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Abstract

Two different anionic surfactants, sodium oleate and calcium stearate, commercialized
as water repellents for cement-based mortars, were added to lime-based mortars in order
to check whether they were improved by these admixtures. Different properties of lime-
based mortars were evaluated: fresh state behaviour through water retention, air content
and setting time, hardened state properties such as density, water absorption through
capillarity, water vapour permeability, long-term compressive strengths, pore structure
through mercury intrusion porosimetry, and durability assessed by means of freezing-
thawing cycles. A clear improvement in lime-based mortars was achieved when sodium
oleate was added: strong capillarity reduction and excellent durability in the face of
freezing-thawing processes, without any compressive strength drop. The mechanism for
this improvement was related to air void formation due to the air entraining ability of
these surfactants. Insolubility of calcium stearate turned out to be responsible for fewer

air bubbles - as SEM examination revealed — and showed lower effectiveness.



1. Introduction

Recently, there has been increased scientific interest in lime-based mortars and their
uses. Several drawbacks and incompatibilities related to the use of cement mortars for
Cultural Heritage restoration work have been highlighted: high mechanical strength,
efflorescence phenomena owing to formation of large amounts of soluble salts by
migration of alkaline ions, low water vapour permeability and higher thermal expansion
coefficient than most masonry [1-4]. In view of these shortcomings, lime-based mortars
show greater compatibility with ancient building materials and fulfil the
recommendations of ICCROM [5] about the use of materials similar to the original ones

in repair works.

Many different characteristics of lime-based mortars have been studied: Rodriguez-
Navarro et al. reported the effect of ageing lime putty on Ca(OH), crystal evolution and
its consequences during mortar carbonation [6, 7]. Atzeni et al. and Arandigoyen et al.
conducted research into fresh state properties and pore structure and capillary porosity,
respectively, of lime pastes [8, 9], while rheological behaviour of lime mortars was
discussed by Seabra et al. [1, 10]. Other authors have carried out research on the
carbonation, long-term mechanical behaviour and durability of aerial, dolomitic and

hydraulic lime mortars [11, 12].

However, some problems related to the use of aerial lime-based mortars still remain
such as: 1) long setting and hardening time; ii) relatively low mechanical strength; iii) a
high water absorption capacity through capillarity; iv) major volumetric change as a

result of shrinkage [4]. In order to reduce or even solve these problems, the use of



admixtures might be considered. In the field of cement mortars, the use of admixtures,
substances added in percentages lower than 5% with the purpose of improving certain
mortar properties, has been widely researched [13-16]. In this context, water-retaining
agents, water repellents, air-entraining agents (AEA’s), water reducers or
superplasticizers can be cited. In spite of their widespread use in cement mortars or
concrete, very few studies have focused on the effect of admixtures on aerial lime-based
mortars: Cultrone et al. [17] concluded that carbonation process were not affected by
additives (an AEA and/or a natural pozzolana). They also reported an increase in the
number of macropores when an AEA — a fatty alcohol derived — was added, with a
significant reduction of retraction fissures taking place. Seabra et al. [1] gave details on
fresh state behaviour of aerial lime-based mortars modified with a water-retaining agent,
a plasticizer and an AEA. Fortes-Revilla et al. studied the addition of a superplasticizer
in slaked lime-metakaolin mortars, reporting increased strength and reduced porosity
[18]. Maravelaki-Kalaitzaki [19] reported the behaviour of hydraulic lime mortars
treated with an oligomeric organo-siloxane water repellent applied by brushing on

hardened specimens.

This last kind of admixtures — water repellents, generally added to the fresh mixture —
have been extensively studied in cement based mortars [20, 21], but little is known
about the effect of these additives if they are incorporated into aerial lime-based
mortars. A group of very interesting chemical compounds commercialized as water
repellents for cement mortars is the fatty acid salts (such as sodium oleate, SO, and
calcium stearate, CS). These molecules — anionic surfactants — have also been reported
in the scientific literature on cement mortars like AEAs [22-25], and they can also be

found as additives which improve the processability of gypsum plaster composition



[26], acting as lubricants. SO and CS are characterized by a long non-polar hydrocarbon
chain and a polar group at one end, thus having a bipolar nature. As a consequence, they
may be adsorbed and concentrate at the air-paste interface, usually in the air bubble
surface. This fact causes reinforcement of the air bubbles and avoids coalescence [22-
24]. Atahan and co-workers reported that when they mixed SO solutions with cement or
Ca(OH),, precipitants of calcium oleate were formed (just like soap). This fact
considerably reduced the availability of oleate for air-entraining action. Nevertheless,
precipitant adsorption on the bubbles' surfaces stabilized them, even though hardened
cement pastes treated with SO showed fewer air voids than pastes treated with synthetic

detergents like sodium dodecyl sulfate or sodium dodecyl-benzene sulfonate [22].

Air voids improve the durability of cement-based mortars and concrete, especially by
protecting mortars from freeze-thaw conditions. Moreover, entrained air enhances
workability, leading to a reduction of the water/cement ratio, thus resulting in more

impermeable materials [27].

According to the available information and common practice, these anionic surfactants,
sodium oleate and calcium stearate, are probably all-purpose admixtures, although no
mechanism of action has been proposed for their water-repellent effect. In the present
study, the behaviour of aerial lime-based mortars modified with two different fatty acid
salts — SO and CS - is reported. Fresh state properties, capillarity, mechanical strength
in long-term studies as well as durability tests (freezing-thawing cycles) will allow to

draw conclusions about the improvement of aerial lime-based mortars.

2. Materials



An aerial commercial lime and a pure limestone aggregate were used to prepare the
mortars. The lime (class CL 90-S according to Spanish standard [28]) was supplied by
Calinsa (Navarra). The aggregate was supplied by Caleras de Liskar (grupo
HORPASA). This aggregate was a calcareous one employed in previous research works
conducted on lime-based mortars [2, 29, 49]. Figures 1 and 2 present the mineralogical
composition of the lime and aggregate used (obtained by X-ray diffraction) and their
granulometric distributions, respectively. The selected binder: aggregate ratio (B:Ag)
was 1:1, by volume. This decision was taken according to previous data [2, 29]. Volume
proportions were converted in weight in order to avoid any imprecise measurement
(Table 1). Five different dried mixtures were prepared. One of them was composed only
of lime and aggregate, and was considered as a reference mortar. One only additive was
incorporated in each one of the remaining mortars, in order to check clearly its possible
efficiency, avoiding other variables. For each additive, two different dosages were
proved: 0.06% and 0.5% of the total dried mortar’s weight. The first dosage was
selected because it is one of the most common dosages used in the literature for this
kind of admixture [20, 22, 27]. The second one was chosen because it involves a very
different amount of additive, which is supposed to change the material more
dramatically, and it has been previously used in published research [21, 30]. The
additives used were obtained from a supplier as commercial products: HISA-A 2388 N
(sodium oleate, SO in the current paper) from ADI-center-S.L.U. and ETP-09 (calcium
stearate, CS in this paper) from Mateos S.L. Furthermore, pure sodium oleate and
calcium stearate (Sigma-Aldrich) were used, in order to compare the commercial
additives. Figure 3 shows the IR spectra of additives and pure SO and CS, showing the

total similarity between them.



3. Methods

3.1. Foam index test

The foam index test purposed by Corr [25] and modified by Atahan [22] was used as an
effective method to predict the compatibility between lime and SO and CS,
respectively. Furthermore, during the execution of this test, the behaviour of each one of
the additives in contact with water was also observed. The steps of the test were the

following:

- Two different test tubes were prepared for each water-repelling agent, by dissolving
0.025 g of additive in 50 mL of distilled water.

- 0.2 g of lime was incorporated in one of the two test tubes of each additive.

- The four test tubes were shaken for 15 seconds, and the foam level in each case was
noted down.

- After resting 5 minutes, the foam level was analysed again.

The change in volume between the two measurements was an indication of the foam
stability in each case. The difference between the foam index with and without lime for
each additive was an indication of the compatibility between the binder and this

additive.

The method purposed by Ouyang et al. [27] was followed in order to estimate the
amount of SO and CS that could be adsorbed on the binder surface. In their study, the

adsorption of the admixture on the cement surface led to a better dispersion of the



binder in water and, therefore, better hydration. In the current study, although there is no
hydration reaction, the correct dispersion of lime could be decisive to determine the

final properties of the mortar.

The concentration of the additive in water solution and the remaining concentration
after the lime was added were determined using a UV-vis spectrometer Hewlett-Packard

8452 at a wavelength of 270 nm.

3.2. Mortar preparation

The amount of water was set in order to achieve a mortar slump of 160 + 10 mm after
the flow table test, followed according to the method of UNE-EN 1015.3: 2000. This
method is based on the measurement of the spread of slurry placed into a cone-shaped
mould. When the mould, filled with fresh mortar, is vertically lifted, 15 knocks of the
table take place during 15 seconds, and the slump is determined. This value allowed
good workability, while avoiding an excess of water which would have been damaging

for mechanical strengths [2].

The mixer used was a Proeti ETI 26.0072. Lime, aggregate and additive, if necessary,
were blended for 90 seconds at low speed. Water was then added and mixed for 90
more seconds at low speed. Mortars settled for 10 minutes before being tested, to let the
additive take effect. Straight afterwards, fresh state properties were determined as

described below. Table 1 shows the amount of water of the five different mixtures.

3.3. Rheological properties



For the fresh state, several properties were studied: consistency through the flow table
test, by measuring the slump after the procedure [31]; density ; air content, both data
being recorded using a receptacle of 1 dm’® previously weighted, which, after being
filled with fresh mortar, was weighted again to obtain the density [32]. In a specific
device, the entrained air was removed and replaced by a measurable amount of
introduced water, which allowed to determined the air content [33]; water-retention
capacity, determined by weighting absorbent materials placed on the fresh sample
before and after 5 minutes of contact under pressure [34]; setting time, obtained from a
specific device provided with a bradawl, which pushed the fresh sample until the
strength exerted to introduce it into the sample was larger than 15 N [35]; and evolution
when applied on support, This last test consisted of spreading a 15 mm layer of mortar

on a brick and checking the evolution.

3.4. Hardened mortar properties

At hardened state, analysis of density, water absorption through capillarity [36], water
vapour permeability [37], shrinkage, pore size distribution (by means of mercury
intrusion porosimetry) and microstructure examination (using scanning electron
microscopy with an EDS) were carried out. Furthermore, different test specimens were
prepared in order to study the mechanical strength at different times (from 7 to 365

days). Durability was also studied through freezing-thawing cycles.

3.4.1. Mechanical strengths



Mortars were moulded in prismatic 40x40x160 mm casts and de-moulded 5 days later
[38]. Pastes were compacted in a specific device for 60 seconds (meter la explicacion
del borrador de JI?). Curing was performed in ambient laboratory conditions until the
test day (RH 60 + 10% and 20 + 5°C). A total of fifteen specimens were prepared for
each mixture; hence, 75 specimens were studied. Different curing times were set: 7, 28,
91, 182 and 365 days; 3 specimens of each mortar were tested at each curing time in
order to make results representative. The reported results are an average of all of them.
Compressive strength tests were executed on a Proeti ETI 26.0052, and the rate of

loading was 50 N-s™.

3.4.2. Density and shrinkage

The specimens used for the shrinkage and density at hardened state tests were those
prepared for determining mechanical strength. Before the specimens were broken
during the mechanical test, their length was measured with a gauge and the mass was

set with a balance.

3.4.3. Pore structure and microstructure

Pore size distribution test was performed by using a Micromeritics AutoPore IV 9500
with a range of pressure between 0 and 207 MPa. Pressure, pore diameter and intrusion

volume were automatically registered.
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Finally, microstructure examination through scanning electron microscopy, with a
Digital Scanning Microscopy Philips XL 30CP with EDS/EDAX Phoenix, was

executed on different hardened mortars.

3.4.4. Freezing-thawing cycles

In order to test the efficiency of the water-repelling agents, specimens with the highest
dosage of admixtures were subjected to durability cycles and compared to the reference
group. Only the mortars with high dosage of additive were used, owing to their better

water-absorption capillarity results.

Mortars were prepared as aforementioned in 3.4.1. Curing was executed in ambient
laboratory conditions over 56 days (RH 60 + 10% and 20 + 5°C), and after that, samples
were subjected to several freezing-thawing cycles. They were immersed in water until
complete saturation and then frozen in a freezer at (-10°Cx2°C). A total of ten
specimens were prepared for each mixture; hence, 30 specimens were studied. Different
testing days were set corresponding to 1, 4, 7, 10 and 14 complete cycles. Weight
exchange, qualitative alteration according to a previously proposed criterion [39] and
compressive strengths were studied. Two specimens of each mortar were tested at each
time, and the reported results are an average of the two. Table 2 shows the

characteristics of the set cycles.

4. Results and discussion

4.1. Foam index test
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After each one of the additives was added to the water, it could be noticed that while SO
dissolved perfectly, CS formed a separate layer on the water. This fact can be easily
related to the solubility differences between the admixtures (sodium oleate ca. 10%,
whilst calcium stearate is almost insoluble in water). Without lime in the solution, SO
formed a large amount of stable foam which remained intact after 5 minutes. When lime
was incorporated, the amount of foam was very small, but with high stability. However,
CS did not form any foam, either with lime or without it. Table 3 summarises these

results.

From these results, sodium oleate could be expected to be better spread than calcium
stearate into the mortar volume, thanks to its dissolution in water. CS will tend to form a
separate layer because its solubility is virtually zero. Nevertheless, sodium oleate
showed no compatibility with the lime, because the foam volume underwent a dramatic
drop when lime was added. These results for SO can be related to those reported by
Atahan and co-workers [22] on SO solutions modified by cement addition: they stated
no likelihood of compatibility between the pure SO and cement used. In the current
study, with solutions modified by lime addition, the results are very similar. This could
be due to the high calcium ion concentration, because Ca®” ions are able to react with
the oleate forming a precipitant, calcium oleate, with negligible solubility in water [40].
This fact prevents oleate molecules from generating and stabilizing foam. The very
scarce amount of remaining foam is formed by the residual concentration of sodium

oleate.
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UV-measurements were carried out in order to evaluate additive adsorption on lime
particles. Table 4 shows the absorbance values of SO and CS solutions, as well as SO
and CS solutions with slaked lime added. It can be noticed that, as expected, CS did not
dissolve any amount in water, confirming its worse behaviour in the foam test.
However, the SO solution showed an absorbance of 0.24 at 270 nm. When lime was
added, the absorbance band disappeared, thus suggesting an adsorption effect of SO on
lime particles. Apart from the previously discussed repercussions on the foam
formation, this adsorption on lime particles would make it possible to distribute the

sodium oleate uniformly into the mortar mass when used.

4.2. Rheological properties

4.2.1. Amount of required water and consistency

In the present study, the slump value was previously set, so Table 1 shows the amount
of water that the addition of the two admixtures requires to reach that value. When
additives were used at a low dosage, the amount of water was quite similar to that for
the reference mortar. Nevertheless, in mixtures with a high dose of additive, a large
amount of water was needed in order to achieve the set slump. These results are in
agreement with those obtained in lime mortars by Seabra et al. [1], who observed that
the presence of an AEA led to a slight decrease in slump values. It was evident that in
the aforementioned paper, the mixing water was set, so slump values changed. This
behaviour may be explained by the fact that when a high dose is incorporated, the
mixture increases in small particles with a high specific surface area, thus demanding a

large amount of water.
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4.2.2. Air content

Air content rose when sodium oleate or calcium stearate were added, as Table 5 shows.
The percentages of entrained air are comparable to those previously obtained in cement
mortars or concrete [25, 41-43]. However, SO showed larger percentages of entrained
air than CS, which may be due to the solubility behaviour of CS and its lower

compatibility with lime solutions.

The dosage of the additive turned out to be unimportant. To a certain extent, this result
was unexpected, because it might have been considered that the higher the amount of
additive, the larger the entrained air. However, it has been stated that when some air
entraining agents — surfactants — are used beyond a certain dosage, they no longer
contribute to improve certain properties of the mortars (fluidity, mechanical strength),
and the air content maintains a constant value, without variations as a function of the
dosage [27]. In the cited work, the dosage limit was 4.10” wt % of the cement weight:
taking into account the fact that, in the current study, the lowest dosage was 0.28% of
the lime weight, it can probably be assumed that both dosages of additives employed

went beyond that limit.

On the other hand, the observed effectiveness of both admixtures as air-entraining
agents could seem contradictory when compared with the total incompatibility of
calcium stearate and the rather limited one of sodium oleate with lime, tested through
the foam index test (4.1). The presence of calcium carbonate in mortar (as main

component of the aggregate) could explain this behaviour. As reported by Kiilaots et al.
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[40] finely divided calcium carbonate would be able to adsorb the AEA’s (anionic
surfactants) on its surface, producing stable foam. It seems to be clear that a larger
amount of undissolved, solid particles of calcium carbonate with a large available
surface, leads to a more stable foam. Regarding this issue, the lack of foam when each
additive was mixed with lime and water is perfectly compatible with the air-entrained
data in mortars in the current study. The mortars contain a limestone aggregate. From
the particle size distribution (Figure 2), the presence of small calcium carbonate

particles where admixtures would have been adsorbed can be inferred.

4.2.3. Water-retention capacity

This property was assumed not to change with the incorporation of the tested additives,
so it was measured in order to study any possible secondary effect. As Table 5 shows,
water-retention capacity was high for all the mortars, as lime is itself a very retentive
material [44]. The addition of SO or CS did not change this property to a considerable

extent.

4.2.4. Setting time

As was expected, this property depended directly on the amount of incorporated mixing
water. When a large amount of water was added, the paste remained fresh for longer,
thus prolonging the setting time. Mortars SO-1 and CS-1 showed a very similar setting
time to the reference material, while SO-2 and CS-2 samples proved to have an
extremely high one. Only the addition of sodium oleate at a low dosage improved the

material in comparison with the reference mortar.
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4.2.5. Evolution on supports

Figure 4 shows the appearance of the mortar’s layers one day after their application on
bricks. The selected bricks had a very high water-absorption coefficient, in order to

accelerate the evolution of mortars.

Although the water-retention capacity was very similar for the five mortars, their
behaviour when applied on bricks changed dramatically depending on the nature and the
amount of additive. The reference mortar showed a large amount of macroscopic
fissures, produced because of the high water absorption coefficient of brick. SO-1 and
CS-1 mortars had exactly the same appearance, so a low dosage of the additives neither
improved nor worsened the crack formation process. However, a high dosage of both
water repellent agents affected the result to a considerable extent, which could be
related to the greater amount of water required during their preparation. SO-2 sample
was found to have good behaviour, with only a few cracks, maybe because the high
mixing water allowed the mortar to keep enough water in spite of the brick’s absorption.
CS-2 mortar proved to have genuinely low adherence, which might put its application

as a rendering at risk.

4.3. Hardened mortar properties

4.3.1. Density
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As can be seen in Table 6, density did not change greatly with the use of additives. Both
SO and CS admixtures gave rise to a decrease in the density values, and the higher the
dosage the more important was the effect. As previously reported, especially SO but
also CS anionic surfactants were proved to be AEAs in cement mortars or concrete [22-
25]. The results obtained in the present study concerning air content in lime mortars are
consistent with this behaviour. Air entrained voids may provide an explanation for the
density values, taking into account the enhanced effectiveness of SO, as was expected

from the foam index test, UV absorbance measurements and air content values.

4.3.2. Shrinkage

With regard to shrinkage coefficients (Table 6), the very slight differences in length
changes between the different mortars (values expressed as millimetres of variation per
1 m) could be considered negligible. As was expected in lime mortars, shrinkage values

were notable [45].

4.3.3. Water absorption capacity through capillarity

Water absorption is an extremely important property for mortars, as they are usually
exposed to environmental phenomena — such as rain — or in contact with elements that
could be wet (soil). As a consequence, an untreated mortar could become damaged and
cause water movement inside the building structure, thus affecting and damaging other

materials such as stones, through efflorescence phenomena [9].
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SO and CS are supposed considerably to decrease the water absorption through
capillarity, hence their commercial distribution as water-repellent agents. As Table 6
shows, both additives were effective in decreasing water-absorption through capillarity,
especially when used in high dosage. It was clearly seen that SO is better for this
purpose than CS, as it achieved extremely low absorption when used at a low dosage

and almost negligible absorption when used at a high dosage.

The different behaviour of these additives may be related to the discussion reported in
4.1. Having the best solubility and adsorption onto lime particles, SO had the best
capacity to be spread through the whole volume of the fresh mortar, so that the additive
affected the whole mass. However, CS showed a tendency to accumulate on the water
surface due to its negligible solubility. It can thus be supposed that the additive was
only effective on the surface area of the hardened mortar, leading to a moderate

reduction in the water absorption through capillarity.

Regarding the behaviour of capillarity reduction, as was stated in the Introduction to the
present paper, the mechanism from which the drop in capillarity takes place has not yet
been elucidated. A previous study reported the formation of a hydrophobic film which
divides the whole system of the mortar into small districts, choking up or even fully
sealing most of the pores. This would be the usual mechanism for water-repelling
agents of a polymeric nature [20]. Other papers dealing with anionic surfactant addition
in a cement matrix have discussed the formation of isolated air micro-bubbles, which
would be the usual mechanism for an air-entraining agent [24, 27]. As was discussed in
4.3.1, the results of air content and density values of the studied mortars were consistent

with the air entraining action of SO and CS. Before performing microstructural analysis,
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several possibilities may be proposed: 1) air bubbles might block the capillary pores, and
hence preventing them from absorbing water [46]; i1) anionic surfactants inside pores
might smooth their inner surface, modifying the water adsorption ability by the
hydrophobic part of the surfactant [20]; iii) the simultaneous action of both factors

could also cut off capillary function.

4.3.4. Water vapour permeability

In the case of repair work, but also in single-coat applications, mortars should have an
acceptable vapour permeability level, to allow water vapour to pass from the inside of
the building to the outside and evaporate, avoiding water retention and condensation in
the material, as well as reducing the transport of damaging ions in the pore structure

[19, 47].

The permeability coefficient expresses the difficulty that water vapour molecules find
when trying to pass through a mortar, so the lower the coefficient, the higher the

permeability.

It can be seen from Table 6 that SO increased vapour permeability, and the effect was
more important for the high dosage. CS only showed a rise in this property when used at

a high dosage.

When we compare these results with water-absorption capillarity data, we must observe

that water vapour molecules are much smaller than water drops, so some micropores

could be enough to allow water vapour to pass and evaporate but not to absorb liquid
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water. Therefore, as discussed in previous section, anionic surfactants could change the
pore size distribution in the mortar in such a way that the smallest ones remain
interconnected and enable vapour permeability, but are not large enough to absorb water
through capillarity. It could be said that surfactants decrease the number of large pores
and increase the number of micropores [27]. This possibility would be compatible with

the suggested blockage of the capillary pore system by air bubbles [46].

4.3.5. Mechanical strengths

Figure 5 shows the evolution of compressive strength over time. All the tested materials
achieved a final strength value comparable to that of the reference mortar, so the
addition of SO or CS in the dosages of the present work was not detrimental to
mechanical behaviour, even though air content and mixing water increased.
Furthermore, all of them showed an additional advantage: their compressive strength at
28 days was higher than the reference one. Both SO and CS, when used at a high
dosage, achieved their maximum strength values from the first steps of their hardening

processes onwards, which could mean an improvement of these lime mortars.

4.3.6. Pore structure and microstructure

Figure 6 shows the results obtained for the five studied mortars after 91 days of curing.
All of them showed a main peak — almost unimodal distribution — corresponding tol pm
diameter pores, which was in accordance with previous work on lime-based mortars [9,
48, 49]. The addition of SO and CS led to a reduction in the percentage of the small

peaks related to larger pores (diameters from 100 pm to 10 pm) and to an increase in the
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volume of intruded mercury at the main peak. This fact also reflected previously
reported data [27]. Furthermore, all the mixtures containing an additive slightly shifted
this main peak towards lower values. These results mean that the presence of SO or CS
contributed to block the larger pores and to fill to some extent the smaller ones,

producing a more uniform pore size distribution characterized by a lower pore diameter.

This pore size distribution, with lower porosity at larger sizes, can also explain two
facts: 1) the good results in compressive strength tests, because in spite of the total
porosity increase due to the large air content, the decrease in the average pore size was
reported to be beneficial to compressive strength when AEAs were added [27]; ii) the
reduction of water absorption through capillarity by air bubbles that might cut off the

capillary network, giving rise to a decrease in larger pores.

Microstructural analysis brought considerable differences between the tested mortars to
light. In the SO-2 sample, a large number of micro-air bubbles well distributed through
the material were observed. Most of them were the same size — approximately 50 um in
diameter — but some bigger ones — 200 um in diameter — were also detected. This fact is
consistent with previous results obtained in cement mortars [27], when sodium oleate
was used as an air-entraining agent. Furthermore, some salt deposits were found, and
elemental analysis by means of EDS revealed their high carbon content, implying that
they are organic compounds, thought to be calcium oleate sediments. Some of these
deposits were seen within the calcite matrix, but others were found to belong to the shell
of air voids. These latter accumulations were probably formed because of the bipolar
nature of the oleate molecule that allowed it to be adsorbed and concentrate in the air-

paste interface, stabilizing the air-voids [27]. SO-1 mortars showed substantially fewer
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bubbles and deposits than SO-2 mortars, in accordance with their lower dosage of

sodium oleate.

CS-2 also showed air bubbles and deposits of calcium stearate. Nevertheless, the
amount of air bubbles was somewhat lower and the average diameter of voids was
considerably larger — from 100 pm to 700 pm. In addition, the quantity of salt deposits
was substantially higher, which could be related to the aforementioned low solubility of
this additive in water, and which confirms its poor dispersion, giving rise to an
accumulation in the mixture and reduced effectiveness. Figure 7 shows the air voids and

sediments described.

To sum up, having a bipolar nature (hydrophobic and hydrophilic parts) CS and SO
were able to be adsorbed and concentrate in the air-paste interface, stabilizing the air-
voids, thus showing an air-entraining action (Table 5). Although CS showed water
insolubility and SO could form calcium precipitants, such behaviour reduced but did not
cancel the air-entraining ability, matching previous results in cement materials [22]. The
distribution of the admixtures could be improved by the presence of finely divided

calcium carbonate that would be able to adsorb anionic surfactants on its surface [40].

It can be confirmed that the action mechanism of SO and CS consisted of incorporating

air bubbles into the whole mass of the mortar, leading to a blockage of pores and,

therefore, preventing water intake.

SO turned out to be better in air-entraining action as well as in capillarity reduction

(waterproofing) owing to its larger solubility and adsorption capacity on lime particles.
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These last fact allowed SO, by spreading out into the whole mass of the mortar, to

stabilize more air-voids.

4.3.7. Durability: Freezing-thawing cycles

Table 7 shows the degree of alteration of the mortars after they were subjected to
several freezing-thawing cycles. Not all the prepared mortars lasted long enough to be

tested at the set times, as can be seen in Figure 8.

The reference material was completely destroyed after 6 freezing-thawing cycles, after
showing signs of deterioration from the first steps. Both additives improved the
durability of the material. SO-2 mortar managed to complete 14 freezing-thawing cycles
without any sign of deterioration. CS-2 mortar showed better performance than the
reference one, lasting two cycles longer, but proved considerably worse than SO-2

samples.

The better behaviour of treated mortars is related to the effectiveness of the additives as
water repellents (reducing the intake of water during the immersion) as well as their role
as air-entraining agents, because air voids shown by SEM examination provide an
escape boundary to which water can flow and freeze. The volume expansion of this last
process takes place without generating pressures large enough to damage the mortar

[23].

The difference between SO and CS mortars is due to the greater amount of air bubbles

stabilized by SO, as the SEM results show. Compressive strength results after freezing-
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thawing cycles (Figure 9) confirm the excellent behaviour of SO lime-based mortars,

with only a slight drop in strength after 14 cycles.

5. Conclusions

Sodium oleate and calcium stearate were tested as additives for lime-based mortars and
different properties were studied in a fresh state and also in hardened material, in order
to test their efficiency. Sodium oleate clearly improved the behaviour of lime-based
mortars when used at 0.5% of the total dried mortar weight. The improvement was
especially remarkable in terms of water absorption through capillarity, which was
reduced, and enhanced durability of the material towards freezing-thawing cycles,
without being detrimental for mechanical strength. Furthermore, maximum compressive
strengths were reached in a shorter period of time. The tested SO-lime mortars also
show a smaller number of cracks when their evolution on a support was subjected to

monitoring.

An action mechanism based on the air-entraining ability of anionic surfactants (such as
SO and CS) has been shown to be responsible for this behaviour. These admixtures
cause the formation of air voids which block the capillary net and reduce the water
intake. In addition, if freezing takes place, water expansion occurs in the bubbles

without damaging the mortar structure.

Although calcium stearate also improved lime-based mortars, it has been shown to be

considerably less effective than sodium oleate, probably due to its insolubility in water
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and its poorer dispersion into the mass of the mortar, which leads to the formation of a

lower number of air voids.
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Table 1. Composition of the five different mortars.

- Samples
Composition (g)
REF SO-1 SO-2 CS-1 CS-2
Lime 341.7 341.7 341.7 341.7 341.7
Aggregate 1286.9 1286.9 1286.9 1286.9 1286.9
Sodium oleate - 0.98 8.16 - -
Calcium stearate - - - 0.98 8.16
Water 410 400 440 420 440
Table 2. Freezing-thawing cycles.
Cycle duration | Steps Temperature Water immersion Time
Step 1 | Room temperature Yes 24 hours
48 hours
Step 2 -10°C+2°C 24 hours
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Table 3. Results for the foam index test.

Steps
Mix with water Shaking After 5 minutes

SO Dissolution 64% foam 64% foam
SO+Lime Dissolution+Lime 1% foam 1% foam

CS Separate layer - -
CS+Lime Separate layer - -

Table 4. UV-vis absorbance for the different solutions.
_ Absorbance value
Absorption
SO CS
band
In water In water+Lime In water In water-Lime
270 nm 0.24 0 0 0

Table 5. Rheological properties of the five mixtures.

) Setting time | Water retention
Air content (%) ) )
(minutes) capacity (%)
REF 2.8 195 943
SO-1 4.2 157 92.8
SO-2 4.2 465 95.4
Cs-1 3.7 235 95.5
Cs-2 3.4 960 94.4
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Table 6. Properties at hardened state.

) Shrinkage Capillarity N
Density o o Permeability
coefficient coefficient o
(9/mL) s coefficient
(mm/m) (kg/m*-min~)
REF 1.67 13.59 2.36 16.6
SO-1 1.61 12.60 0.58 15.3
SO-2 1.58 15.94 0.06 14.9
Cs-1 1.65 15.52 1.59 20.8
CS-2 1.62 14.01 1.40 15.7

Table 7. Qualitative evaluation of the mortars after freezing-thawing cycles.

Alteration degree

1 cycle 4 cycles 7 cycles 10 cycles 14 cycles
REF 0 4 - - -
SO-2 0 0 0 0 0
CS-2 0 0 2 - -

Equivalences of the alteration degrees:

0: Without alteration.

1: Slightly altered, some small (thin and short) cracks on the surface of the specimens.

2: Altered, several cracks (like spider’s web) and deeper.

3: Very altered, several deep cracks and swelling of the specimen.

4: High degree of alteration, large and deep cracks, large swelling of the specimen including a partial

weight loss.

5: Completely altered, the specimen is practically destroyed, only little pieces of it are kept.
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Figure 1. XRD patterns for a) lime and b) aggregate, where P: portlandite; C: calcite; Q:
quartz.
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Figure 2. Grain size distribution of lime and aggregate.
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Figure 3. IR spectra of a) pure sodium oleate and additive HISA A 2388 N; b) pure

calcium stearate and additive ETP-09.
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Figure 5. a) Compressive strength vs. time for the tested mortars; b) Compressive

strength vs. time showing the error bars.
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Figure 6. Results from mercury intrusion porosimetry for the five studied mortars.
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Figure 7. SEM images obtained for different mortars: a) air void with calcium oleate

sediment (surrounded with a black line) on its surface in SO-2 mortar; b) calcium oleate
sediment in SO-2 mortar; c) air void in CS-2 sample; d) large air bubble in CS-2 mortar;

e) group of calcium stearate deposits in CS-2 sample.
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Figure 8: a) Tested specimens after freezing-thawing cycles; a) REF samples after 1

g

cycle; b) REF samples after 4 cycles, with evidences of alteration; ¢) REF samples after
6 cycles, totally destroyed; d) SO-2 specimens after 1 cycle; ) SO-2 specimens after 7
cycles; f) SO-2 specimens after 14 cycles showing none sign of deterioration; g) CS-2

samples after 1 cycle; h) CS-2 mortars after 7 cycles, with slight signs of deterioration;

1) CS-2 samples after 8 cycles, with high degree of alteration.
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Figure 9. Compressive strength of the mortars after freezing-thawing test.
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