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Lime-based mortars modified with admixtures were prepared and subjected to different environments such
as outdoor and indoor exposures, climatic chamber, SO2-chamber, and freezing–thawing cycles. The
influence that the different admixtures (water repellents, water retainers, polypropylene fibre and a
viscosity modifier) had on the pore size distribution of the hardened specimens was assessed and related to
the water absorption capacity, and hence to the durability. Ageing resistance and mechanical strengths
improved when additives reduced the water intake and increased the air-content. High dosages of water
repellents were necessary to enhance the durability, sodium oleate being the most effective additive to
endure freezing processes. Also the low tested dosage of fibre, a water retainer (guar gum derivative), and a
starch proved to be useful. SO2 deposition caused the formation of calcium sulphite hemihydrate as the main
degradation product. A very small amount of calcium sulphate dihydrate was observed. A crystal habit
composed of acicular agglomerates of calcium sulphite hemihydrate was detected in SO2 deposition on
calcareous materials.
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1. Introduction

There has recently been increased scientific interest in lime-based
mortars and their uses, as they show greater compatibility with
ancient building materials and fulfil the recommendations of ICCROM
[1] about the use ofmaterials similar to the original ones in repairwork
[2–5]. Furthermore, they have been widely used in modern work with
decorative and protective purposes (renders and facades) [6,7]. Both
uses require the mortars to be durable, especially when they are
directly exposed to environmental conditions, as their performance
and aesthetic characteristics could become affected [6,8].

Different deterioration factors can affect the durability of a mortar.
Some of the most important ones could be included in the following
main groups: i) wet and dry cycles; ii) rain exposure and related
leaching; iii) freezing and thawing cycles; iv) exposure to pollutants
(such as SO2); and v) sun's rays. The extent to which a mortar is
affected by these deterioration factors is a function of the mortar's
properties, which depend, in turn, on several issues, such as the kind
and characteristics of the binder and the aggregate, the binder/
aggregate ratio, the amount of mixing water, the mortar's permeabil-
ity [9–12], the water absorption capacity through capillarity [10,13],
water intake [7,14,15], the presence of admixtures and the curing
conditions [16–18].
SO2 exposure is supposed to affect the mortars because gaseous SO2

has been widely reported to react with calcium carbonate, giving rise to
the formation of both calcium sulphite hemihydrate (CaSO3·1/2H2O) and
calcium sulphate dihydrate (CaSO4·2H2O) on the mortar's surfaces
[6,8,19–21]. Calcium sulphite has been considered to be the most
important product obtained under certain circumstances, such as the
absence of catalyst [21,22]. It also acts as an intermediate product, because
its oxidation gives rise to calcium sulphate formation [21,23,24]. Calcium
sulphate dihydrate appears as the most important product of decay in
carbonated materials when suitable catalysts are present [23]. Several
factors affectingSO2depositionhavebeendiscussedbyCultroneet al. [20].

The formation of calcium sulphite hemihydrate and calcium
sulphate dihydrate becomes an important factor in deterioration
when rain is involved in the decay process, as these salts can dissolve
in water and be washed away from the surface. As a result, the
cementing material is weakened and the specimens are degraded [6].

Several previous studies pointed to the significance of the chemical
composition for the mortar's durability [6,8,20,25–27], while air
content, porosity, pore structure, permeability and water absorption
through capillarity have been quoted as essential factors affecting the
durability of a mortar [28]. Admixtures can be useful in order to
improve these properties and to obtain better performance from the
lime mortar. These consist of substances added in percentages lower
than 5% with the purpose of improving certain mortar properties.

In spite of the importance of additives in cement mortars or
concrete, very few publications have so far focused on the changes in
durability that additives may cause in aerial lime-based mortars, and
no references to mechanical strength assessment can be found. The

mailto:jalvarez@unav.es
http://dx.doi.org/10.1016/j.cemconres.2010.02.013
http://www.sciencedirect.com/science/journal/00088846


Table 1
Amounts of additive and water in the studied mortars.

Sample Additive Water Additive/lime
ratio (%)

Mixing water/
lime ratio

REF – 410 0 1.20
SO-1 SO (0.96 g) 400 0.3 1.17
SO-2 SO (8.16 g) 440 2.4 1.29
CS-1 CS (0.98 g) 420 0.3 1.23
CS-2 CS (8.16 g) 440 2.4 1.29
HPMC HPMC (0.98 g) 500 0.3 1.46
HPG HPG (0.98 g) 450 0.3 1.32
PP-1 PP (0.98 g) 420 0.3 1.23
PP-2 PP (8.16 g) 530 2.4 1.55
PS PS (8.16 g) 410 2.4 1.20

Table 3
Characteristics of the cycles in the climatic chamber.

Cycle duration Steps Temperature (°C) RH (%) Rain UV light Time (h)

48 h Step 1 35 30 No No 12
Step 2 45 20 No Yes 12
Step 3 12 95 Yes No 1
Step 4 12 95 No No 4.5
Step 5 12 95 Yes No 1
Step 6 12 95 No No 4.5
Step 7 12 95 Yes No 1
Step 8 –5 0 No No 12
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present research has been carried out with the aim of broadening our
knowledge of the durability of aerial lime mortars modified with
different additives and assessing their mechanical behaviour when
they are subjected to several different ageing processes.

In this paper, water repellents were chosen because they are
supposed to increase the mortar's durability by hindering water
intake, thus avoiding any related problems. Two water-repelling
agents, calcium stearate and sodium oleate, were added and tested.
Their effects on the rheological and hardened properties of lime-based
mortars had been previously researched [29]. A fibre reinforcement
was tested because it was expected to improve mechanical strengths
and shrinkage, which are weak points in aerial lime-based mortars
[30]. The selection of a polypropylene fibre is based on its efficiency as
well as to its great cost-effectiveness for cement mortars [19,22]. The
water retaining products were added as they are supposed to improve
the homogeneity of the mixture, enhancing the workability of the
mortar and some of the properties in the hardened state [1,8]. Two
different commercial water-retaining agents were used: hydroxypro-
pyl methylcellulose, widely used in cement mortars, and a guar gum
derivative ( hydroxypropyl guaran), which is used in dietetics and
pharmacy due to its highwater retention capacity, although its poten-
tial as admixture for mortars has received scant attention [10,11].
Finally, the rationale for the use of a starch derivative is that its water-
reducing action could be desirable in lime-basedmortars to avoid large
amounts of mixing water that could slow down the carbonation
process. Furthermore, the expected thickening effect of the starch is
supposed to give non-sag and anti-slip properties to the mixtures. In
addition, the starch derivative, a biodegradable polymer, is an environ-
mentally friendly alternative to the traditional sulphonated formal-
dehyde condensates or polycarboxylate-type plasticizers.

In short, this paper presents a systematic study of the ageing
characteristics of aerial lime-based mortars modified with the incorpo-
ration of the aforesaid admixtures. Hardened mortars are exposed to
several environments (indoor exposure, outdoor exposure, climatic
chamber, SO2 chamber and freezing–thawingcycles) and their degreeof
alteration, weight change and mechanical strengths are evaluated after
several times of exposure. The influence that each additive exerts on
mortar properties, especially on its pore size distribution, and, as a
consequence, on its durability, is reported. This assessmentwill allowus
to draw conclusions about the usefulness of these admixtures when
added to lime-based mortars for repair purposes.
Table 2
Results of air content, capillarity coefficient and permeability coefficient for the tested mor

Properties Samples

REF SO-1 SO-2 CS-

Air content (%) 2.8 4.2 4.2 3.
Capillarity coefficient (kg/m2 min1/2) 2.36 0.58 0.06 1.
Permeability coefficient 16.6 15.3 14.9 20.
2. Materials

Anaerial commercial limeandapure limestoneaggregatewere used
to prepare the mortars. The lime (class CL 90-S according to Spanish
standard [31]) was supplied by Calinsa (Navarra). The aggregate was
supplied by Caleras de Liskar (grupo HORPASA), and was a calcareous
type. Materials' characterization as well as their grain size distribution
has previously been reported [29]. Mortars were prepared by mixing
341.7 g of the lime and 1286.9 g of the aggregate,meaning a 1:1 volume
ratio. Six different additives were tested, and were incorporated to the
mixtures individually in order to check clearly the influence that each
one of them exerted on mortar durability. These selected additives
were: i) two different water-repelling agents: sodium oleate (SO) from
ADI-center S.L.U. (HISA-A 2388N®)and calcium stearate (CS) from
Mateos S.L. (ETP-09®); ii) two different water-retaining agents:
hydroxypropylmethylcellulose (HPMC) from Hercules (HPMC HK
15M®)and a guar gum derivative (hydroxypropyl guaran) (HPG) from
Lamberti Quimica S.A. (ESACOL HS-30®); iii) a polypropylene fibre (PP)
from FOSROC (Fibricete 600®); and iv) a potato starch polymer (PS)
fromAVEBE (OPAGEL CMT®). Table 1 shows the amount of admixture of
each mortar sample. Mixing water ranged from 1.17 water/binder ratio
to 1.55, following a workability criterion. The amount of mixing water
has a major influence on the final properties of the mortar, because it
conditions the porosity. A control group (plain mortar) was included in
order to assess any change.

3. Methods

3.1. Mortar preparation

Lime, aggregate and additive, if necessary, were blended for 5 min
using a solid mixer BL-8-CA (Lleal S.A.). Water was then added and
mixed for 90 s at low speed, in a Proeti ETI 26.0072mixer. Mortars were
moulded in prismatic 40×40×160mm casts, stored at RH 60% and
20 °C, and demolded 5 days later [32]. Mortars were compacted in a
specific automatic compactor for 60 s. Curing was executed in ambient
laboratory conditions for 56 days (RHat ca. 60%and temperature around
20 °C). Table 2 summarizes results of air content, capillarity coefficient
and permeability coefficient obtained for the mortars [33–35].

After the curing process, the samples were subjected to five different
environments and tested after 5 different times of exposure: 2, 7, 14, 21
and 28 days. Two specimens were tested at each time, and the reported
results are an average of the obtained results. 50 sampleswere prepared
for each mortar, so 500 specimens were prepared in total.
tars.

1 CS-2 HPMC HPG PP-1 PP-2 PS

7 3.4 3.4 5.0 2.8 3.6 3.3
59 1.40 2.73 1.96 2.31 2.40 1.85
8 15.7 12.6 15.0 21.1 13.5 19.1



Table 4
Qualitative evaluation of the mortars after freezing–thawing cycles.

Time of exposure
(days)

Degree of alteration

REF SO-1 SO-2 CS-1 CS-2

2 0 0 0 0–1 0
7 4 0–1 0 2 0
14 5 2–3 0 5 2
21 (–) 5 0 (–) 5
28 (–) (–) 0 (–) (–)

(–) Not determined because samples showed a whole decay in the previous evaluation
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.

Fig. 1. The studied mortars after freezing–thawing cycles: a) REF specimens after 6 cycles, cl
cycles, without any sign of deterioration; d) CS-1 mortars after 6 cycles, destroyed; e) CS-2
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3.2. Environments of exposure

After 56 days of hardening in ambient laboratory conditions,
samples were placed in different environments:

i) ambient laboratory conditions: RH 60±10% and 20±5 °C, as a
control group.

ii) outside exposure, i.e., samples were exposed on a platform in a
piece of opengroundwithout shelter, subjected to climatic events.

iii) climatic chamber, using a CCI FCH-XENOLAB 1500 chamber
with different conditions of temperature (T), relative humidity
(RH), ultraviolet light and rain. Table 3 shows the character-
istics of the set cycles.

iv) freezing–thawing cycles, using a CARAVELL 521-102 freezer.
The cycles consisted of a water immersion of the samples and,
straight afterwards, freezing at −10 °C for 24 h.

v) SO2 rich environment, using a SO2 chamber (Kesternich
chamber). The selected cycles included a SO2 addition of 2 L
in the whole volume of the chamber (300 L) (0.67% in
early destroyed; b) SO-1 samples after 6 cycles, mainly intact; c) SO-2 samples after 14
specimens after 6 cycles, clearly improved with respect to the reference.



Fig. 2. Mechanical strength results of mortars modified with water-repelling agents
(sodium oleate, SO, and calcium stearate, CS), as well as the control material, after being
subjected to different exposures.
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percentage volume/volume). More details on the experimental
set up can be found in the work by Lanas et al. [8].

3.3. Alteration study

The durability of the tested specimens was studied by means of
weight change, qualitative evaluation and compressive strength. In
order to evaluate any modification in the chemical or mineralogical
composition of the samples, FTIR spectroscopy analyses (performed
with a Nicolet-FTIR Avatar 360 spectrometer, using a MKII Golden
Gate ATR device; resolution: 2 cm−1, spectrum obtained as an
average of 100 scans), X-ray diffraction studies (carried out by
means of a Bruker D8 Advancewith a Goëbel mirror, which allowed to
perform experiments directly on the sample's surface, CuKα1
radiation, 0.02° 2θ increment and 1 s step−1), thermogravimetric
analyses (performed with a simultaneous TG-sDTA 851 Mettler
Toledo, using alumina crucibles, at 20 °C min−1 heating rate, from
ambient temperature to 1200 °C) were executed. Also pore size
distribution assessment (by using a Micromeritics AutoPore IV 9500
with a range of pressure between 0 and 207 MPa)was carried out. The
qualitative evaluation was visually determined, using a previously
reported criterion [8], which attributes degree 0 of alteration for
samples without evidence of decay; degree 1 for slightly altered
samples, with some thin and short cracks at the surface of the
specimens; degree 2 for altered samples, showing several deeper
cracks (like spider's web); degree 3 for very altered specimens having
deep cracks and undergoing swelling; degree 4 for a high decay, large
and deep cracks, large swelling of the specimen and a partial weight
loss; and, finally, degree 5 for completely destroyed samples, with
only parts of it remaining.

Microstructure of samples exposed to SO2-chamber was analysed
by means of scanning electron microscopy, with a Digital Scanning
Microscopy Philips XL 30CP with EDS/EDAX Phoenix.

4. Results and discussion

4.1. Mortars with water-repelling agents

All the tested mortars tended to increase their weight when
subjected to rain exposure or water immersion, which means that
they absorbed water. The sample with sodium oleate in a high dosage
showed great water-repelling capacity, as can be confirmed with
reference to the degree of alteration of samples after freezing–
thawing cycles (Table 4). In a previous study by our research group
[29] mortars with high dosage of sodium oleate showed no sign of
deterioration after freezing–thawing cycles. In the present study, the
tests carried out on samples with different water repellent dosages
showed that when specimens were modified with lower dosages of
admixtures, they were destroyed after some cycles (Fig. 1). The most
significant compressive strength results for the studied mortars are
shown in Fig. 2. As a general statement, the larger the visual alteration,
the lower the mechanical strengths (Figs. 1 and 2b)).

As reported in our previous study, when additives were added at
low dosage, the amount of mixing water was quite similar to that for
the control mortar. Owing to the increase in small particles when high
dosages of additives were used, the mixing water that mortar needed
to fulfil the set slump values was larger. In spite of the fact that larger
water/binder ratio could lead to a porosity increase, these samples
showed no increment in the large pores, as previously reported [29]. It
has been found that the rise in mixing water did not involve any
drawback regarding the durability behaviour of these mortars, as will
be discussed below.

Capillarity coefficients of the mortars (Table 2) can explain the
observed behaviour: as the water absorption through capillarity
increased, the durability of the material subjected to water contact
worsened (climatic chamber exposure and freezing–thawing cycles in
Fig. 2). As a way to assess the water absorption, the weight evolution
was determined (Fig. 3a shows as an example the weight variation in
samples subjected to climatic chamber), confirming that high dosages
of both water repellents led to reduction of the water absorption, and
matching previous results about capillarity and the degree to which
the sample decayed. At low dosages, only sodium oleate clearly
reduced the amount of absorbed water. The differences in the
behaviour of the two tested water-repelling agents were explained
in the aforementioned study, and related to solubility and adsorption
differences between sodium oleate and calcium stearate, which gave
rise to a different quantity of air voids and, therefore, to different
capillarity coefficients [29].

Although SO2 deposition has been reported to result in the end loss
of material, in the current study, cycles in SO2 chamber did not include
any stepwith rain, so dragging of the calcium salts and the subsequent
loss of material were not likely to occur. In fact, the tested mortars



Fig. 4. IR spectra of several samples after being exposed to SO2 cycles comparedwith the
referencemortarwithout exposure, where: C: calcite; S: calcium sulphite hemi-hydrate.

Fig. 3. Weight change of reference samples and mortars modified with water-repelling agents during climatic chamber and SO2-chamber exposures.

Fig. 5. XRD pattern of several studied mortars after being subjected to SO2-chamber, where:
S: calcium sulphite hemydrate (ICDD 39-0725).
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with water repellents showed a weight increase after SO2 exposure
(Fig. 3b), which could be related to the formation of calcium sulphite
hemihydrate or calcium sulphate dihydrate and to transformation of
portlandite into calcite. As an example, Fig. 4 shows, among others,
the IR spectra of a superficial layer of samples with sodium oleate in
high dosage after 28 cycles in a SO2 chamber and after the same time
in room conditions. It can be observed that SO2 exposure produced the
appearance of calcium sulphite hemihydrate on the specimens'
surface. Absorption bands at 990, 947 and 652 cm−1 indicate its
presence [36]. Absorption bands related to the presence of calcium
sulphate dihydrate are negligible. This fact can be explained by the
absence of a catalyst in the experimental exposure, so that the calcium
sulphite was the main degradation product. Only studies carried out
on the sample's surface by X-ray diffraction analysis (see Section 3.3)
showed, in some specimens, diffraction peaks attributed to calcium
sulphate dihydrate (Fig. 5). Such a small amount of gypsum hindered
C: calcite (ICDD 05-0586); P: portlandite (ICDD 44-1481); G: gypsum (ICDD 33-0311);



Table 5
Percentage of Ca(OH)2 in samples exposed to SO2 and in control specimens determined
by TG analysis.

Ca(OH)2 (%)

Control group After SO2 exposure

REF 1.2 0.6
SO-1 2.4 0.3
SO-2 1.7 0.5
CS-1 0.9 0.5
CS-2 3.6 0.4
HPMC 1.3 0.5
HPG 1.8 0.5
PP-1 2.0 0.3
PP-2 1.7 1.0
PS 0.9 0.4
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its identification by IR spectroscopy and pointed to the fact that only a
limited oxidation of calcium sulphite hemihydrate took place.

On theotherhand, cycles in SO2 chamberwere characterizedbyahigh
relativehumidity, so the carbonationprocess shouldhavebeen improved,
because water could condense into the pores, allowing the calcium
hydroxide and the gaseous CO2 to dissolve and form calcium carbonate
[37,38]. When the carbonation rate is improved, the mechanical
properties of lime-based mortars are supposed to increase [2].

By means of thermogravimetric analysis, a reduction in the
amount of calcium hydroxide could be determined in samples
exposed to the SO2-chamber (Table 5: the loss of hydroxyl water of
Ca(OH)2, which took place at ca. 450 °C, was used to determine the
amount of calcium hydroxide on the TG curve) [38]. This drop was
related to the enhancement in the carbonation process. Fig. 6 shows,
as an example, pore size distribution for samples of sodium oleate at a
high dosage, after being exposed to room conditions and sulphur
dioxide chamber. Pore size distribution studies showed that, after
28 days of SO2 exposure, mortars achieved a narrower unimodal
distribution: the peak related to 0.83 μm pores became stronger (in
the pore range of the main peak – 0.5–2 μm – the percentage of total
intrusion volume increased from 54% – sample exposed to indoor
conditions – to 90% – sample exposed to SO2-chamber) while the rest
of small peaks almost disappeared (at 4.9, 2.5 and 0.03 μm) (as a
quantitative evaluation, the percentage of total intrusion volume from
2 to 10 μm suffered a reduction from 6.9% of sample in room
conditions to 1.4% of SO2-exposed sample. In the pore range 0.01–
0.1 μm, the percentage changed from 9.2% to 0%). The calcite matrix is
characterized by a unimodal pore size distribution centred on a value
slightly below 1 μm [39,40], so the modification of pores generated
Fig. 6. Pore size distribution of mortars with sodium oleate in high dosage after being
exposed to room conditions and to SO2 cycles.
during the SO2 exposure agreed with the other data: transformation
of portlandite into calcite was enhanced during the cycles. The
carbonation of Ca(OH)2 caused the plugging of the largest and
smallest pores, owing to the volume change, as the percentages of
total intrusion volume for pore ranges of 2–10 μm and 0.01–0.1 μm
proved. This fact may justify the pore size distribution modifications
rather than sulphation phenomenon, which only took place on the
surface of the samples and to a limited extent (Fig. 7 shows IR spectra
and XRD results carried out on the superficial layer of the sample and
on the inner part of the mortar. IR absorption bands and diffraction
peaks related to calcium sulphite hemihydratewere found only on the
superficial layer. This fact, together with their low intensity, confirms
the limited and superficial phenomenon of the SO2-deposition). This
improvement in carbonation process can be responsible for the
observed increase in mechanical strengths during the performed
cycles (Fig. 2c).

SEM-EDAX analyses showed that sodium oleate and calcium
stearate samples were covered by products from SO2 deposition. Fig. 8
shows agglomerates of acicular crystals. It may be suggested that they
are calcium sulphite hemihydrate, taking into account the facts that
(i) FTIR and XRD showed the presence of calcium sulphite
hemihydrate as a result of the SO2 deposition; (ii) previous
publications reported many different shapes for calcium sulphate
crystals obtained after SO2 exposure of calcareousmaterials [8,20], but
none of them had the observed shape; (iii) EDAX analysis showed that
these crystals were made of sulphur, calcium and oxygen atoms; and
(iv) Chen et al. [41] obtained agglomerates of acicular crystals of
Fig. 7. Comparison between the inner part and the superficial layer of a reference
sample after exposure to SO2-chamber during 28 days: a) IR spectrum, showing the
characteristic absorption bands of calcium sulphite hemihydrate (S) only in the
superficial layer; b) XRD patterns, showing the main peaks related to calcium sulphite
hemihydrate (S) (ICDD 39-0725) only in the analysis of the superficial layer.
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calcium sulphite hemihydrate from crystallization studies performed
at high calcium concentrations and low pH, their shape being identical
to the crystals in Fig. 8. Such a crystal habit has so far not been
reported as being formed as a result of SO2 deposition on lime-based
or calcareous materials. Some previous work showed crystal shapes
belonging to calcium sulphate crystals [8,20] and other studies
presented calcium sulphite hemihydrate crystals with rough spherical
and platelet forms [42,43]. In the present study, it seems that the
addition of surfactant molecules (water-repelling admixtures) to the
mortar favoured the formation of agglomerates of acicular calcium
sulphite hemihydrate crystals.

Fig. 8 shows that mortars modified by sodium oleate addition
showed a higher amount of agglomerates of acicular calcium sulphite
hemihydrate, while mortars modified by calcium stearate presented a
lower amount of needle-shaped crystals, and some long-platelet or
platelet crystal habits. Fig. 8 also depicts for calcium stearate samples
an agglomeration of platelet crystals and other prismatic ones. It
cannot be ruled out that some of these prismatic crystals might be
gypsum crystals, although typical morphologies of calcium sulphate
crystals previously reported were not found (such as rosette, leaf-
shaped, plate-like, large prismatic crystal forms and so on [8,20,44]).

4.2. Mortars with water-retaining agents

In spite of the similar weight gain found for all the tested mortars
(results not shown), their mechanical performances were significantly
Fig. 8. SEM images of the surface of mortars modified with water-repelling agents after ex
samples with high dosage of sodium oleate; b) and c) mortars modified by calcium stearate a
or platelet crystal habits. In b) an agglomeration of long-platelet crystals, in the centre of th
different (Fig. 9). Control specimen results (Fig. 9a) showed that when
mortars hardened in room conditions, themixturewithout any additive
presented the largest mechanical strengths. However, when mortars
were subjected to more aggressive conditions – such as climatic
chamber, outdoor exposure and freezing–thawing cycles –, HPG-
samples showed the largest compressive strengths (as an example,
Fig. 9b and 9c show the mechanical strengths after climatic chamber
exposure and freezing–thawing cycles). The increase in air content
observed for HPG-mortar helps to explain the lower capillarity
coefficient shownby thismixture (air bubbles cut off capillarynetwork).
Pore size distributions (Fig. 10) showed that the addition of HPG led to a
clear reduction in the percentage of larger pores (from 2 μm to 50 μm)
(a strong reduction in the peak at 11.3 μm can be observed in Fig. 10
whenHPGwasadded: thepercentageof total intrusion volumedropped
from 13.7% (control sample) to 3% (HPG sample) in this pore range).
That means that a blockage of the larger pores took place and, at the
sametime, pore sizedistributionbecamemoreuniform(unimodal) (the
percentage of total intrusion volume increased from 46.6% to 55.5% in
the pore range of 0.5–2 μm). The densities in fresh state of the mortars,
as well as in hardened state, were lower for HPG samples than for the
control mortar (fresh mortars: 1869.6 g L−1 for HPG-sample and
1942.4 g L−1 for control sample. Hardened mortars: 1580 g L−1 for
HPG sample and 1670 g L−1 for control sample). The differences can be
due to the air content as well as to the larger amount of mixing water
(awater/binder ratio of 1.32 of HPGmortar compared to 1.20 for control
mortar). Although HPGmortar turned out to be less dense than control
posure to SO2-chamber: a) agglomerates of acicular calcium sulphite hemihydrate in
t low dosage, showing a low amount of needle-shaped crystals, and some long-platelet
e picture, gives rise to a large structure.



Fig. 9. Compressive strengths of mortars modified with water-retaining agents and the control material alter being subjected to several exposures.
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mortar, the growth of the calcite matrix gave rise to a decrease in larger
pores when the mortar hardened, as can be proved by the aforemen-
tioned percentages of volume of intruded mercury. Both the lower
capillarity coefficient, which involves a water intake reduction, and the
absence of large pores may be reported as the main factors improving
the mechanical behaviour of exposed HPG-samples, and hence their
durability. Particularly air voids introduced into the mass of the mortar
could also play an important role in liberating the pressures generated
during freezing processes, thus increasing the HPG-samples' durability,
as Fig. 11 shows [45].
Fig. 10. Pore size distribution of the mortars with water retainers and the control mixture.

Fig. 11. a) REF samples after 6 freezing–thawing cycles, with a high degree of decay,
losses of material and deep cracks (degree 5 of decay); b) HPGmortars after 6 freezing–
thawing cycles, with some longitudinal cracks, but clearly less affected than reference
specimens (degrees 3–4).



Fig. 12. SEM imagesofHPMCmortars after exposure to SO2-chamber: a) rough spherical crystalsof calciumsulphite hemihydrate (in themiddleof thepicture), long-platelet crystals of the
same compound (fixed with an arrow) and some plate-like crystals – probably of gypsum – (surrounded with a circle); b) rough spherical crystals of calcium sulphite hemihydrate.
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HPMCmortar showeda lesspronounced reduction in thepercentage
of large pores between 50 and 2 μmthanHPGmortar. The percentage of
total intrusion volume was 11.6% for HPMC (whereas 13.7% was
Fig. 13. Polypropylene fibre-modified mortars during freezing–thawing cycles: a) PP-1 sam
reference material (see Fig. 11a); b) PP-2 mortars after 6 cycles (degree 1), also showing bett
crust losses (degrees 4–5); d) PP-2 mortars after 14 cycles, presenting great swelling and l
determined for the control sample). By way of explanation for this fact,
HPMC required a larger amount of mixing water (1.46 water/binder
ratio) thanHPG and, in addition, HPMCentrapped a lower amount of air
ples after 6 freezing–thawing cycles (degree 1 of decay), clearly less affected than the
er resistance than the control mortar; c) PP-1 samples after 14 cycles, with considerable
ongitudinal cracks (degree 4).



Table 6
Compressive strengths of polypropylene fibre-modifiedmortars after freezing–thawing
cycles.

Time of exposure (days) Compressive strength (N/mm2)

REF PP-1 PP-2

7 1,19 4,20 Squashed
14 (–) 1,87 Squashed

(–) Not determined because samples had been previously destroyed.
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bubbles than HPG (Table 2). The very similar air content would explain
why the reference mortars and the HPMCmortars behaved in a similar
manner in climatic chamber exposure as well as in freezing–thawing
cycles.

As occurred with the water-repelling agents, the exposure of
mortars in the SO2-chamber gave rise to calcium sulphite hemihy-
drate formation. The carbonation of specimens was enhanced, as
shown in Table 5 by a Ca(OH)2 percentage decrease. Therefore, the
strengths were slightly improved along the SO2-exposure cycles
(Fig. 9d).

SEM analysis showed rough spherical and long-platelet crystals of
calcium sulphite hemihydrate, together with some plate-like crystals
(probably of gypsum) (as an example, Fig. 12 shows some images for
mortars modified by HPMC addition). Unlike the mortars modified
with water repellents, no agglomerates of acicular crystals were
observed.
Fig. 14. Compressive strengths of mortars with fibre after being subjected to different
environments.
4.3. Mortars with fibre

The addition offibres involved a rise in the amount of requiredwater
(see Table 1). A high dosage of fibre dramatically increased the amount
of mixing water (1.55 water/binder ratio compared to 1.20 for control
mortar). The density of this last mortar showed a clear reduction owing
to thiswater/binder ratio (at hardened state, controlmortar presented a
density value of 1670 g L−1, for PP-1 1630 g L−1 was determined, and
1540 g L−1 for PP-2). However, the resistance of mortars with fibre in
the face of freezing–thawing cycleswas considerably better than that of
the reference mortar (Fig. 13a and b). It must be highlighted that PP-1
specimens suffered some losses ofmaterial during the last cycles owing
to a crumbling process (Fig. 13c). Nevertheless, their mechanical
performance was better than that of the control mortars (Table 6). PP-
2 samples also lost some small parts ofmaterial and clearly underwent a
swelling phenomenon when immersed in water (Fig. 13d). These
mortars did not show a goodmechanical performance (Table 6). When
samples subjected to freezing–thawing cycles were tested, the strength
could not bemeasured in thesemortars.When immersed inwater,fibre
in high dosage (PP-2 samples) created in the mortars a skeleton, like a
superstructure, thatheld stuck the fragments ofmaterial, preventing the
Fig. 15. Pore size distributions of samples: a) pore size distribution of reference mortar,
samples with low dosage of fibre (PP-1) and samples with high dosage of fibre (PP-2)
hardened in room conditions; b) pore size distribution of mortars modified with high
dosage of fibre, after being exposed to room conditions and after being exposed to SO2-
chamber.
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disintegration of the mortar. However, the mechanical strength of such
superstructure was not relevant: when a very slight stress was applied,
the mortar offered no resistance.

The compressive strength results after freezing–thawing cycles
(Table 6) as well as climatic chamber (Fig. 14a) can be explained
taking into account the pore size distributions of the specimens
(Fig. 15a). Analyses showed that the addition of fibre in the low
dosage (PP-1) generated amore compact material with lower amount
of large pores (the percentage of total intrusion volume dropped from
13.7% (referencemortar) to 8.6% (PP-1mortar) in the pore range of 2–
50 μm: a clear reduction in the peak at ca. 10 μm can be observed in
Fig. 15a). It should be noticed that in this case the amount of mixing
water was quite similar to that of the control mortar: 1.23 water/
binder ratio for PP-1 mortar compared with 1.20 for control mortar.
However, the high dosage used (PP-2) led to an increase in the
number of macropores (the percentage of the total volume of
intruded mercury rose from 13.7% to 21.2%, in the pore range of 2–
50 μm). This large porosity could be related to the high amount of
mixing water that PP-2 mortar required (29.3% of mixing water more
than the control mortar). This quantity of large pores could be
responsible for the strength drop and water absorption and
subsequent swelling phenomenon assessed for PP-2 samples. How-
ever, PP-1 specimens behaved in a better way owing to: i) the
decrease in larger pores; and ii) the reinforcement typically related to
the incorporation of fibres to mortars, since fibres have the ability to
absorb internal tensions [46,47].
Fig. 16. SEM images of PP-2mortars's surface after being exposed to SO2-chamber: a) fibre th
plate-like crystals of gypsum; c) image of a different zone of the surface, where some plate
crystals of calcium sulphite hemihydrate (one of them fixed with an arrow) are also presen
The performance of these specimens in SO2-chamber matched the
previous results of other admixtures: calcium sulphite hemihydrate
appeared as the main degradation product and the exposure
increased the degree of portlandite carbonation (Table 5). As a
consequence of the calcite crystallization, pore size distribution
changed towards a unimodal distribution (Fig. 15b): the percentage
of the total intrusion volume in the pore range that includes the main
peak (0.5–2 μm) was 35.5% for the sample exposed to SO2-
atmosphere, while 24.8% was obtained for sample exposed to room
conditions. A reduction of the amount of the smallest and largest
pores can also be checked: the peaks at 30.2, 17.3 and 0.04 μm
disappeared. When the reduction of the largest pores was quantified,
in the pore range 2–50 μm the percentage of the total intrusion
volume changed from 21.2% (sample exposed to indoor conditions) to
12.7% (sample exposed to SO2-chamber). In the range of the smallest
pores (0.01–0.1 μm), the percentage decreased from 9% to 6%
(Fig. 15b) and mechanical strengths were improved (Fig. 14b).
Rough spherical crystals of calcium sulphite hemihydrate and plate-
like crystals of gypsum were found by means of SEM-EDAX analysis
(Fig. 16).

4.4. Mortars with viscosity modifier

With regard to durability, PS mortars suffered less decay than
controlmortar in all the environments assayed. PS specimens endured
two more freezing–thawing cycles than the reference samples
read in the specimen surface; b) detail of the previous image (white rectangle), showing
-like crystals can be observed in the middle of the picture, and some rough spherical
t.



Fig. 17.Mortars during freezing–thawing cycles: a) REF mortar after 4 cycles, with clear
signs of deterioration, degree 4 of alteration; b) PS mortars after 4 cycles, clearly less
affected than REF mortars, degree 2–3.

Fig. 18. Mechanical strengths of mortars w
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(Fig. 17), and they also showed better compressive strengths
(Fig. 18a). Also after outdoor exposure as well as climatic chamber
cycles PS specimens turned out to be, generally speaking, stronger
than control samples, as compressive strength results after weather-
ing cycles show (Fig. 18b).

This behaviour can be explained as a consequence of the pore
structure of the modified mortar. However, the mixing water had not
a significant role because the water/binder ratio was the same for
control mortar and PS mortar (Table 1). Fig. 19a depicts pore size
distributions. It can be observed that specimens modified by PS
addition showed smaller pores: the percentage of the total intrusion
volume in the pore range 2–50 μm decreased from 13.7% to 11.8% and
the peak at ca. 10 μmdisappeared. The PS addition also caused a lower
quantity of main pore population: in the pore range of the main peak
(0.5–2 μm) the percentage of the total intrusion volume dropped from
46.6% to 37.7%. As a result of these facts, the capillarity coefficient was
reduced (see Table 2: PS specimens presented lower capillarity
coefficient than control mortar) and water intake was hindered as the
weight changes confirmed (PS specimens absorbed less water amount
than the control mortar owing to their lower amount of both large and
capillary pores) (Fig. 20). Open porosity also matched these results:
33.08% was determined for the control mortar, while 28.36% was
measured for the PS specimen. This pore size distribution observed in
the hardened material could be related to the previously reported
effect of the starch in the fresh specimens of lime mortars, because, by
increasing the water retention and acting as a plasticizer, it gave rise
to a more coherent material [48].

After SO2 exposure, PS sample showed an increase in the main
pore diameter (below 1 μm) (Fig. 19b), in agreement with previous
results reported for the other admixtures, and related to the
carbonation process (in the pore range 0.1–1 μm, the percentage of
the total volume of intruded mercury rose from 57.9% to 65.5%)
ith starch under different conditions.



Fig. 19. a) Pore size distribution of control material and mortar modified with starch
(after indoor exposure); b) pore size distribution of mortar with starch after room
exposure and after SO2 exposure.
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However, it can be observed a slight rise in the mercury intrusion at a
pore diameter of ∼ 2.5 μm (with a 38.2% of increase of the volume of
the intrudedmercury per gram of sample in the pore range 1.5–5 μm).
The appearance of these pores could be attributed to damage caused
by the effect of acid deposition and CaCO3 dissolution [27]. It should
be noticed that PS samples suffered a strength drop after SO2-chamber
exposure (Fig. 18c), which could be attributed to this increase in
larger pores.
Fig. 20. Weight change of mortars modified with starch after exposure in climatic
chamber.
SEM observations are depicted in Fig. 21. Rough spherical calcium
sulphite hemihydrate crystals can be seen. No acicular crystal habit
could be observed in PS modified mortars. In accordance with pore
size distribution results, pores of around 1 μm can be observed
widespread through the image, while larger pores (of around 5 μm)
appear on the left-top corner of the picture.

5. Conclusions

In connection to environments involving hygroscopic transfers
and freezing (climatic chamber, freezing–thawing cycles and outdoor
exposure), sodium oleate, when used in high dosage, has been shown
to be the best additive in improving the durability of lime mortar.
After being subjected to these ageing programs, mortars with sodium
oleate (high dosage) presented the highest compressive strengths. A
high dosage of calcium stearate did not perform in such an efficient
way: it was effective in climatic chamber, but mortars did not endure
all the freezing–thawing cycles. A low water repellent dosage (0.06%
of the total dry mortar's weight) was clearly useless to increase the
mortar's durability in such environments. Among the water-retaining
agents, the guar gum derivative improved the durability of the
samples compared to the reference mortar. The HPMC turned out to
be ineffective in terms of enhancement of durability for lime-based
mortars. The behaviour of mortars with polypropylene fibre was
clearly dosage-dependent: the lower amount of additive led to an
improvement of the mechanical properties compared to the reference
mortar. Finally, the starch, by producing a more coherent matrix, also
enhanced durability and mechanical strength. All these behaviours
have been proved to depend directly on the water absorption capacity
of the samples, which was related to the pore size distribution: the
lower the amount of absorbed water, the better the mechanical
performance and the aesthetic evolution. The air content was found to
be very important in increasing the lime mortar's durability, because
air-voids affect the capillary network and provide a free space where
water can expand during the freezing process without damaging the
structure. In general, mortars modified with additives that increased
the air-content to a much greater extent than the reference mortar
offered better mechanical performance and durability when subjected
to the above mentioned environments.

The exposure of all the tested mortars to SO2-chamber gave rise to
two phenomena: the increase in the carbonation rate and the
formation on the mortar's surface of calcium sulphite hemihydrate,
as the main degradation product, and secondly calcium sulphate
dihydrate crystals: conversion of sulphite into sulphate was not
favoured owing to the absence of catalyst. The increase in the
carbonation rate can be explained by taking into account the high
relative humidity of the SO2-chamber, which allows the calcium
hydroxide and the gaseous CO2 to dissolve and form calcium
carbonate. As a result, mechanical strengths of the mortars suffered,
in general, a slight raise in the course of the cycles and pore size
distributions of the samples became more unimodal, being centered
in ∼ 1 μm, owing to the formation of calcite.

On the other hand, calcium sulphite hemihydrate was observed in
different crystal habits as a function of the admixture. Mortars with
water-repelling agents showed acicular crystals of calcium sulphite
hemihydrate, typical of mediums with low pH. This is the first time
that such a crystal habit has been reported in SO2 deposition on
calcareous materials. Acicular shape was the only habit found in
sodium oleate samples, while mortars with calcium stearate showed a
lower number of needle-shaped crystals and several agglomerations
of platelets and prismatic ones, attributable to both sulphite and
sulphate crystals. Water-retainers and fibre-modified specimens
showed rough spherical crystals of calcium sulphite hemihydrate
and plate-like crystals which could be either sulphite or sulphate. In
mortars with starch, only rough spherical sulphite crystals were
detected.



Fig. 21. SEM image of mortar with starch alter SO2 exposure, showing a crust of rough spherical crystals of calcium sulphite hemihydrate.
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