rate of water, of each type of assembly, during 392 

the curing process. This weight loss rate was greater and faster when MM was applied 393 

between the sandstone specimens, increasing the difference as the curing process 394 
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progressed. This different behavior between mortars is related to water evaporation and 395 

also to the release of part of the salts present in the S-M-S assemblies. 396 

 397 

INSERT FIGURE 3 398 

 399 

In the S-MR-S assemblies, the water supplied by the mortar penetrated into the 400 

sandstones producing a dissolution and subsequent mobilization of the salts during the 401 

drying process. During this lapse of time the formation of efflorescence on the surface 402 

of any of the stone specimens and on the mortar too, was almost negligible (see pictures 403 

Figure 3), only the slight whitish color observed in some areas indicates the presence of 404 

a few quantities of salts. 405 

In the S-MM-S assemblies the behavior was different. The entry of the moisture front 406 

into the stones, with modifier, allowed dissolving part of the salts (as occurs in the S-407 

MR-S assembly) and moving them towards the evaporation surface, where they 408 

precipitated in the form of efflorescence (approximately 2.65 g to 0.5 cm from the 409 

contact zone sandstone-mortar and a few quantities on the mortar). This is due to: 1) the 410 

potassium ferrocyanide acts as a strong nucleation inhibitor of NaCl, delaying the onset 411 

of crystallization, as occurs in [27,31,33,36]. 2) the presence of ferrocyanide causes 412 

changes on the NaCl crystal morphology, favoring the formation of dendritic 413 

efflorescence, which acts as a porous network that increases the effective surface area 414 

for evaporation (creeping process [31,35,38,55,60]). 415 

As a result, at the end of the curing process it was observed that in sandstone samples 416 

bonded by MM, approximately 25% of the salts crystallized on the surface of the stone 417 

as efflorescence, while in the sandstone samples bonded by MR, 98% of the salts 418 
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continued as subflorescence (see Table 3). This fact leads to less damage risk to the S-419 

MM-S assembly than the S-MR-S due to its lower content of subflorescence. 420 

 421 

INSERT TABLE 3 422 

 423 

3.3.2. During the wetting process 424 

The trend shown during the wetting process was similar to that observed previously 425 

during the 28 days of curing. During the wetting process (see Fig. 4) the weight loss 426 

was greater and faster in the S-MM-S assemblies than in the S-MR-S ones, due to the 427 

action exerted by the ferrocyanide on the nucleation of NaCl and to the change of habit 428 

of crystallization of the chloride on the surface, both aspects favoring the greater 429 

evaporation of the assembly. 430 

 431 

INSERT FIGURE 4 432 

 433 

During the first wetting phase the behavior shown by both assemblies was different: 1) 434 

From the beginning of the wetting process, a release and subsequent chloride 435 

crystallization was observed in all the assemblies (see Figure 5). However, the salt 436 

adhesion and crystallization habit formed on the surface of both materials (stone and 437 

mortar) was different. In the S-MR-S assemblies, NaCl crystallized forming a compact 438 

crust strongly adhered to the stone and mortar surfaces, blocking the superficial pores. 439 

While in the S-MM-S assemblies, NaCl crystallized forming dendritic efflorescence, 440 

slightly adhered to the assembly surface, which did not block the stone and mortar pores 441 

(see Fig.6). This different habit of crystallization has an influence on the evaporation 442 

dynamics of the material and also on its resistance against the damage caused by salts. 443 
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Surface salt crust, as other studies point out [36,38], reduces the evaporation rate of 444 

sandstone favoring the future salt precipitation some millimeters beneath the surface, 445 

i.e. inside the material, which increases the damage caused by salts. On the contrary, 446 

dendritic efflorescence increases the evaporation flux pumping more dissolve salt ions 447 

towards the surface [27,31,34,38].  448 

 449 

INSERT FIGURE 5 450 

 451 

2) After two days of treatment (approximately 3000 min), a fracture, in the S-MR-S 452 

assemblies, caused the loss of adhesion between the mortar and one of the sandstone 453 

specimens. Probably the crystallization pressure exerted by NaCl salts favored this bond 454 

loss between the mortar and substrate. Similar problem to that one usually happens in 455 

monuments where, as stated in [61], the interface between both materials with different 456 

physical, chemical and electrochemical properties is usually a weak zone prone to be 457 

damaged by different alteration mechanisms. This fracture process and subsequent loss 458 

of adhesion did not occur in the S-MM-S assemblies because the salt output, as 459 

dendritic efflorescence, reduced the pressure that they can exert inside the mortar's 460 

pores. 461 

Despite this loss of adhesion, weight was continuously recorded in the S-MR-S 462 

assemblies until the first wetting phase was considered finished in the S-MM-S 463 

assemblies (this moment occurred after 14 days of treatment, when it was observed that 464 

the S-MM-S assemblies absorbed the 0.5 L water with which they were in contact). 465 

During this time it was shown, especially in the S-MM-S assemblies, that their integrity 466 

was not lost, as the wetting front was advancing from the vicinity of the mortar towards 467 
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the corners of the sandstone specimens, favoring the removal of the salts and its 468 

subsequent crystallization on the surface (see Figure 5). 469 

 470 

INSERT FIGURE 6 471 

 472 

During the second wetting phase, the weight loss of water recorded in the S-MM-S 473 

assembly was higher than that recorded in the S-MR-S one, similar result to that 474 

recorded during the first step (see Fig. 4). However, during this step hardly any 475 

efflorescence was generated on the S-MM-S assembly, which could indicate that inside 476 

this assembly there is hardly any chloride. 477 

Consequently, the result recorded during this second step cannot be assigned to the 478 

higher evaporation caused by the dendritic efflorescence. This result seems to be related 479 

to 1) the blockage of the surface pores, both in stones and mortar, and therefore to the 480 

reduction of evaporation capacity of the assembly. The absorption of water of the S-481 

MR-S assembly during the entire wetting process was very low (approximately 0.2 L 482 

per step), due to the fact that the evaporation process was hampered by the surface salt 483 

crust. However, the S-MM-S assembly could absorb, in both wetting phases, the 0.5 L 484 

water with which it was in contact, thanks to the fact that the evaporation capacity of the 485 

assembly was not limited and 2) a probable reduction in the solution-stone contact 486 

angle, as occurs in [26,27], which could improve capillary transport. 487 

Regarding the distribution of the salts (see Table 3), it was observed that in the S-MR-S 488 

assemblies and after the first wetting phase, around 70% of salts formed a hard and 489 

compact surface crust, remaining 30% of the salts as subflorescence. Both percentages 490 

changed after the second wetting phase, an increase in the content of salts that 491 

crystallized at the surface was noted (75% efflorescence and 25% subflorescence). 492 
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During the removal of the salt crust, part of the surface of the sandstone was detached. 493 

There were also signs of alteration by salts at the corners of the sandstone specimens 494 

bonded by MR. 495 

In the S-MM-S assemblies, the difference between the amount of efflorescence with 496 

respect to subflorescence was much higher (99% approximately) than for S-MR-S 497 

assemblies. Furthermore, the distribution of chloride in the sandstone specimens hardly 498 

varied between the two wetting phases, which could indicate that the salt extraction 499 

process after the first wetting phase was already high. In any case, this result indicates 500 

that the use of mortars with potassium ferrocyanide allows reducing the risk of damage 501 

that a material may suffer by the action of sodium chloride. 502 

 503 

3.4. Salt migration  504 

3.4.1. During curing process 505 

Figure 7 shows the chloride distribution (in mg) in the S-M-S assemblies at different 506 

moments of the study (curing phase, and first and second wetting phases). 507 

In general, it can be noticed that the amount and distribution of the salts during the 508 

curing process was different depending on when the sandstone specimens were bonded 509 

by MR or MM. 510 

In the S-MR-S assemblies, a greater concentration of chloride was observed both inside 511 

the mortar (1000 mg) and in the sandstone surface that was in contact with it (800 mg). 512 

This distribution is related to the dissolution of part of the salts during the phase of 513 

penetration of water from the mortar into the sandstone (see Figure 5), and the 514 

subsequent mobilization of the salts towards the mortar by advection, i.e. during the 515 

evaporation phase, due to the greater capillary suction of mortar than sandstone (see 516 

Table 2). 517 
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On the other hand, in the S-MM-S assemblies, 1) a lower concentration of chloride than 518 

in the S-MR-S assemblies was measured, especially inside the mortar and in adjacent 519 

areas of the stone. This is due to the release of part of the salts outwards in the form of 520 

efflorescence, and 2) the mobilization of chloride towards the mortar during the 521 

evaporation of water was lower than for S-MR-S assemblies. This is because the 522 

capillary suction force exerted by the mortar was partially offset by that exerted by the 523 

saline efflorescence formed both on the surrounding sandstone surfaces, and even on the 524 

mortar surface. This efflorescence, as stated in [31,60,62], and as it was observed in 525 

figure 3, allows increasing the evaporation surface of the assembly, and in consequence, 526 

pumping more dissolve salts towards its surface (creeping process [60]). 527 

 528 

INSERT FIGURE 7 529 

 530 

3.4.2. During the wetting process 531 

During the wetting process, in general, the initial ion content was reduced in both 532 

assemblies (see Fig. 7), without a significant increase in the effectiveness of the process 533 

over time, i.e. between the end of the first and the second wetting phases. 534 

However, the following differences between both assemblies were notices: 535 

1) The effectiveness to force the chloride migration towards the surface was higher in S-536 

MM-S than in S-MR-S assemblies. The results of IC analysis in S-MM-S assemblies at 537 

different times of the treatment, as well as the visual control of the assemblies, showed 538 

how the advance of the ferrocyanide during the wetting process allowed to "sweep", by 539 

advection, the chloride content throughout the assembly (see Figure 5), reducing the 540 

chloride content after the first wetting phase to concentrations close to 0 mg. This 541 

reduction was similar to that achieved after the second wetting phase. 542 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



23 

 

In the S-MR-S assemblies the final chloride content, after the first wetting phase, was 543 

very far from that detected in S-MM-S assemblies, around 100 mg in the mortar and 544 

higher in the stone areas further away from the mortar (between 240-300 mg). After the 545 

second wetting phase, the highest accumulation of chloride was observed in the 546 

assemblies’ superficial zones (between 200-380 mg), just in the fringe below the salt 547 

crust that was removed before the analytical process by IC, and the lowest to the 548 

assemblies’ bottom zones that were close to the water (between 20 and 150 mg).  549 

2) The predominant mobilization mechanism of salts was different in each assembly. In 550 

both assemblies salts were mobilized by advection towards their evaporation surfaces, 551 

and by diffusion towards the water present in the container. This last one, was higher in 552 

S-MR-S than in S-MM-S assemblies (between 3.17-4.06 g and 1.39-2.11 g, 553 

respectively), and by advection towards the surface it resulted the opposite, i.e. higher in 554 

S-MM-S assemblies. The reason for this different mobilization is related to a decrease 555 

in the evaporation process due to the formation of the superficial crust that clogs these 556 

pores, promoting an accumulation of chloride beneath the surface, and leaving as a 557 

preferential exit the diffusion of salts towards the humidity source with which the 558 

assembly is in contact. On the contrary, as commented in section 3.3.2, efflorescence 559 

improves the evaporation of the assembly favoring the release of salts by advection. 560 

The high ability to force the migration of chloride outside the sandstone specimens by 561 

using MM allowed to reduce the chloride content to such low levels that the accessible 562 

porosity to mercury of this stone at the end of the test (16.19%) was very close to the 563 

initial one (18.89%), while with the use of MR, the presence of salts caused that the 564 

value of this porosity at the end of the treatment was much lower (12.60%). 565 

 566 

3.5. Salt crystal morphology and modifier content 567 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



24 

 

Figures 8 and 9 show SEM micrographs of MR, MM and sandstone specimens, 568 

respectively, in the contact surface between both materials and also cross section, at the 569 

end of the wetting process. 570 

In general it can be noticed that both inside and on the surface of both materials 571 

(mortars: MR and MM and sandstone specimens), the habit of crystallization was 572 

different depending on the presence or absence of the modifier. This result is consistent 573 

with those obtained in previous studies [34,36,37,55]. 574 

In MR and in sandstone specimens in contact with this mortar, the sodium chloride 575 

crystallized with a cubic shape, typical of the halite, or form a compact salt crust. 576 

However, in the presence of the potassium ferrocyanide a change in the habit of 577 

crystallization of sodium chloride, both inside the MM mortar and in the sandstone, 578 

occurs forming elongated prisms of smaller size or filaments. This reduction in the size 579 

of the crystals, as indicate [38], facilitates the mobilization of the salts through the pores 580 

and reduce the damage caused by the possible crystallization pressures. 581 

 582 

INSERT FIGURES 8 AND 9 583 

 584 

Regarding the modifier content that remains in MM, a decrease was observed between 585 

the curing process and the first wetting phase of the treatment (from a Fe content of 586 

980±80 ppm to 800±70 ppm) during which the highest removal rate of salts was 587 

achieved. However, this content scantily varied when increasing the wetting time (from 588 

800±70 ppm to 820±70 ppm). This indicates that the amount of modifier that remains in 589 

the mortar is sufficient to protect, against chloride crystallization, the adjacent area if 590 

this salt come back inside. This method seems to be not only a shock treatment against 591 

salt damage but can also be considered as a preventive treatment. 592 
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 593 

3.6. Harmful effects: color changes, carbonation degree and integrity 594 

Regarding sandstone specimens, the color changes after the contamination process with 595 

NaCl were mainly caused by changes in the L* coordinate due to the entry of salts (see 596 

Table 4, 1). After the wetting process (2) the changes in luminosity were higher in the 597 

stone specimens in contact with MM, while in the chroma C* in the samples bonded by 598 

the MR. The total global color change (ΔE*ab) recorded after the wetting process in the 599 

intervention carried out using MR exceeded the value of 5, higher than that using MM. 600 

These changes are related to the salt crust that remains on the surface of the rock in the 601 

samples joined by MR and to the whitish color that remained in the samples joined with 602 

MM when the salts come out. 603 

Regarding mortars, the color changes caused by the entry of salts from the stone 604 

specimens during the curing process (1) were qualitatively similar. However, 605 

quantitatively the color changes with MM were caused mainly by changes in the 606 

luminosity L* while with MR, by changes in the chroma C*. 607 

After the wetting process (2) using MR, ΔE* change on the surface of the mortar was 608 

higher than 5, caused mainly by the formation of the salt crust on the mortar surface. 609 

However, by using MM, the high removal rate of salts outside the mortar allowed to 610 

recover its original color.  611 

In any case, no stains were observed on the surface of both materials, as it happened in 612 

other previous studies [27,35], noticing that the use of MM tends to return the original 613 

color of both mortar and stone due to the high salt removal rate. The reason of why no 614 

stains have been observed is related to the leaching rate of the ferrocyanide and to its 615 

very low concentration that will penetrate in the surrounded stones, which will be lower 616 

than that in the mortar. 617 
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 618 

INSERT TABLE 4 619 

 620 

In the TGA-DSC analysis, the used lime putty had 70.9 % weight loss associated to 621 

portlandite dehydration and 16.4% weight loss associated to calcite decomposition.  622 

Regarding mortar carbonation degree, it was observed that 1) After the curing process 623 

(28 days) a higher degree was observed when the inhibitor was added to the mortar, 624 

both in the mortar cubes (MR:28.5% and MM:41.0%) and also when the mortar was 625 

applied between salt-laden sandstones (MR:43.3% and MM:48.5%). This increase 626 

caused by the use of ferrocyanide, after 28 days, was observed also in [53, 54]. This 627 

improvement in the carbonation degree (30% more in cubes and 12% between salt laden 628 

blocks when ferrocyanide was added to the mortar) seems to be related mainly to the 629 

faster drying rate that occurs when inhibitor is used. As stated in [63,64], the faster 630 

drying rate of a material and the lower its water content, the greater the rate of CO2 631 

diffusion coefficient required for carbonation (in air is 1390 10-8 m2s-1 while in water is 632 

104-105 times less). This fact explains also the higher carbonation degree achieved in the 633 

mortars located between sandstone blocks than that achieved in mortar cubes, since the 634 

suction of part of the water by the stones favor the distribution and diffusion of 635 

atmospheric CO2. 636 

Taking into account these data, in which a greater degree of carbonation achieved in 637 

MM mortars was appreciated and also that the greater carbonation degree, the greater 638 

weight increase of the mortar [65], it can be assumed that the difference recorded in the 639 

water evaporation curves between the two mortars is higher than that recorded (see Fig. 640 

3). This fact once again shows the increase in the evaporation capacity of water 641 

produced in the mortar when the ferrocyanide is added.  642 
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At the end of the wetting process (after 25 days more in which the assemblies were 643 

partial immersed in water) the carbonation degree was 40% and 32% in MM and MR, 644 

respectively, i.e. a reduction in the carbonation degree was observed in both mortars, 645 

but this degree continued to be greater in the mortar MM. This reduction in the 646 

carbonation degree could be attributed to the re-precipitation of calcium hydroxide 647 

triggered by the dissolution of possible hydration reaction products and most likely to 648 

the precipitation of less stable calcium carbonates. The highest carbonation degree 649 

reached in the presence of ferrocyanide could be related with the highest open porosity 650 

and permeability of MM mortar (factor that have influence in the carbonation degree 651 

[66]), and also with the amount of salts present in the mortars, which can occlude some 652 

pores and hinder the diffusion of CO2. The saline phases were not clearly detected due 653 

to the probable juxtaposition of the phases in the mortars; however, the re-carbonation 654 

peaks due to the salts presence was obvious in MR after the wetting process. More 655 

information is given in [54]. 656 

 657 

Finally, with respect to the mortar integrity, it was observed that during the whole test 658 

(curing and wetting processes), and after disassembled the SMS assemblies, the MM 659 

mortar showed a good integrity, without signs of rupture or damages, while MR showed 660 

a minor integrity decomposing just by touching it which may be due to: 1) the higher 661 

content of salts inside, which caused de-cohesion between the binder and aggregates, 662 

and detachment, and 2) the lower degree of carbonation reached that may influence in 663 

the mortar strength.  664 

 665 

4. CONCLUSIONS 666 

The main conclusions that are drawn from this study are: 667 
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- Mortars with ferrocyanide are suitable to be used as repairing ones, and also as a 668 

protective technique against salt crystallization when the chloride is the main 669 

anion that contaminates the stone. 670 

- The ferrocyanide protects the mortar during the curing process expelling the 671 

chloride that is nearby and increasing its carbonation degree. 672 

- The ferrocyanide allows reaching a good adhesion between mortar and stones 673 

contaminated with sodium chloride, due to the ability to hinder the entry of this 674 

salt inside the mortar, and also due to the possibility of force their migration 675 

towards the surface of the surrounding stones. 676 

- The use of ferrocyanides promotes the formation of non-destructive chloride 677 

efflorescence rather than destructive subflorescence on the surrounding 678 

materials, decreasing the amount of chloride crystallized inside them. 679 

- A low concentration of modifier is sufficient to protect against chloride 680 

crystallization the adjacent stones for a long period of time without causing 681 

aesthetic changes, both in the stones and in the mortar. 682 

Rarely modern buildings and monuments are contaminated with single salts, for this 683 

reason and as a future research line it would be interesting to study the behavior of some 684 

modifiers against mixed salt systems commonly present in buildings.  685 
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FIGURE CAPTIONS 914 

 915 

Figure 1. Scheme of the assemblies evaluated in this research, with mortars made with 916 

and without modifier, during the curing process (assemblies in vertical position: a) and 917 

during the wetting process (assemblies in horizontal position: b). The division of the 918 

sandstone specimens into 8 equal parts and the mortar into 2 is also shown. 919 

 920 

Figure 2. Pore size distribution (n=2) of the sandstone and the mortar made both with 921 

and without crystallization modifiers. 922 

 923 

Figure 3. Average weight loss rate of water (in %) of each type of assembly (n= 6) 924 

registered during the curing process (28 days). Also, it is shown a photograph of the two 925 

different assemblies, made with the both evaluated mortars, where the exit of salts 926 

during the curing process can be seen. 927 

 928 

Figure 4. Average weight loss rate of water (in %) of each type of assembly registered: 929 

a) during the first wetting phase (n=2) and b) during the second wetting phase (n=2). 930 

 931 

Figure 5. Process of entry and advance of the moisture front during the wetting process 932 

with both mortars: MR (right) and MM (left). The chronological order goes from photo 933 

a to d (a: 2nd day, b: 3rd day, c: 6th day and d: 14th day). The arrows indicate the advance 934 

of the moisture front in the assembly S-MM-S, throughout the test, showing how the 935 

saline efflorescence is going in the same direction. 936 

 937 
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Figure 6. Crystallization habit observed on the surface of the assemblies with inhibitor 938 

(a) and without inhibitor (b). 939 

 940 

Figure 7. Chloride distribution (in mg) throughout the different assemblies carried out: 941 

S-MR-S: graphs on the left and S-MM-S: graphs on the right, at different moments of 942 

the test: after curing process (a) and after the first wetting phase (b) and second wetting 943 

phase (c). The data represented in 2D, in the case of the stones, comes from the average 944 

of four samples taken at the same height (i.e. in the upper area close to the mortar, two 945 

samples taken from the stone part 1 and the other two from the stone part 2); while in 946 

the mortars the data are the average of the two samples taken at the same height. 947 

 948 

Figure 8. SEM micrographs and EDX analyses of mortar specimens without (MR) and 949 

with ferrocyanide in its composition (MM). a) shows the cross section of the MR mortar 950 

where cubic crystals of NaCl are shown. b) shows the cross section of the MM mortar 951 

where elongated prismatic crystals of NaCl are shown. 952 

 953 

Figure 9. SEM micrographs of sandstone samples. a) and b) show the contact surface of 954 

the sandstone with the MR mortar. c) and d) shows the contact surface of the sandstone 955 

with the MM mortar. 956 

 957 
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Table 1. Physical properties of sandstone and mortars, without modifier (MR) and with 

potassium ferrocyanide in their composition (MM). 

 

Property Sandstone MR MM 

Water accessible porosity (% v/v) 14.99±0.45 28.01±0.37 28.50±0.45 

Mercury accessible porosity (% v/v) 18.89 26.73 20.10 

Capillary porosity (% v/v) 10.63±0.46 22.95±0.49 20.15±0.22 

 

 

 

Table 2. Average of the total intruded mercury volume (in mL/g, n=2) and also the total 

intruded volumes for different pore size ranges for the sandstone and mortars without 

modifier (MR) and with potassium ferrocyanide in their composition (MM). 

 

 

Total  

Pore size ranges (µm) 

 <0.1 0.1-1 1-10 10-100 >100  

Sandstone 0.092 0.018 0.052 0.016 0.003 0.002 

MR 0.131 0.014 0.038 0.016 0.057 0.006 

MM 0.114 0.010 0.037 0.015 0.053 0.000 

 

  

Table Click here to access/download;Table;Tables.docx

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.editorialmanager.com/maas/download.aspx?id=248208&guid=f03d8d77-09f3-4709-a7a7-9731a3f512cc&scheme=1
https://www.editorialmanager.com/maas/download.aspx?id=248208&guid=f03d8d77-09f3-4709-a7a7-9731a3f512cc&scheme=1


2 

 

Table 3. Distribution of salts, efflorescences and subflorescences (in g and %), present in 

the sandstone samples joined by mortars, without (MR) and with modifier (MM) in their 

composition, at different moments of the test: after the curing process (1), after the first 

wetting phase (2) and after the second wetting phase (3). 

 

Mortar: MR MM 

Test phase: 1 2 3 1 2 3 

Efflorescence (g) 0.02 7.50 9.50 2.65 19.20 21.70 

Subflorescence (g) 10.24 3.24 3.08 8.13 0.18 0.13 

Efflorescence (%) 1.92 69.80 75.51 24.59 99.08 99.38 

Subflorescence (%) 98.08 30.20 24.49 75.41 0.92 0.62 
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Table 4. Colorimetric differences ΔL*,Δa*,Δb*, ΔC*ab and total color difference ΔE*ab 

on both materials surfaces (mortar and sandstone), due to the entry of NaCl (1: in 

sandstone specimens: initial color vs salinization color; in mortars: initial color vs color 

after curing) and after the wetting process (2: initial color vs final color).  

 

Material Mortar used  ΔL* Δa* Δb* ΔC*ab ΔE*ab 

Sandstone 

MR and MM 1 -16.02 0.91 -2.21 -1.94 16.27 

MR 2 0.12 -0.80 -5.17 -5.23 5.24 

MM 2 1.61 -0.80 -4.35 -4.42 4.81 

Mortar 

MR 

1 -1.37 -0.07 2.39 2.31 2.76 

2 -4.22 0.63 2.95 3.01 5.19 

MM 

1 -2.17 -0.20 0.46 0.41 2.23 

2 0.72 -0.22 -0.11 -0.16 0.76 
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