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To find out which render mortar mix shows the best durability properties, we have designed four ageing
tests that aim to simulate water movements, ice formation and salt crystallization in lime mortars
exposed to an extreme, but realistic, range of temperature and humidity. It has been found that the
response of individual mortar mixes differs according to the mechanism and the agent of attack. These
findings suggest that in order to provide useful data both the experimental testing approach and the
types of mortar tested need to be tailored for the particular circumstance in which the render will be
applied.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Rendering mortars have always been considered the sacrificial
layers of walls and building facades because their main purpose,
as well as an aesthetic one, is to protect the masonry structure
against weathering, slowing its decay. To ensure this function,
renders need to be maintained and repaired or substituted by other
compatible mortars when damaged. The major benefit achieved by
covering a building with a render is the reduction of moisture pres-
ent inside the masonry structure [1]. The presence of water and its
movement inside the pore network of mortars are among the biggest
causes of their degradation [1–3]. In fact, depending on the condi-
tions of temperature and humidity, water in both vapour and liquid
state can allow freezing–thawing phenomena, can favour the entry
of salts which crystallize inside the matrix, and can cause the reduc-
tion of mortar mechanical strengths and adhesion to the masonry.
As a general rule, a render should be characterised by low water
absorption and high water vapour permeability, so that the water
which enters the mortar can easily and quickly evaporate [4], as well
as by high flexibility, good adhesion and compatibility with the sup-
port (i.e. stone, brick) [5,6]. Adequate design of the masonry materi-
als and good knowledge of their characteristics (pore system, hygric
ll rights reserved.
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and physic-mechanical properties) are required to predict and, con-
sequently, minimise their decay.

Accelerated weathering tests are the easiest, quickest and most
commonly used way to study the resistance of a construction
material exposed to certain environmental conditions as well as
to know which factors are involved in its decay and in which
way the material properties are affected [7]. However, one must
bear in mind that natural weathering is a combination of condi-
tions (i.e. temperature, relative humidity, solar radiation, wind,
rain, salts and pollutants) which are hard to reproduce faithfully
by a laboratory test. Moreover, the layer of mortar (1–3 cm thick)
applied on the surface of a wall may show different textural char-
acteristics (such as pore systems) to a laboratory sample (the stan-
dard size is 4 � 4 � 16 cm) and consequently, it may be affected in
a different way by weathering. However, the performance of accel-
erated ageing tests is still the most useful tool for understanding
the mechanisms of decay occurring in rocks and masonry
structures.

Freeze–thaw cycles, mechanical stress and salt crystallization
are the most effective causes of degradation of mortar used in ren-
ders. According to some authors [8,9], decay due to freezing–thaw-
ing cycles, rainfall and salts attack is more noticeable in mortars
with high porosity and low strength.

Good understanding of the growth mechanisms of salts in por-
ous materials has been achieved by many salt crystallization tests
performed during the last 20 years [9–21].
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In mortars, sulphate attack consists of a sequence of three
sub-processes: firstly, sulphate ions diffuse into the pores of the
mortar, more or less easily depending on its permeability; secondly,
the sulphate ions react with calcium hydroxide, thus enhancing fur-
ther penetration of sulphates into the matrix; finally, gypsum or
ettringite precipitates, depending on the composition of the binder
(lime or cement) [21]. Gypsum and ettringite are responsible for the
development of cracks and spalling, respectively [9]. In cement
mortars, further deterioration is due to the degradation of calcium
silicate hydrates with consequent leaching of calcium hydroxide
[9]. The presence of thaumasite, which is similar to ettringite but
derives from the reaction between calcium silicate hydrates and
sulphate ions, has also been reported in cement, lime and
gypsum-based mortars [22,23].

Magnesium (epsomite and hexahydrite) and sodium (thenar-
dite and mirabilite) sulphates are the most dangerous salts for
building material durability, because they normally crystallize in-
side the material [24] often only a few millimetres below the
surface, depending on the salt viscosity and the drying rate of
the material [25]. Due to their high crystallization pressure [26],
these salts cause cracks, sanding and spalling.

Karatasios et al. [11] described the degradation of calcitic lime
mortars due to sodium sulphate crystallization and demonstrated
how the addition of barium hydroxide enhances the resistance to
salts, by blocking Ca2+ dissolution and further precipitation of salts.
The use of industrial residues (such as blast furnace slag) as addi-
tives in mortars has proved to be effective in reducing the damage
caused by salt crystallization and freezing–thawing cycles [27].

The objective of this work is to study the durability of lime-
based mortars to be used as rendering materials in restoration
interventions. To study the effect of ageing on the properties of
these mortars, they have been subjected to accelerated weathering,
by simulating the extreme atmospheric conditions (of temperature
and relative humidity) which occur during 1 year in the city of Gra-
nada (Andalusia, South of Spain) (Table 1).

The damage caused by rain and freezing–thawing cycles has
also been studied by simulating rainfall (that mostly occurs in win-
ter time in Granada).

Two further tests have also been carried out to study the impact
of salt crystallization on mortars: the salt solution was applied dur-
ing the weathering cycles as a ‘‘salt fog’’ on the surface of mortars,
whilst other samples were placed in contact with a combination of
sand and salt and periodically activated by water. In the first case,
previous studies have found that fog enhances stone decay by salt
because it is a source of moisture [20] and it controls the rate of
breakdown, whilst salt controls timing [17]. In the second case,
simulations of hyper-arid environments (such as deserts)
Table 1
Atmospheric conditions occurred in Granada in 2009. Data were taken from the
Meteorological station 84,190 (LEGR) of Granada Airport (latitude: 37.18�; longitude:
�3.78�; altitude: 567 m). The most extreme conditions were registered in July and
January.

Year 2009 Tmax (�C)/average Tmin (�C)/average HRmax (%)/average

January 15/10 �6/1 99/87.9
February 19.3/14.4 �3/1.5 90/77.3
March 24/18.7 �0.2/4.5 97/71.3
April 24.8/18.6 �1.8/4.2 85/64.7
May 34/27 3.6/9.3 67/52.2
June 38/31.8 9.4/14.5 70/45.5
July 39.7/35.8 11.7/16 47/37.3
August 37/34.4 11.3/15.6 57/46.1
September 35.7/27.3 7.5/12.8 90/65.1
October 32.8/26.3 5.5/9.2 85/64.4
November 27/19 �0.7/4.3 96/69.3
December 19.4/13.8 �4.1/3 95/85.4
previously performed on stone samples have demonstrated that
salt weathering can operate quickly on samples not fully immersed
in saline solutions but in contact with a combination of salt and
sand [20].

The effect of these four weathering cycles on mortar samples
has been monitored by means of visual and photographic observa-
tions, as well as by using weight loss and microscopic techniques.

1.1. Atmospheric conditions of the city of Granada (Andalucía, Spain)

Granada is located at the foot of Sierra Nevada Mountains in
Spain at an elevation of 738 m above the sea level and at a distance
of 60 km from the Mediterranean coast. Due to this particular geo-
graphic location, the city is characterised by extremely hot sum-
mers, during which temperatures can reach 40 �C (and about
50 �C in the sun), and quite cold winters when temperatures some-
times fall below 0 �C (see Table 1). Moreover, a temperature range
of 30 �C can be registered between night and day.

Granada is one of the most polluted cities of Spain, especially
because of the high amount of particulate matter produced by traf-
fic. The amount of PM1, PM10, and NO2, recorded in 2009 and 2010
in many areas of the city [28,29], was higher than the legal limit.
On the other hand, the lowest values of contamination were regis-
tered for SO2 and CO gas in 2009 [28]. However, the accelerating
effects of suspended particles on mortar decay caused by the
interaction with SO2 gas and the formation of deleterious sulphate
salts should be taken into account [30–33]. The main sources of
sulphate ions which give rise to these salts are thought to be traffic
and industries, as only a small portion of SO2�

4 ion incorporated
into the atmospheric aerosol originates in sea spray [34]. More-
over, the most deleterious damage found in stones and composite
materials of ancient buildings of Granada has been caused by the
crystallization of magnesium salts [35,36]. Sulphate and magne-
sium ions are likely to come from the soil (ground water) and/or
from adjacent lime or gypsum mortars, often prepared with dolo-
mitic aggregates because dolostones commonly outcrop near Gra-
nada. In modern repair works, dolomitic lime and aggregate have
been substituted by calcite due to the harmful effect of magnesium
ions [24–26,30]. However, the high abundance of these elements is
still a big cause of deterioration of the materials present in the his-
toric buildings of Granada [36].
2. Materials and methods

The following components were used in the production of the test mortars: a
calcitic dry hydrated lime (CL90-S [37]) produced by ANCASA (Seville, Spain), a cal-
careous aggregate (CA) with a continuous grading from 0.063 to 1.5 mm, a pozzolan
(CLASS N POZZOLAN, [38]), produced by Burgess Pigment Company (USA) as addi-
tive, and three different admixtures: a lightweight aggregate (perlite), a water-
retaining agent (cellulose derivative) and a plasticiser (polycarboxylate) (additional
detail can be found at www.argosdc.com). Four types of lime mortars were pre-
pared, in which the binder-to-aggregate (B/S) ratios were 1:3, 1:4, 1:6 and 1:9 by
weight, whilst the pozzolan was kept at 10% of the total binder (by mass) and the
total admixtures proportion was less than 2% of the total mass, as shown in Table
2. The mortars have been labelled M3, M4, M6, M9, according to their B/S ratio.
Mortars were stored for 7 days in normalised steel moulds (4 � 4 � 16 cm) at
Table 2
Proportions (expressed in g) of components used in the elaboration of the four mortar
types. Abbreviations indicate: calcitic lime (CL); metakaolin (MK); calcareous
aggregate (CA); admixtures (perlite + cellulose derivative + polycarboxylate).

Mortars name Components name and proportions

CL MK CA admixtures

M3 450.0 50.0 1500.0 34.0
M4 360.0 40.0 1600.0 34.0
M6 257.1 28.6 1714.3 34.0
M9 180.0 20.0 1800.0 34.0

http://www.argosdc.com
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RH = 60 ± 5% and T = 20 ± 5 �C following a modification of the standard UNE-EN
1015-2 [39] proposed by Cazalla [40]. After being removed from the moulds, they
were cured at the same conditions of T and RH until the beginning of the study.
The weathering experiments were carried out three months later in order to ensure
good carbonation, because the standard time of 28 days was considered too short
for ensuring carbonation and properties improvement on these materials. Four dif-
ferent tests were performed: (1) weathering cycles with T, light and RH variations
(WS); (2) weathering cycles and rain simulation (WS + R); (3) weathering cycles
and salt resistance by capillary absorption (WS + SS); and (4) weathering cycles
and salt resistance by surface deposition (WS + SD). Samples were weighed and
photos taken every day in order to record any morphological change in mortars.

2.1. Weathering study (WS)

To study the effect of ageing process on mortar properties, the four different
types of mortar were subjected to accelerated weathering, by simulating the atmo-
spheric conditions which occur during one year in the city of Granada (Table 1). In
this simulation the annual temperature and relative humidity range was repeated
every 12 h. The simulation was carried out on three samples per mortar type, in a
Sanyo-FE 300H/MP/R20 environmental cabinet (internal dimensions of 675 W
630D 650H mm) (School of Geography and the Environment, Oxford University,
UK) which can operate at temperature range of �20 to +100 �C and can be pro-
grammed with different conditions of temperature, relative humidity and light.
Three samples (each of 2 � 4 � 4 cm) per mortar were placed on a sand layer (ca.
4 cm thick) in a tray, in the same way as in Goudie et al. [17] and Goudie and Parker
[20]. The smaller surface (2 � 4 cm) was put in contact with the sand and the larger
surface (4 � 4 cm) perpendicular to it. In this way, samples reproduce the real sit-
uation of a render (1–3 cm thick) on a wall.

Thirty cycles were performed in total. Each climatic cycle lasted 12 h, and con-
sisted of four steps, of 3 h duration each step, with a cooling and warming rate of
25 �C/h, as shown in Table 3. Temperature and relative humidity trends were
checked with a data logger (ibutton� Hygrolog which records temperature and
RH) to ensure that the programmed cycle was reproduced accurately.

2.1.1. Weathering study and rain simulation (WS+R)
Under the same weathering conditions (of T, RH and light) described in Section

2.1, rain was simulated by spraying both the sand (water level of 2 mm) and the
mortar surface with around 25 mL of tap water, which was applied every four cycles
just before the step at �10 �C (Table 3). The water absorbed by the samples (by cap-
illary rise from the sand and by absorption from the wetted surface) froze when
temperature decreased below 0 �C and dried when temperature increases up to
40 �C, with the consequence that freeze–thaw cycles were also simulated in this
test. Thirty cycles were performed in total.

2.2. Salt resistance tests

As in most of the accelerated decay tests performed on mortars [9,11,14,21] and
as recommended in standards regarding the estimation of the durability of building
materials [41,42], a sodium sulphate solution was used instead of a magnesium sul-
phate or a sodium chloride one. In fact, if Cl� ions accumulation decreases with the
increase of the distance from the sea [34], chlorides should be scarce in Granada,
although an influx of marine particles can be expected when the wind direction
is southerly [36]. Moreover, the damage caused by Cl� salts is less noticeable than
the deterioration by thenardite and mirabilite, because halite always crystallizes at
the material surface (as efflorescences) [10,24].

2.2.1. Weathering study and salt attack by capillary absorption (WS+SS)
The experimental design proposed by Goudie et al. [17] was used, with some

modifications, to evaluate the damage caused by the capillary uptake of a saline
ground water within the mortar. Samples were placed on sand 4 cm thick, in which
sodium sulphate was dispersed. Among the different conditions of weathering
established by Goudie et al. [17], we chose the 1:10 salt to sand ratio by weight
and a water level of 1 mm applied in each tray, in order to produce observable
breakdown. Ten cycles were performed in total. Tap water was applied over the tray
Table 3
Scheme of the exposure conditions used in the tests, which represents one cycle of 12 h du
step. Temperature (T, in �C), relative humidity (RH, in%) and light (40 W Crompton reflector
was applied; ‘‘–’’ indicates that the relative humidity was not programmable in this ste
weathering study and salt resistance by capillary absorption; WS + SD: weathering study an
applied in this step.

Tinit (h:min) Tfin (h:min) T (�C) RH (%) Light WS

00:00 03:00 40 40 yes -
03:00 06:00 15 70 not -
06:00 09:00 �10 – not -
09:00 12:00 15 70 not -
for around 60 s, using a spray every four cycles before the step at the highest tem-
perature (40 �C, Table 3). Ion chromatography analysis (Dionex IC DX500) (School of
Geography and the Environment, Oxford, UK) was performed on mortar samples
before and after the salt resistance tests, in order to determine and quantify the
concentration of soluble ions.

2.2.2. Weathering study and salt attack by surface deposition (WS+SD)
To analyse the damage caused by the deposition of a salt fog on the mortar sur-

face, a sodium sulphate solution (14% w/w) was sprayed on the surface of the mor-
tar samples, every two cycles before the step at the highest temperature (40 �C,
Table 3). Thirty cycles were performed in total. Also after the WS + SD test, ion chro-
matography analysis (Dionex IC DX500) was performed on mortar samples.

2.3. Carbonation degree and porosity of the mortar samples

Carbonation degree and open porosity of both internal and external zones of
mortar samples were determined before and after the weathering study.

The mineralogical phases and the degree of carbonation were determined by X-
ray diffraction (XRD), by means of a Panalytical X’Pert PRO MPD diffractometer
(Dept. of Mineralogy and Petrology, University of Granada, Spain), with automatic
loader and X́Celerator detector, 4–70� 2h explored area. The interpretation and
quantification of the mineral phases was performed using the X-Powder software
package [43]. The decrease in portlandite content was taken as a reference to esti-
mate the carbonation degree index (ICD, expressed in %), according to the equation:

ICD ¼
CH0 � CHx

CH0
� 100 ð1Þ

where CHx is the amount of portlandite at time x and CH0 is the initial content of
portlandite (at time 0), determined by XRD. This method of quantification is not to-
tally accurate since it does not take in account the small amount of portlandite con-
sumed during the hydration of metakaolin phases. For this reason ICD is considered
as an approximate estimation of the carbonation degree of mortars.

Open porosity (Po, %) and pore size distribution (PSD, in a range of 0.002 < r <
200 lm), were determined using a Micrometics Autopore III 9410 porosimeter
(mercury injection porosimetry, MIP) (Dept. of Mineralogy and Petrology, Univer-
sity of Granada, Spain). Mortar fragments of ca. 2 cm3 were oven-dried for 24 h at
60 �C before the analysis.

2.4. Micro-scale crystallization cycles

Environmental scanning electron microscopy (ESEM) (Scientific Instrumenta-
tion Center, Granada, Spain) allows the detailed observation of the crystalline
phases of a salt at different degree of hydration. A Philips Quanta 400 was used
to analyse small mortar fragments (�2 mm3), which did not need to be previously
dried and sputter coated. Before observation, the microscope chamber was purged
at a temperature of 10 �C and a range of pressures between 0.9 and 5 torr, corre-
sponding at this temperature to about 8% and 40% of relative humidity. Once equi-
librium was achieved, temperature and pressure were fixed at 2 �C and 2.5 torr
(RH � 36%), respectively. These conditions were established for the observation of
the anhydrous phases in mortar samples. A low temperature ensures good working
conditions and reliable results. Hydration and dehydration cycles of the salt crystals
were performed with a fixed temperature of 2 �C and a range of pressure of 2–6 torr,
which reproduces relative humidities of 29–87%. Three cycles were performed in
total. Chemical analyses were performed by means of an EDX microanalysis system,
with Si(Li) detector of SUTW type.

3. Results and discussion

The response of mortars (i.e. mass variation, deterioration forms
and decay speed) to the weathering cycles was different depending
on the type of attack produced in the four experimental runs by
temperature and humidity changes, alternation of wet and dry
ration, as indicated by the initial (Tinit, in hours) and final (Tfin, in hours) time of each
lamp) are the conditions used in all tests. ‘‘Yes’’ and ‘‘not’’ refers in which step the light
p. WS: weathering study; WS + R: weathering study and rain simulation; WS + SS:
d salt resistance by surface deposition. ‘‘-’’ indicates that no additional conditions were

WS + R WS + SD WS + SS

- - -
water spraying - -
- - -
- water spraying Sodium sulphate solution spraying



Fig. 1. Representation of the weight variations (in %) as a function of the number of cycles of the following tests: WS (weathering study) (a); WS + R (weathering study and
rain simulation) (b); WS + SS (weathering study and salt resistance by capillary absorption) (c); WS + SD (weathering study and salt resistance by surface deposition) (d).

Fig. 2. Samples aspect at the beginning and during the tests. (WS): normal weathering; (WS + R): weathering study and rain simulation; (WS + SS): weathering study and salt
resistance by capillary absorption; (WS + SD): weathering study and salt resistance by surface deposition. The cycle number is indicated on each image.
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Table 4
Deterioration forms observed in mortars during the following tests: WS + R (weath-
ering study and rain simulation); WS + SS (weathering study and salt resistance by
capillary absorption) and the WS + SD (weathering study and salt resistance by
surface deposition). The indexes used represent the number of samples (i: one; ii:
two; iii: three) of each mortar showing the corresponding deterioration form and the
number of cycles after which the deterioration form appears.

Deterioration forms M3 M4 M6 M9

After WS + R Mortars name
Fissures i, 30 i, 26 i, 10/ii, 26 i, 30
Fragments loss – i, 20/ii, 30 i, 14/iii, 20 iii, 20
aSanding i, 26/ii, 30 i, 20/ii, 26 i, 20/iii, 30 iii, 20
bSpalling i, 26 ii, 26 – –

After WS + SS Mortars name
Fissures i, 2/ii, 4 ii, 2 i, 6 i, 2
Efflorescences i, 4 i, 6 i, 6 –
Spalling i, 6 – – –
Cracks iii, 6 iii, 6 ii, 6 ii, 6
Fragments loss iii, 8 i, 6 ii, 6/iii, 8 iii, 10
Samples breaking ii, 8/iii, 10 i, 8/iii, 10 i, 8/iii, 10 iii, 10
Sanding iii, 10 iii, 10 iii, 10 iii, 10

After WS + SD Mortars name
Efflorescences ii, 18/iii, 30 ii, 18/iii, 30 iii, 18 ii, 18
Spalling iii, 30 ii, 20/iii, 30 iii, 20 ii, 20
Cohesion loss and sanding i, 30 i, 20/ii, 30 ii, 20/iii, 30 iii, 20

a Sanding refers to the loss of material in form of powder from the sample
surfaces.

b Spalling refers to the detachment of layers from the sample surfaces.
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periods and presence of salts. The climatic cycles reproduced by
the environmental cabinet were monitored to ensure reproducibil-
ity during each test. Sample weights are shown in Fig. 1 as a
Fig. 3. Images of the different deterioration forms appeared in the mortars samples su
fragment loss in the bottom (a) and the side (b) surfaces at the end of test; (c) spalling o
respectively; (d) sanding on the bigger surface of samples at the end of the test.
function of cycle number. Changes in mortar appearance observed
during the weathering cycles are shown in Fig. 2. An accurate
description of the different deterioration forms developed in mor-
tar samples during WS + R, WS + SS and WS + SD is given in Table 4
and the most representative images of those are shown in Figs. 3–
5, respectively. Finally, the soluble ion content (anions, as SO2�

4 ,
and cations, as Na+ and Ca2+) determined on the mortar samples
before and after the WS + SS and WS + SD tests is given in Fig. 6.
In the following sections, we present a detailed description of the
results obtained in each test.
3.1. WS

All mortars samples presented a slow and constant increase in
weight during the WS test (Fig. 1a), especially M3 and M4, where
the final weight is about a 1% higher than the initial one (Fig. 1a).
On the other hand, the lowest weight increase has been registered
in M9, of only +0.1%.

This fact may indicate that the mortar samples are still under-
going carbonation under these conditions, since carbonation pro-
duces a weight increase in mortars [44], and this is clearly higher
in mortars with higher amount of lime. Before the weathering
study, the mortars presented different carbonation degree indexes
(Table 5), with higher values in M3 and M4. After WS, M4 was still
the most carbonated mortar and this may explain the biggest in-
crease in weight registered in this mortar at the end of the weath-
ering cycles. Notwithstanding, this correspondence between
weight increase and carbonation degree is not found in M3. In fact,
the amount of portlandite found in this mortar after WS is the
highest and this results in the lowest carbonation degree index
bmitted to the WS + R test (weathering study and rain simulation): Fissures and
n the bigger surface, developed only in M3 and M4 samples after 30 and 26 cycles,



Fig. 4. Images of the different deterioration forms appeared in the mortars samples submitted to the WS + SS test (weathering study and salt resistance by capillary
absorption): (a) Fissures developed after four cycles in samples M3, M4 and M9. (b) Efflorescences appeared after six cycles on the side surfaces of samples M3, M4 and M6;
spalling also appears on sample M9. (c) Fractures in form of cross developed in all samples after six cycles.
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at the end of the test. On the other hand, the weight of M3 samples
recorded after 30 cycles of WS is one of the highest (Fig. 1a). This
discrepancy can be explained by considering the differences found
in the X-ray diffraction patterns of M3 and M4 (Fig. 7). In both pat-
terns, calcite and portlandite are present but in M3 about 5% of the
total amount of mineral phases is represented by the CAĈH phase
(Ca4Al2(CO3)(OH)12�6H2O, or monocarboalluminate). As shown in
Fig. 7, the amount of this phase is the highest in M3 mortar. The
CAĈH is one of the mono-phase calcium hydrates (AFm) that de-
rives from the reaction between the reactive alluminates of
metakaolin and the CO2�

3 ions [45]. According to Cizer [46], this
monocarboalluminate replaces progressively its precursor (hemi-
carboaluminate) in the presence of excess calcite and this leads
to the liberation of calcium hydroxide (i.e., portlandite) and thus
to an increase in its amount. If 5% of CAĈH has been formed in
M3 after the WS cycles, it is likely that calcium hydroxide is liber-
ated during CAĈH formation and precipitates as portlandite, with
the consequence that the amount of this phase is higher than
expected. On this basis and according to the higher weight increase
registered in M3 after WS, we can believe that M3 is still one of the
most carbonated mortars at the end of this test.

Calcium silicate hydrates (CSH) and calcium alumina silicate
hydrate (CASH) detected in some of the samples (Fig. 7) are among
the major phases formed after pozzolanic reaction of the metaka-
olin [46].

Mortar samples did not show any visible change (i.e. deteriora-
tion) during the WS cycles, as shown in Fig. 2a. The only modifica-
tion was found at microscopic scale and concerns the pore size
distribution of mortar samples (Fig. 8a). In the unaltered samples,
the main peak obtained in the PSD curves corresponds to pores
with radii between 0.1 and 1 lm and whose volume is the most
influential on the open porosity of mortars (Po, Table 5). Another
range of smaller pores (0.01 < r < 0.04 lm) is present in the unal-
tered samples and their volume is bigger in M3 and M4, which
were prepared with a higher content of binder (i.e. lime + metaka-
olin). After the WS test, M3, M4 and M6 show a decrease in the
amount of pores in the main range (0.1 < r < 1 lm). Since MIP anal-
ysis only detects interconnected pores, the volume reduction of



Fig. 5. Images of the different deterioration forms appeared in the mortars samples
submitted to the WS + SD test (weathering study and salt resistance by surface
deposition). (a) Efflorescences and spalling observed on the side surfaces of the
same samples, at the end of the test. (b) Surface aspect of the different mortars
samples at the end of the test. Fig. 6. Soluble ions (sulphates, SO2�

4 ; sodium, Na+; calcium, Ca2+) concentration (in
ppm) determined on M3, M4, M6 and M9 samples before (normal mortars) and
after the WS + SS (weathering study and salt resistance by capillary absorption) and
WS + SD (weathering study and salt resistance by surface deposition) tests. Error
bars represent the standard deviation determined on three samples per mortar.
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pores of the same size indicates that the interconnection among
these pores decreases. This occurs due to calcite crystallization
during the carbonation process [47].
3.2. WS + R

In this test, besides the moisture uptake in mortars caused by
the alternation of wet and dry periods, decay is also driven by
the formation of ice inside them when temperature goes below
0 �C (see Section 2.1). Fig. 1b shows the influence of this alternation
of wet and dry periods on the weight of samples: a weight increase
(between 5% and 14%) was registered two cycles after the water
application (i.e. simulation of rain fall). At the end of the test, the
only increase in final weight was recorded in M3 samples (by about
2%) whilst M4 samples recovered their initial weight and M6 and
M9 samples lost weight. These differences in sample weight as
well as the changes observed in the appearance of samples during
the WS + R test (Fig. 1b) indicate that the application of water, both
on the sand and the surface of the samples, produced a much more
pronounced response than the temperature and relative humidity
cycles alone and that this response is different according to the
mortar type.

The most rapid deterioration was observed in M6, where in one
sample the development of a long fissure led after a few cycles to
the detachment of a large fragment parallel to the surface (Table 4).
The consequent mass loss suffered by this sample is responsible for
the great decrease in weight registered for M6 at the end of the test
(Fig. 1). However, given that this decay only occurred in one sam-
ple, it is likely to be initiated to a stress produced when the sample
was cut before the test instead of being driven entirely by the test
conditions.

In M4 and M6 the development of fissures on the bottom face of
the samples led to the loss of small fragments from the same sur-
face, whilst in M9 no fissures were detected before the loss of frag-
ments (Table 4 and Fig. 3a). M3 did not show any loss of fragments
unlike the other samples, but the development of a fissure in the
bottom face of one of the M3 samples (Table 4 and Fig. 3a) after
30 cycles, allows us to expect a similar decay for this mortar, even



Table 5
Carbonation degree index (ICD, in %, measured according to Eq. (1)) and open porosity (Po, in %) of mortars before (unaltered) and after the different weathering processes: WS
(weathering study); WS + R (weathering study and rain simulation); WS + SS (weathering study and salt resistance by capillary absorption) and the WS + SD (weathering study
and salt resistance by surface deposition).

Mortar name ICD (%) Po (%)

Unaltered After WS Unaltered After WS After WS + R After WS + SS After WS + SD

M3 33 55 38.9 ± 5.0 36.3 ± 2.0 36.2 ± 4.0 38.5 ± 0.3 37.5 ± 0.7
M4 34 85 34.5 ± 0.2 34.1 ± 0.4 35.4 ± 1.1 42.0 ± 5.0 32.9 ± 0.3
M6 28 75 31.8 ± 0.2 32.0 ± 0.1 32.7 ± 1.0 38.2 ± 5.6 30.2 ± 1.3
M9 30 65 31.3 ± 0.9 32.5 ± 0.1 33.1 ± 0.5 37.1 ± 2.0 30.0 ± 0.8

Fig. 7. XRD pattern of mortars after the weathering study (WS). CC: calcite; CH: portlandite; CAĈH: monocarboalluminate; CSH: calcium silicate hydrate; CASH: calcium
alumina silicate hydrate; Qtz: quartz.
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if slower. The loss of small fragments also occurred from the side
surfaces of samples M4, M6 and M9 but later than from the bottom
(Fig. 3b). This deterioration form (i.e. loss of fragments) was ob-
served only on the surfaces in direct contact with water.

The decay of the bigger surface of samples differed according to
the mortar type. In M3 and M4 spalling occurred first (Table 4) and,
after the total detachment and fall of the superficial layers due to
the volume increase (9%) caused by the ice formation, the surface
below, already damaged by the previous process, was furthermore
exposed to the water sprayed on the surface, which formed a film
that froze and deteriorated the sample surface, with the conse-
quence that sanding appeared (Fig. 3c and d). On the other hand,
spalling did not occur in any samples of M6 and M9 and sanding
directly occurred on the bigger surface (Table 4 and Fig. 3d), sug-
gesting that in this case the most aggressive agent was the frozen
water present on the surface of these mortars.

Surface flaking and internal damage are the two types of crack-
ing recognised in mortars subjected to freezing–thawing phenom-
ena in previous studies [48].

To explain the observed differences in the modifications of sam-
ples’ appearance it is useful to study the modifications of the pore
system of the mortars after the WS + R test. In M3 and M4 PSD
curves, the main peak is shifted to smaller pore radius and the vol-
ume of these pores is lower (Fig. 8a). Moreover, the volume of
pores with radius lower than 0.1 lm increases slightly. This indi-
cates that water freezing has caused a shift of the maximum peak,
with a smaller radius than the original one. The water movements
within the mortar are responsible for the precipitation of calcite in
the pores, as well as for the rearrangement of phases in the matrix
system, which cause the observed pore network. At the same time,
few pores with radius around 4 lm appear. This is probably due to
a partial destruction of the pore system caused by freeze–thaw
mechanism. On the other hand, in M6 and M9 the only change
found in the PSD curves is the volume reduction or increase of
the original pores. Particularly, the increase of the pore volume
obtained in M9 is caused by the bad cohesion existing between
matrix and aggregate grains that characterises mortars with high
aggregate contents [49].

3.3. Salt resistance tests

3.3.1. WS + SS
Here, the mechanism of attack consists in the salt dissolution in

water and in the following absorption of the salty solution by cap-
illary rise. Due to the weathering cycles to which the samples are
submitted in the meantime, the sulphate undergoes cycles of pre-
cipitation (at higher T) and dissolution (at lower T) processes inside
the samples, leading to observable decay, which occurred after 10
cycles.

The WS + SS weight curves shown in Fig. 1c present the alterna-
tion of positive and negative peaks (as obtained in the WS + R test,
Fig. 1b) which indicates how sensitive the weight of mortar samples
is to the activation of the salt with water, which was performed
every four cycles. About 5% of weight is lost between a wet and a
dry cycle but more than 10% of weight is gained after the salt acti-
vation, with the consequence that the combined action of wet/dry
periods and salt results in a general weight increase in all mortar
samples. At the end of the test, M3 samples showed the biggest
weight increase (almost 20%), followed by M4 which recorded a
weight increase only 1% lower than M3. M6 and M9 behaved in a
very similar way, with the same final increase in weight, equal to
15%. The weight increase is related to salt uptake by the mortar.
However, the final weight recorded is lower than expected because
of the many fragments lost at the end of the test which could not be
weighed, because they were very fragile and reduced to powdered
fragments after being handled (Fig. 2c).

During the WS + SS test, the first deterioration form that ap-
peared in mortars was the formation of fissures which developed
perpendicularly to the upper face and along the bigger face of
the samples (Table 4 and Fig. 4a). This deterioration was followed



Fig. 8. Pore size distribution curves of mortars samples before (unaltered) and after the different weathering processes: WS (weathering study); WS + R (weathering study
and rain simulation); WS + SS (weathering study and salt resistance by capillary absorption) and the WS + SD (weathering study and salt resistance by surface deposition).
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by the precipitation of sulphate on the side faces of the samples. In
some cases, the salt precipitated on the surface in the form of efflo-
rescences and in other cases as subflorescences, very close to the
surface, causing the detachment of thin layers (i.e. spalling) (Table
4 and Fig. 4b). As the test continued, fissures spread and widened
until they became large cracks in the form of a cross on the bigger
face, already evident after six cycles (Table 4 and Fig. 4c). These
cracks caused the total breaking of the samples after 10 cycles
(Table 4 and Fig. 2). All samples presented this decay although to
different degrees, more pronounced in M3 samples.



Fig. 9. ESEM images of one of the mortars after the WS + SS test: (a) aspect of the sample at anhydrous conditions (T = 10 �C and RH = 20%). The inset shows the EDX analysis
of the salt, indicating that it is a sodium sulphate (thenardite, Na2SO4); (b) fibrous morphology of the surface of thenardite crystals at anhydrous conditions; (c) beginning of
the hydration and expansion of the thenardite crystals; (d) mirabilite (Na2SO4�10H2O) crystals with size comprised between 20 and 50 lm, formed at T = 2 �C and RH = 58%;
(e) beginning of the dehydration process in some mirabilite crystals, at T = 2 �C and RH = 37.7%; (c) thenardite crystals formed at T = 2 �C and RH = 34.8%.
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The salt detected by XRD in mortar samples after WS + SS is the-
nardite (Na2SO4), which is the anhydrous phase of sodium sulphate
which precipitates from solution at temperatures higher than
32.4 �C, below which mirabilite is stable (Na2SO4�10H2O). This
means that, during the temperature and humidity cycles estab-
lished in this study, mirabilite is also present in mortar samples.
Ettringite and gypsum have not been detected by means of XRD,
although the morphology of cracks (Fig. 4c) developed in mortars
may indicate their formation. This can be explained knowing that
the decay caused by sodium sulphate is big if thenardite crystals
are formed due to heterogeneous nucleation in small fractures or
micropores smaller than 1 lm [26]. At the same time, it might be
possible that colloidal ettringite has formed in mortars with the
highest content of lime [27,50].

From the pore size distribution curves of the altered samples it is
clear that a strong reduction in the volume of pores of radius between
0.1 and 1 lm has occurred, and that a new family of pores with radius
comprised between 3 and 50 lm has been produced (Fig. 8b). This is
because the precipitation of mirabilite from the supersaturated
solution, produced at room temperature by the dissolution of thenar-
dite, creates a crystallization pressure [15,51] high enough to break
the original pores and generate others with bigger radius.

As found by other authors [52,53], mortar porosity is higher
after the absorption of salt (Table 5).

3.3.2. WS + SD
In this test, the absorption of sprayed salt solution by the sam-

ples’ surface led to a general increase in weight until the 16th cycle
in M9 and up to the 22nd for M6; after that, these two mortars lost
weight strongly whilst M3 continued to gain weight and M4 re-
mained quite stable until the end of the test (Fig. 1d).

After 30 cycles, the mortar samples did not show any fissures or
breaking and the only changes were in their superficial appearance
(Fig. 2d).
The salt absorbed by the surface precipitates in form of efflores-
cences on the upper and side surfaces of samples and in some cases
it is followed by spalling (Table 4 and Fig. 5a). In the bigger face a
loss of cohesion between the mortar matrix and the sand grains oc-
curs, leading the sample surfaces to become much rougher and less
compact (Table 4 and Fig. 5b), especially after the 10 last cycles
(Fig. 2d). The biggest consequence of this deterioration was the loss
of aggregate grains and binder (i.e. sanding) from the external sur-
faces of the samples, in a more pronounced way in M9 and M6 sam-
ples, which were characterised by notable weight loss (Fig. 1d). As
both weight variation (Fig. 1d) and sample appearance (Fig. 2d)
indicate, the degree of alteration is inversely proportional to the
lime content of mortars, being the highest in M9 and the lowest
in M3 and M4. This type of decay is related with the cohesion be-
tween mortar sand grains and matrix, which is much poorer in
M9, due to the high content of aggregate in this mortar [49].

The total porosity of mortars after the salt deposition test is
lower compared to that of unaltered samples. PSD curves of mor-
tars after WS + SD are very similar to those obtained after the rain
simulation experiment (WS + R), showing the main peak centered
at 0.5 lm and a small peak centered at 4 lm. This type of PSD
curve suggests that the original pores have been blocked by the
precipitation of salts inside them.

The fact that no cracks or smaller fissures have been generated
by salt deposition, indicates that the salt intake from the mortars
surface is lower and that precipitation only occurs at superficial
level.

3.3.3. Soluble ions
The soluble ions (Fig. 6) determined in mortar samples after the

WS + SS test shows that both the sulphate (Fig. 6a) and the sodium
(Fig. 6b) content is proportional to the lime content of the original
mortars (Ca2+, Fig. 6c). This indicates that the amount of salts is
higher in mortars with higher lime contents, for two main reasons:



Fig. 10. ESEM image of mirabilite crystals grown within the mortar matrix, which
has lost compactness and is progressively pushed by the salt crystals.
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on the one hand lime may react with sodium sulphate to form cal-
cium sulphate, so that a higher lime content would produce a high-
er gypsum content; on the other hand, the porosity of mortars with
high lime content is higher and the capillary uptake is more fa-
voured, with the consequence of larger uptake of salts.

After the WS + SD test, a much lower content of sulphates has
been found in mortar samples (Fig. 6a) and this agrees with the
smaller decay they showed, compared to WS + SS. Nevertheless, a
lower correlation has been found between the lime content of
the original mortars and the sulphate and sodium content after
the test. This is because water uptake does not occur in this test,
so that there cannot be a correlation between mortar porosity
and superficial decay.
3.3.4. Crystallization at microscopic scale
By means of ESEM, we carried out a dynamic study of the crys-

tallization process at microscopic scale. This allowed us to observe
the morphology and size of salt crystals formed at different condi-
tions of temperature and relative humidity. The only salt found in
mortars at anhydrous conditions (T = 10 �C and RH = 20%) is the-
nardite (Fig. 9a and inset), which appeared as fibrous agglomerates
(Fig. 9b) with high brightness. The hydration of this phase started
at RH = 72.5% when the typical fibres of thenardite (Fig. 10b)
started to expand (Fig. 9c) until forming the first mirabilite crys-
tals. The inverse process (dehydration, Figs. 9d–f) started at
RH = 37.7% and achieved equilibrium at RH = 34.8%.

Mirabilite crystals precipitated on the surface have sizes be-
tween 20 and 50 lm. Even if limited by the size and the pore en-
trance [16], the maximum crystallization pressure of this salt is
still able to overcome the physical constraint of the pore wall (de-
fined by the tensile strength of the material) [15], so that bigger
pores of similar size to the mirabilite crystals are generated
(Fig. 8b). Moreover, the volume expansion (314% [51]) of the hy-
drated sodium sulphate is responsible for the big cracks obtained
at the end of the WS + SS test in all samples (Table 4, Fig. 2).

By means of the ESEM it was possible to observe how the per-
formance of continuous hydration/dehydration cycles causes the
loss of compactness in the matrix (Fig. 10), with a consequent
reduction of the sample weight when the salt crystallizes near
the surface (as found in M9 after WS + SD, see Fig. 5).
4. Conclusions

This study has shown how differently mortars used to render
historic buildings behave according to the mechanism and the
agent of attack. It has been found that mortars are much more
resistant to salt deposition than to salt capillary uptake because
the former only produces superficial decay whilst the latter gener-
ates internal cracks.

It has been demonstrated that in mortars with higher contents
of binder water uptake is more favoured and drives harmful decay,
in the form of spalling, sanding and cracks. In particular, layer
detachment can cause a lack of adhesion between the mortar sur-
face and the material (brick, stone) in joints or on the surface. On
the other hand, it has been found that the use of high proportions
of aggregate can worsen the mortar cohesion, with the main con-
sequence that the mortar suffers a larger amount of superficial
decay.

These findings demonstrate, on the one hand, how important
is the choice of a correct methodology to determine the durability
of construction materials; on the other hand, how controversial is
the selection of a good mortar to be used as rendering materials.
Both choices must be made considering the decay produced by
weathering cycles that most reproduce the climate of the partic-
ular location of the historic building as well as the final function
of the material in the masonry structure. For example, the salt
deposition test (WS + SD) carried out in this study aimed to inves-
tigate the superficial decay of mortars caused by the deposition of
a salt solution. In this sense, it accurately defines the decay of
rendering mortars, whose surface is constantly exposed to exter-
nal conditions, whilst the salt absorption test (WS + SS) is more
representative of the damage caused by capillary rise uptake in
ancient buildings where rain accumulation and high phreatic lev-
els occur.

The question that arises is which binder-to-sand ratio is appro-
priate for a render, whether the one that might give place to slow
decay in terms of water/salt solution absorption by capillarity or
the one that might be more resistant to the superficial attack of a
salt solution.

In our opinion, the surface properties of a render should be pre-
served as long as possible, especially when this render has an artis-
tic, historic or cultural value. We must not forget that a render is
frequently not only the sacrificial layer of a wall, but also the sup-
port of a stucco, a wall painting or a similar decoration. In this
sense, its aesthetic function has to be preserved. For this reason,
we would avoid the use of a mortar with high aggregate propor-
tions because, as seen here, its original superficial appearance ap-
pears to become very damaged after weathering.

Among the mortars studied here, we consider that the one with
1:4 binder-to-sand proportion represents the halfway point be-
tween two bad extremes. In fact, M4 is the most carbonated mortar
and one of the two mortars which presented the lowest superficial
decay after salt deposition.

Regarding the methodology proposed in this study, it is funda-
mental to point out that although the tests have been performed
simulating the climatic conditions of the city of Granada, they
can certainly be taken as good reference for other Mediterranean
areas and those with milder climate, since they cover a wide range
of temperature and relative humidity.

Further studies should concentrate on the application of the
tests performed in this work on other types of mortars, in order
to consider the importance of the variability of the materials (i.e.,
grain size of the aggregate, proportions of metakaolin, other
admixtures).
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