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ARTICLE

Study of the Influence of Limewash on the Conservation of Islamic Plasterworks
through Weathering Tests
F.J. Alejandre a, F.J. Blasco-López a, V. Flores-Alés a, R. Villegas b, and M.T. Freire c

aArchitectural Constructions II Department, Universidad de Sevilla, Seville, Spain; bChemical and Environmental Engineering Department,
Universidad de Sevilla. Camino Descubrimientos, Seville, Spain; cCERIS and Materials Department, National Laboratory for Civil Engineering,
Lisbon Portugal

ABSTRACT
In a previous study, a layer of limewash was detected over the gypsum plasterworks used to
decorate different spaces of the Real Alcázar of Seville such as interior rooms, patios and outdoor
galleries. In this paper its use is analysed, namely whether it improves the properties of the
plasterworks and provides a protective effect, through accelerated weathering tests designed
specifically to reproduce real environmental conditions. Plaster specimens with similar composition
and physical characteristics to those of the original plasterworks were prepared. After the cure of
the specimens, the application of a layer of limewash was made. Samples were subjected to
weathering tests that consist of water absorption cycles (by capillarity and immersion) and drying.

The results showed that the application of limewash did not improve the durability of the
plaster significantly, although seemed to have a more protective effect against weathering by
capillarity tests in the specimens prepared with a higher water/plaster ratio. In fact, after the
immersion tests a great part of the limewash layer became detached, while in the plasterworks of
the Real Alcázar this behaviour has not been observed. So, capillarity tests seem to be more
adequate to reproduce the real weathering conditions of these ornamental elements.
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1. Introduction

Gypsum is a very versatile material whose main proper-
ties — ability to reproduce forms by casting or carving,
fast setting, whiteness and low density — make it sui-
table for several applications, such as statuary or build-
ing construction, both in walls and ceilings’ smooth
surface coatings, as base for frescoes or in more elabo-
rated decorative programmes. However, its drawback is
its slight solubility when in contact with water (recrys-
tallised calcium sulphate dihydrate — CaSO4 · 2H2O —
solubility is 2,3 g/l at 20°C (Innorta, Rabbi, and
Tomadin 1931–1936)). In addition, when humidity
increases in its capillary network, it loses mechanical
properties, even at low moisture contents (Coquard and
Boistelle 1994; Reynaud et al. 2006; Wirsching 1985). It
is consensual, however, that this effect is reversible,
unless gypsum remains wet during long periods of
time; in that case, it occurs the dissolution of part of
the crystal structure, inducing structural changes that
affect negatively the mechanical performance.

For these reasons, the extensive use of gypsum in
different periods of the construction history has been
mainly limited to indoor applications, sometimes

mixed with other materials, like lime, aggregates or
admixtures of organic and inorganic nature (Arcolao
1998; Bueno and Medina Flórez 2004; Builder 1956;
Freire et al. 2010, 2016; Gárate-Rojas 1999; Genestar
and Pons 2003; Hannouille 1959; Rúbio Domene 2011;
Sawyer 1951; Turco and Gesso 2008). Yet, it was also
used in masonry mortars, floor screeds and exterior
wall coatings, usually exhibiting a higher mechanical
and weathering resistance than ordinary gypsum plas-
ters (Fischer and Vtorov 2002; Ghorab, Ragai, and
Antar 1986; Igea et al. 2010, 2012; Kawiak 1991; Lucas
2003a, 2003b; Middendorf and Knöfel 1998;
Philokyprou 2012; Sanz 2009).

So, it is very important to know the gypsum beha-
viour under different environmental conditions to
understand many of the anomalies that may appear in
plasterwork (Ashurst and Ashurst, 1988; Cotrim, Veiga,
and de Brito 2008; Palha et al. 2012; Pereira et al. 2011;
Santopuoli, Concina, and Sarmati 2012). This problem
has been studied by different restorers and researchers
who have been able to offer clear and relevant solutions
(Ashurst and Ashurst, 1988; Freire et al. 2011; Jroundi
et al. 2014; Rúbio Domene 2011; Sassoni et al. 2018).
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The main pathologies developed in the plasterworks are
due to the contact with water. There are three ways in
which this contact usually occurs: by adsorption —
through the outer surface — of moisture from the air
by hygroscopicity, the least aggressive form of contact;
by capillary absorption from the interior of the building
structure, i.e. water enters from the floor or from the
inner face of decorative plasterwork; by absorption of
liquid water from the outer surface during periods of
rain, in the case of elements located outside, or by
condensation at the surface.

The solution for the problems of solubility and loss
of strength of gypsum plasters has been sought out
since ancient times, proceeding till nowadays
(Kondratieva et al. 2017; Pervyshin et al. 2017; Sophia,
Sakthieswaran, and Ganesh Babu 2016). These proper-
ties can be improved through the addition of different
materials and substances during the processes of man-
ufacture and application or after hardening and drying
by impregnating the plasterwork with waterproofing
agents such as oils, varnishes, synthetic resins, acetone,
arabic gum, etc. (Ashurst and Ashurst, 1988).

In the Real Alcázar of Seville the visitable spaces
with plasterworks are both in internal and external
areas of the monument (Figure 1), although in that
case they are localized in places, called patios, where
the direct incidence of rainwater is not frequent.
However, the humidity can reach maximum values of
approximately 80% on specific occasions. Considering
that previous studies on the mineralogical composition
of the plasterworks of the Patio de las Doncellas indi-
cate that they are mainly composed of high purity
gypsum (Blasco-López 2011) and that the microlayers

covering their surface are, in fact, composed of one
layer of limewash with 100–200 micron thickness
(Blasco-López, Alejandre-Sánchez, and Flores-Alés
2015), it is important to determine the behaviour of
plasterworks in this open areas and evaluate the real
protective effect of the application of a layer of lime-
wash (Figure 1B), not always consensual (Hansen et al.
2003).

So, the initial hypothesis is that the traditional appli-
cation of limewash layers in plasterworks had not only
an aesthetic purpose, but also a protective effect against
the weathering process in plasterworks exposed to
moisture (rainwater with direct incidence and humidity
diffused by capillarity through the walls). To confirm
that, a general methodology was adopted taking into
account the environmental conditions and the type of
use in the Real Alcázar of Seville. Several test specimens
were prepared using commercial materials similar to
the original ones. After the application of a limewash
layer over the external surfaces, the two sets of speci-
mens (with and without a limewash layer) were sub-
jected to experimental procedures (water absorption by
capillarity and water absorption by immersion) that
tried to simulate the most aggressive weathering con-
ditions they can be exposed to. Their resistance to these
conditions was assessed by determining several physical
and mechanical properties (porosity, water vapour per-
meability, compressive strength, surface hardness,
ultrasonic pulse velocity) before and after the weath-
ering tests and the results obtained are presented in this
paper.

In fact, the suitability of any technique and/or treat-
ment product and its compatibility with the original

Figure 1. Decorative plasterworks elements in the Real Alcázar of Seville (Spain): A) Celosia without limewash weathered by the
action of rainwater, located in the Sala de Audiencias; B) Plasterworks archery with limewash in the Patio de las Doncellas (Patio of
the Maidens), in good condition.
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materials or with other products used, should be eval-
uated (Cotrim, Veiga, and de Brito 2008; Veiga and
Aguiar 2003), as well as the effectiveness of these treat-
ments and the resistance to weathering processes and
factors (Rúbio Domene 2011; Villegas 2000).

2. Materials

Previous studies of the authors show that the mineralogical
composition determined by XRD of Patio de las Doncellas
plasterworks is mostly gypsum (CaSO4 · 2H2O) with traces
of other mineral phases like calcite (CaCO3), magnesite
(MgCO3), dolomite (CaMg(CO3)2), quartz (SiO2) and
celestine (SrSO4). The chemical composition was also
determined using FRX, as well as the main physical and
mechanical properties. It was found in a cross-section
study of the surface that they were covered by one layer
of limewash (Blasco-López 2011; Blasco-López, Alejandre-
Sánchez, and Flores-Alés 2015). The characterisation
results of the plasterworks and limewash layer are summar-
ized in Table 1.

In order to obtain test specimens with similar com-
position and characteristics to the original plasterworks
from the Real Alcázar, a preliminary set of samples
were prepared to define the final dosage. Two commer-
cial plasters were selected: 1) B1/5/2, also known as
gypsum building plaster with a setting time > 5 minutes
and a compressive strength ≥ 2 N/mm2; 2) A2, a
gypsum binder for direct use on site with compressive
strength ≥ 3.5 N/mm2. Their composition and proper-
ties are established in UNE-EN 13279–1:2009 (UNE EN
13279-1 2009).

The limewash was prepared from lime putty CL90-
SPL (aged for a year, with a medium particle size of
10µm, determined in Mastersizer 3000E laser particle

size analyser), diluted in water until obtaining a com-
position of 30% Ca(OH)2 and 70% H2O in weight.

3. Methodology

The testing conditions and the sampling of the com-
mercial products used were according to UNE EN
13279–2:2014 (UNE EN 13279-2 2014).

3.1. Samples preparation

Six types of test specimens were prepared using commer-
cial plasters B1 and A2 with water/plaster ratios (w/p) of
0.6, 0.7 and 0.8 to determine some physical (apparent
density and open porosity) and mechanical properties
(Shore C surface hardness, flexural and compressive
strengths). The results allowed selecting the mixes that
were the most similar to the original plasterwork of the
Real Alcázar.

After selection of the final materials, prismatic test
specimens measuring 4x4x16 cm were manufactured
and cured, as specified in the aforementioned standard,
and each test specimen was cut into four pieces: two
measuring 4x4x1cm and two measuring 4x4x7cm
(Figure 2). These specially prepared test samples were
used to determine physical and mechanical properties,
and to evaluate weathering resistance by submitting
them to accelerated weathering tests.

The limewash was applied on the gypsum pieces type B,
and on some of the pieces types C and D of the two final
mixes, being the pieces type A without limewash the refer-
ences for water vapour permeability measurement, and the
pieces types C and D without limewash the references for
the weathering tests (Table 4). It was applied in two layers,
24 hours apart, spreading the paint in opposite directions.

Table 1. Characterisation results of the plasterworks and limewash from Patio de las Doncellas.
Mineralogical Composition

Chemical Composition (%) Plasterwork Minerals Plasterwork Limewash Physical Properties

SiO2 0.09 Gypsum CaSO4 · 2H2O Very abundant Trace Real Density (g/cm3) 2.33
Al2O3 0.04
Fe2O3 0.07
MnO 0.01
MgO 0.33
CaO 32.61
Na2O 0.01
K2O 0.02 Calcite Trace Very abundant Apparent Density (g/cm3) 1.31
SrO 0.18 CaCO3
SO3 47.14 Magnesite Trace – Open Porosity (%) 43.9
LOI* 21.57 MgCO3
Sum 102.07 Quartz Trace – Hardness (shore C) 81

SiO2
Celestine Trace –
SrSO4
Insoluble in 2.18% –
Water residue

*LOI — Loss on ignition
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The first layer was a thin coat of non-uniform thickness
and the second one a continuous layer with a higher
thickness (Lucas 1990). The layers’ thickness was measured
through optical microscopy after each application of lime-
wash to ensure they were as close as possible to those found
in the Real Alcázar plasterworks (between 100 and 200
microns) (Blasco-López, Alejandre-Sánchez, and Flores-
Alés 2015). The progress of carbonation of the limewash
layers was assessed using phenolphthalein indicator.

3.2. Weathering tests: water absorption by
capillarity and immersion

Absorption of liquid water is very detrimental to gypsum
based elements and it can occur by two mechanisms:
water absorption by capillarity and water absorption by
immersion. Both processes are followed by drying. Two
weathering tests, trying to simulate these two phenomena,
were designed and Types C and D gypsum pieces (with
and without limewash) were subjected to the referred
procedures, respectively. The alterations suffered were
monitored through the observation of macroscopic and
microstructural changes on the specimens as well as the
determination of their physical andmechanical properties
before and after the tests.

There is no standard weathering test to simulate the
alteration that would be produced by the movement of
water being absorbed by capillarity in one part of the
pieces and evaporating at the opposite end. Therefore, a
test used to measure capillary absorption in porous
materials according to (UNE-EN 15801, 2010) was
adapted as accelerated weathering test.

Pieces measuring 4x4x7 cm painted on five sides (type
C) were placed in a container, with the unpainted side
over a 1 cm layer of blotting paper soaked in water. The
same procedure was applied to unpainted pieces
(Figure 3a). The rise of water by capillarity occurs from
the contact side towards the free sides where it evaporates;
creating a continuous flow of water that can solubilize
small amounts of calcium sulphate and transport them to
the surface, where they will precipitate. Water was peri-
odically added tomaintain a constant level. The test lasted
40 days at ambient temperature (20 ± 2ºC). The speci-
mens were weighed every two days being water saturated.

The purpose of the accelerated weathering test due to
water absorption by immersion was to simulate the effect
of contact with large amounts of water, alternating with
drying periods. The thermo hygrometric test employed to
study treatments for stone materials was adapted (Villegas
2000), using a lower drying temperature to avoid changing
the equilibrium phase of calcium sulphate. The test com-
prised 13 cycles consisting of 6 hours of immersion in
water at 20 ± 2°C, oven drying at 40 ± 2°C for 41 hours,
1 hour for cooling and weighing. Ultrasonic pulse velocity
was measured at the end of the procedure (Figure 3b).
Three pieces Type D painted on every side and three
unpainted pieces used as reference were submitted to this
test.

3.3. SEM observations

In order to have further insight into the microstructural
changes of the tested pieces, SEM observations of sam-
ples from the original plasterworks of Patio de las

Figure 2. Types of test specimens’ pieces used in the experimental work: Type A: pieces measuring 4x4x1cm without limewash
(water vapour permeability measurement); Type B: pieces measuring 4x4x1 cm with limewash on the upper side (water vapour
permeability measurement); Type C: pieces measuring 4x4x7cm with limewash on all sides except the base (4x7cm) and references
without limewash (weathering test: capillary absorption); Type D: pieces measuring 4x4x7cm with limewash on all sides and
references without limewash (weathering test: absorption by immersion).
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Doncellas, as well as of the unweathered and weathered
pieces of plaster B1, with water/plaster ratios (w/p) of
0.6 and 0.8, were made. A Jeol JSM 6460-LV micro-
scope equipped with an energy-dispersive X-ray (EDX)
microprobe and beryllium ATW2 window was used.
SEM images in both secondary electron mode (SE)
and in back-scattered electron mode (BSE) were
acquired from gold-coated pieces.

3.4. Physical properties

Open porosity and apparent density were obtained by
vacuum water saturation of the material, according to
the standard (UNE EN 1936, 2007). The results were
calculated taking the average of three pieces.

The water vapour permeability test is a standard
procedure with different variants depending on the

water vapour that enters or leaves the container,
which maintains drier or more humid hygrometric
conditions than the environment. In this case, the
“wet glass” method was used which is based on the
measurement of the water vapour flux through the
sample due to the pressure differential between the
internal (relative humidity approximately 100%) and
the external surface conditions (a temperature of
20 ± 2ºC and a relative humidity of 50 ± 5%). It
involved the use of a container filled with water until
its level reached 20 mm below the inner surface of the
test piece applied on the top. The contained was per-
fectly sealed so that water vapour could only go out by
passing through the gypsum piece (Figure 4a). The
permeability coefficient is defined as the amount of
water vapour flowing through the specimen per time
unit and per unit area, and can be calculated from the

Figure 3. Weathering tests: a) Capillary water absorption, b) Absorption by immersion.

Figure 4. a) Containers with specimens for water vapour permeability test, b) Ultrasonic pulse velocity measurement.
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weight loss of the container over time. The values
corresponding to each piece were corrected according
to the respective thicknesses, in order to keep a con-
stant reference of 1 centimetre and they were also
corrected for ambient temperature (18-22ºC) so that
they were always expressed at 20ºC, using Equation (1):

Kg ¼ 20�C; 1cmð Þ

¼ Kg expð Þ � P
0
H2O Texp

� �

P0
H2O 20�Cð Þ

� sample thickness cmð Þ
1 cm

(1)

Pieces of 4x4x1cm limewashed (type B) on one side
were used for this test and they were compared with
unpainted pieces used as control (type A).

The water vapour permeability was also measured in
previously weathered specimens: 4x4x1cm plates were
cut from the 4x4x7cm pieces that had been subjected to
the aforementioned tests. Two pieces were used for
each type and dosage. An average permeability coeffi-
cient was obtained. The procedure was carried out
during one week and the weight data for each container
were collected approximately every 24 hours.

The ultrasonic pulse velocity test consisted on the
measurement of the velocity of high frequency sound
waves passing through the material. Vibration was
generated and received by an electromechanical recor-
der. This technique measured the interval of time
between the introduction of vibration and its reception.
Knowing this data and the distance between the probes,
the transmission rate of the sound waves was calcu-
lated. Velocity is related to the elastic modulus and
increases with the latter, so one of the applications of
this measurement is to indicate gypsum physical or
mechanical deterioration. Six measurements have been
made in each case. These measurements were taken by
an Ultrasonic-Tester BP5 device, measuring the test
pieces of 4x4x7cm in longitudinal position, placing
the two probes at each end of the piece and using
modelling clay as a coupling (Figure 4b). The samples
were dried at 40 ± 2ºC, until constant weight, before
the measurements.

3.5. Mechanical characterisation

After drying the pieces at 40 ± 2ºC, surface hardness
was determined using a Härtoprüfer Shore C durom-
eter, according to the standard UNE 102–039-85 (UNE
102-039 1985). The procedure consisted of measuring
the resistance of the material to the penetration of a
conical needle attached to a shaft with a gear, which

applied a given strength to the surface. Shore C hard-
ness is directly related to the depth of penetration of the
needle and is measured in a scale of 0–100 units. Ten
measurements have been made in the limewashed sides
after capillarity and immersion tests and compared
with the initial value without limewash. The initial
hardness of the painted pieces was not measured in
order to avoid any potential deterioration of the lime
layer that could occur by compressing the surface with
the durometer.

The flexural and compressive strengths were mea-
sured with a testing machine TCCSL model PCI-30t,
using a load cell of 300 kN and a loading speed of 1N/
mm2, following the procedure outlined in UNE- EN
13279–2:2014 (UNE EN 13279-2 2014).

4. Results and discussion

4.1. Commercial plasters characteristics

Both hydrated plasters’ chemical composition, deter-
mined by XRF, is shown in Table 2. The results reveal
a composition enriched in SO3 and CaO, attributable in
these cases to the dihydrate (CaSO4 · 2H2O) content,
and a loss on ignition of approximately 21%. Plaster A2
had higher purity than plaster B1.

The mineralogical composition determined by XRD
was very similar for both unhydrated plasters, contain-
ing mainly bassanite (CaSO4·½H2O), and anhydrite
(CaSO4) in a lower percentage. They were also identi-
fied traces of calcite and dolomite but are assigned to
impurities from the raw materials. For hydrated plas-
ters, the transformation of bassanite and anhydrite into
gypsum can be observed (Figure 5).

4.2. Selection of samples

As commented previously, six types of samples were
prepared to select the most similar to the materials
found in the Real Alcázar. The physical and mechanical
characteristics of plasters B1 and A2 with w/p ratios of
0.6, 0.7 and 0.8 are shown in Table 3.

The specimens and dosages tested suggest that B1-
0.6 is the closest to the properties of the plasterwork of
Patio de las Doncellas (Table 1), so it was selected for
this study. However, considering the previous knowl-
edge of other plasterworks’ properties exposed to an
external environment in the Real Alcázar, such as the
Patio del Yeso and the Cenador de la Alcoba (Blasco-
López 2011; Blasco-López, Alejandre-Sánchez, and
Flores-Alés 2015), it was also decided to select test
specimens B1-0.8, with more close characteristics to
these ones.
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The sets of samples of the two final mixes used for
the weathering tests were prepared as indicated in
Figure 2 and in Table 4.

4.3. SEM microstructural analysis

Images of the microstructures of one sample of the
plasterwork of Patio de las Doncellas and of the mixes
B1-0.6 and B1-0.8 are shown in Figure 6. Gypsum
crystallises in prismatic structures of the monoclinic
system with different habits. In the sample of the ori-
ginal plasterwork, tabular crystals of very small size
(less than 5 micron) form a tight and homogeneous
microstructure (Figure 6a), while in B1-0.6 and B1-0.8
it is possible to observe the existence of crystals of
tabular and acicular habit with different elongations
(length/width ratio): thicker and shorter (about 10
micron) in the case of B1-0.6 (Figure 6b), forming a
quite homogeneous microstructure; thinner and longer
(sometimes with several tens of micron) in B1-0.8
(Figure 6c), forming a more porous and less organised
matrix.

These observations confirm that gypsum plasters
produced with lower water/plaster ratios have a smaller
void fraction and higher bonding between crystals,
showing better mechanical performance (Coquard
et al. 1994; Yu and Brouwers 2011) (Table 3). They
also allowed concluding that B1-0.6 has a microstruc-
ture more similar to that of the plasterwork of Patio de
las Doncellas than B1-0.8, in accordance with the results
obtained for the physical and mechanical properties of
both (Tables 1 and 3)

4.4. Weathering tests: water absorption by
capillarity and immersion

The results of the weathering tests were evaluated by
comparing different characteristics of the specimens
before and after being subjected to the experimental
procedures: weight, open porosity, water vapour per-
meability, surface hardness, ultrasonic pulse velocity
and compressive strength. The visual inspection was
also made.

During the capillarity test, it was observed that the
test specimens were becoming saturated without
changes occurring on the sides that were not in contact
with the water layer. The final weight was obtained
after drying the specimens at 40 ± 2ºC. Table 5 shows
that the weights underwent very small variations during
the test due to the low level of deterioration of the
specimens.

The unpainted pieces with w/p = .8 did not suffer
losses of material by dissolution, while the pieces withTa
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w/p = .6 did. In the painted pieces, deterioration
occurred in the parts of the vertical faces that were in
contact with the water soaked paper: the detachment of
little fragments of the limewash coat on the first 3 mm

was observed. These losses of paint explain the differ-
ences of weight before and after the test (Table 5).

In the immersion test, the untreated pieces showed
higher dissolution of gypsum, whose presence was visible
in the water where they were immersed. This was
reflected in the weight loss of the pieces at the end of the
test (Table 5) and by increased surface roughness. On the
painted specimens, limewash layers were also deteriorated
due to water immersion, with the detachment of great
fragments of the coat on all sides (Figure 9). However, the
weight loss was smaller (Table 5). SEM observations
allowed clarifying both features: (i) a void fraction due
to gypsum dissolution appeared in the interface between
gypsum and limewash (Figure 7), weakening the

Table 4. List of standard test specimens and pieces made for plaster B1 and w/p ratio of 0.6 (the same for samples B1 with w/p 0.8).

3 specimens per mould
4x4x 16 cm

test specimens
4x4x7 cm

Pieces types C- D
4x4x1 cm

Pieces types A-B Paint

Mould1-B1 0.6 Specimen B10.6 (1) B10.6 Immersion (1) B10.6 Permeab. (1) Limewash
B10.6 capillarity (1) Limewash

Specimen B10.6 (2) B10.6 Immersion (2) B10.6 Permeab. (2) Limewash
B10.6 capillarity (2) Limewash

Specimen B10.6 (3) B10.6 Immersion (3) B10.6 Permeab. (3) None
B10.6 capillarity (3) None

Mould2-B1 0.6 Specimen B10.6 (4) B10.6 Immersion (4) B10.6 Permeab. (4) Limewash
B10.6 capillarity (4) Limewash

Specimen B10.6 (5) B10.6 Immersion (5) B10.6 Permeab. (5) Limewash
B10.6 capillarity (5) Limewash

Specimen B10.6 (6) B10.6 Immersion (6) B10.6 Permeab. (6) None
B10.6 capillarity (6) None

Mould3-B1 0.6 Specimen B10.6 (7) B10.6 Immersion (7) Limewash
B10.6 capillarity (7) Limewash

Specimen B10.6 (8) B10.6 Immersion (8) Limewash
B10.6 capillarity (8) Limewash

Specimen B10.6 (9) B10.6 Immersion (9) None
B10.6 capillarity (9) None

Mould4-B1 0.6 Specimen B10.6 (10) Reserved (10)
Specimen B10.6 (11) Reserved (11)
Specimen B10.6 (12) Reserved (12)

Figure 5. Diffractograms of the commercial plasters types B1 and A2 used (grey unhydrated and blue hydrated). Gp = gypsum;
Bas = bassanite; Anh = anhydrite; Cal = calcite and Dol = dolomite.

Table 3. B1 and A2 plasters properties with 0.6, 0.7 and 0.8 w/
p ratios.

Plaster
-w/p

Apparent
density
(g/cm3)

Open
Porosity
(%)

Hardness
(shore C)

Flexural
strength
(MPa)

Compressive
strength
(MPa)

B1-0.6 1.31 45.47 83 3.75 10.15
B1-0.7 1.14 52.92 73 1.86 5.61
B1-0.8 1.07 54.87 62 1.50 4.10
A2-0.6 1.23 47.79 88 5.13 14.04
A2-0.7 1.07 53.99 76 3.32 7.96
A2-0.8 0.99 57.93 69 2.53 6.31
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connection between layers and leading to detachment in
some areas; (ii) the limewash layer is less soluble than
gypsum and its porous structure is much more compact,
so it probably acted as a barrier against the diffusion of the
solubilized gypsum. This hypothesis is supported by the
presence of many gypsum prismatic crystals in the lime-
wash matrix (Figure 7b).

Table 6 shows the open porosity values obtained
before and after the weathering tests. On samples 0.6 the
changes in porosity were below 1%, which can be con-
sidered not significant. Nevertheless, pieces 0.8 suffered
an important decrease in porosity that may be related to
the dissolution of gypsum and recrystallization with dif-
ferent crystal size, supported by the SEM observations
(Figure 8a and b for capillarity test and Figure 8c and d
for immersion test), thus affecting the total volume of

pores after the tests. In fact, a higher initial porosity allows
a greater contact surface between water and gypsum, so
that the quantity of dissolved gypsum is higher and so is
the recrystallisation during drying, causing more altera-
tions on the porous structure. Again, the presence of
limewash has limited the loss of gypsum by dissolution,
increasing the effect of recrystallisation and contributing
to a slightly more accentuated decrease of porosity.

The water vapour permeability has been expressed
as an average permeability coefficient determined on
pieces unpainted (type A) and limewashed (type B),
and on pieces of 4x4x1cm resulting from the acceler-
ated weathering tests. The results obtained are shown in
Table 6. The water vapour permeability coefficients for
all the weathered pieces increased when compared to
the pieces not weathered, especially after the capillarity

Figure 6. SEM images of the plasterwork of Patio de las Doncellas (a), B1-0.6 (b) and B1-0.8 (c).

Table 5. Average weight (g) of 3 pieces before and after the capillarity and immersion tests.
Capillarity test (g)

Untreated Type C (limewash)

w/p ratio Initial Final Δ (%) Initial Final Δ (%)

0.6 127.1 125.0 − 1.65 129.8 128.5 − 1.00
0.8 109.2 109.2 0.00 114.1 112.7 − 1.24

Immersion test (g)

Untreated Type D (limewash)

Initial Final Δ (%) Initial Final Δ (%)

0.6 126.6 118.9 − 6.08 125.7 125.4 − 0.23
0.8 108.7 103.1 − 5.15 112.6 111.7 − 0.84

Figure 7. Limewash section on piece type D after immersion test: a) Void fraction in the interfacial zone and crystallization of thin
prismatic crystals of gypsum on the limewash layer (white circles); b) Detail of interfacial zone (dotted line) between limewash and
gypsum.
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test. A plausible explanation, supported by the images
in Figure 8a and b is that the water, while continuously
rising along the pieces, dissolves part of the gypsum
and creates preferential paths that are more porous or
contain larger pores, thus facilitating vapour flow.

The water movement is different in the immersion
test, so this increment is less accentuated. In general,
the water vapour permeability increase was slightly
smaller in the painted pieces, probably because the
lower porosity and pore sizes observed in SEM images

Figure 8. SEM-SE images of B1-0.8 limewashed type C and D pieces: a) Internal zone, after capillarity test; b) Internal zone, near the
limewash layer, after capillarity test; c) Internal zone, after immersion test; d) Internal zone near the limewash layer, after immersion test.

Table 6. Physical and mechanical properties before and after the weathering tests.
Average open porosity (%)

w/p ratio Treatment Initial
After capillarity test

(type C) Δ (%)
After immersion test

(type D) Δ (%)

0.6 Untreated 48.11 48.09 -0.04 47.66 -0.93
Limewash 48.27 0.33 48.48 0.76

0.8 Untreated 59.90 56.60 -5.51 56.12 -6.31
Limewash 54.70 -8.68 54.75 -8.60

Water vapour coefficient (g/m2·d)
0.6 Untreated 103 230 123.30 189 83.90

Limewash 106 214 101.88 186 75.49
0.8 Untreated 118 279 136.44 205 73.73

Limewash 97 202 108.25 191 96.91
Ultrasonic pulse velocity (m/s)
0.6 Untreated 2246 2188 -2.58 2226 -0.89

Limewash 1960 2061 5.15 2099 7.09
0.8 Untreated 1972 1962 -0.50 1940 -1.62

Limewash 1784 1920 7.62 1838 3.03
Surface hardness (Shore C)
0.6 Untreated 76.0 79.7 4.86 73.6 -3.15

Limewash 81.0 6.57 78.9 3.81
0.8 Untreated 60.0 64.9 8.16 60.8 1.33

Limewash 71.5 19.16 64.0 6.66
Compressive strength (N/mm2)
0.6 Untreated 8.61 7.89 -8.36 6.39 -25.78

Limewash 7.01 -18.58 4.93 -42.74
0.8 Untreated 4.74 4.43 -6.54 3.19 -32.70

Limewash 4.86 2.54 3.99 -15.82
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of the limewash layer limited the rate of evaporation of
water (Figures 7a and b).

The ultrasonic pulse velocity (UPV) of the specimens
before and after being subjected to the two weathering
tests is shown in Table 6. It can be seen that the UPV of
the untreated pieces only decreased slightly for both w/p
ratios, but it increased in the limewashed specimens.
Considering the configuration of the UPV test, the size
and shape of the pieces and the surface area of the probes,
the most probable hypothesis is that the transmission of
the ultrasounds has been made by the limewash coating
and the superficially recrystallised gypsum (Figure 8b),
instead of being carried out through the piece.

The surface hardness results are shown in Table 6.
After the weathering tests, this parameter was measured
on the remaining lime layers that were still well bonded
to the specimens. In general, it was observed that hard-
ness increased in all types of pieces, with larger
increases in those subjected to the capillarity test. This
can be due to the recrystallisation of gypsum close to
the surface of the pieces after it was dissolved by the
passage of water (Figure 8a and b). For treated speci-
mens, this effect is reinforced by the calcium carbonate
coating. In the 0.8 w/p ratio specimens the effect of this
phenomenon in the surface hardness results is more
accentuated since they have initial lower values and a
very probable higher recrystallization effect.

Finally, Table 6 also shows the compressive strength
values (average of two pieces type D), before and after the
weathering tests. In general, it can be seen that greater initial
compressive strength (0.6 w/p ratio) led to higher decrease
for both tests. It was also observed that after the immersion
test the loss of strength is more significant, probably due to
the higher gypsum dissolution that this test involves
(Table 5). As observed with the results of other parameters,
the limewash seems to have amore positive contribution in

the specimenswith higherw/p ratio, where the compressive
strength even increased after the capillarity test.

Concerning a previous study where the application
of protection products to gypsum plasters was made
(using two different concentrations and applied in 3
and 7 layers) and the respective resistance to weath-
ering tests (also focused on the action of cycles of
absorption of water and drying) was evaluated (Rúbio
Domene 2011), it can be said that it did not show better
results.

With the exception of one product (Arabic gum), all
the others were based on synthetic resins, needing the
use of organic solvents to be prepared. Nevertheless, the
great majority of the specimens showed losses of mass
due to dissolution of gypsum of the same order of
magnitude as those observed in the present study,
more pronounced in the cases of lower product con-
centration and application in 3 layers, where the pro-
tection disappeared from the surface of the plaster
during the weathering tests. No other physical or
mechanical properties were tested. The unquestionable
environmental and human drawback that the use of
synthetic products represent and the few benefits
observed when compared to the application of a lime-
wash layer, lead to the conclusion that this method is
not more advantageous. Other studies on the increase
of gypsum plasters resistance towards the action of
water comprehend the use of consolidation products
that react with gypsum, forming less soluble materials
(Sassoni et al. 2018). Although it was observed a
decrease in mass loss, it was smaller than expected,
due to the low depth of penetration, still a problem to
solve. The most promising methods seem to be those
based on bio cementation, using bacterial bio miner-
alization of calcium carbonate (Jroundi et al. 2014): the
bio material formed is not depth dependent and it does

Figure 9. Specimens Type D after immersion test.
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not affect significantly the porosity and the pore size
distribution of the original matrix, while increasing the
mechanical resistance. However, further studies are
needed concerning the behaviour towards weathering.

5. Conclusions

As expected, the main conclusion of this study is that the
weathering tests proved to be useful, inducing significant
changes in the properties of the gypsum plaster. The
immersion test mainly affected the compressive strength
and the capillarity test had a greater influence in the
surface hardness and water vapour permeability.

The substantial changes that occurred in the physical
and mechanical properties of the materials are not
always associated with the variation of porosity after
the weathering. In general, w/p = .6 specimens showed
small changes in porosity but had an important decrease
in compressive strength and an increase in surface hard-
ness and water vapour permeability, while in w/p = .8
specimens a significant decrease in porosity was
observed, possibly associated with a more accentuated
gypsum recrystallisation process and in accordance with
a better behaviour concerning the compressive strength,
surface hardness and water vapour permeability.

It was shown that the application of a limewash layer
in the unweathered pieces did not contribute signifi-
cantly to hinder the moisture from escaping in the form
of vapour; after the weathering tests this capacity has
increased quite significantly.

The limewash showed a more protective effect against
weathering in the specimens prepared with a higher w/p
ratio, especially in the weathering by capillarity tests.
This test seems to be more adequate to reproduce the
real weathering conditions of these ornamental ele-
ments. In fact, after the immersion test a great part of
the limewash layer became detached, while in the lime-
washed plasterworks of the Real Alcázar this behaviour
has not been observed, because the weathering condi-
tions are not as extreme as those of the proposed tests.

The application of a limewash layer is advantageous
when compared to the use of other methods, namely the
application of synthetic based products, not significantly
more durable and effective and definitely more toxic and
aggressive to the humans and to the environment.

Acknowledgments

This research has been supported by the Ministry of Science,
Innovation and Universities of the Government of Spain
(reference PGC2018-093470-B-I00). The authors also would
like to thank CITIUS at the University of Seville for the use of
their laboratories in the characterisation analyses.

Funding

This work was supported by the Ministry of Science,
Innovation and Universities of the Government [PGC2018-
093470-B-I00];

ORCID

F.J. Alejandre http://orcid.org/0000-0003-0942-8313
F.J. Blasco-López http://orcid.org/0000-0002-0488-3061
V. Flores-Alés http://orcid.org/0000-0003-4329-0020
R. Villegas http://orcid.org/0000-0001-9207-2498
M.T. Freire http://orcid.org/0000-0001-9402-0501

References

Arcolao, C. 1998. Le ricette del restauro. 2nd ed. Venezia:
Marsilio Editore.

Ashurst, J., and N. Ashurst. 1988.Mortars, plasters and renders,
Practical building conservation, V. 3. English heritage techni-
cal handbook. Aldershot: Gover technical press.

Blasco-López, F. J., Yeseríasmedievales de tradición islámica del
real alcázar de sevilla: revisión historiográfica, metodología
para la caracterización, evaluación de su durabilidad y
elaboración de un inventario, PhD Thesis, University of
Seville (in Spanish), 2011.

Blasco-López, F. J., F. J. Alejandre-Sánchez, and F. Flores-Alés.
2015. Methodology for characterising microlayers in histor-
ical plasterwork, Constr. Build. Mater. 93:463–70.
doi:10.1016/j.conbuildmat.2015.05.135.

Bueno, A. G., and V. J. Medina Flórez. 2004. The Nasrid plaster-
work at “qubba Dar al-Manjara l-kubra” in Granada:
Characterisation of materials and techniques. J. Cult. Herit
5:75–89. doi:10.1016/j.culher.2003.02.002. http://www.scien
cedirect.com/science/article/pii/S1296207403001171.

Builder, A. 1956. Travail du plâtre, 2éme, Librairie
Polytéchnique. Paris et Liége: Ch. Béranger.

Coquard, P., and R. Boistelle. 1994. Water and solvent effects on
the strength of set plaster. Int. J. RockMech.Min. Sci. Geomech.
Abstr. 31:517–24. doi:10.1016/0148-9062(94)90153-8.

Coquard, P., R. Boistelle, L. Amathieu, and P. Barriac. 1994.
Hardness, elasticity modulus and flexion strength of dry set
plaster, J. Mater. Sci. 29:4611–17. doi:10.1007/BF00376285.

Cotrim, H., M. R. Veiga, and J. de Brito. 2008. Freixo palace:
Rehabilitation of decorative gypsum plasters. Constr. Build.
Mater. 22:41–49. doi:10.1016/j.conbuildmat.2006.05.060.

Fischer, H. B., and B. Vtorov. 2002. Characterization of histor-
ical gypsum mortars. ZKG Int 55:92–99.

Freire, M. T., A. Santos Silva, M. R. Veiga, J. de Brito, and F.
Schluetter. 2016. Natural or Artificial? Multi-analytical study
of a scagliola from estoi palace simulating imperial red por-
phyry, microsc. Microanal 22:1281–303. doi:10.1017/
S1431927616011909.

Freire, T., M. R. Veiga, A. Santos Silva, and J. de Brito. 2011.
Improving the durability of Portuguese historical gypsum
plasters using compatible restoration products. In 12th Int.
Conf. Durab. Build. Mater, ed. V. P. Freitas, andH. Corvacho,
905–13. Porto: Components, FEUP Edições.

Freire, T., A. Santos Silva, M. R. Veiga, and J. de Brito. 2010.
Characterization of Portuguese historical gypsummortars: A
comparison between two case studies. Mater. Sci. Forum.

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE 591

https://doi.org/10.1016/j.conbuildmat.2015.05.135
https://doi.org/10.1016/j.culher.2003.02.002
http://www.sciencedirect.com/science/article/pii/S1296207403001171
http://www.sciencedirect.com/science/article/pii/S1296207403001171
https://doi.org/10.1016/0148-9062(94)90153-8
https://doi.org/10.1007/BF00376285
https://doi.org/10.1016/j.conbuildmat.2006.05.060
https://doi.org/10.1017/S1431927616011909
https://doi.org/10.1017/S1431927616011909


636–637:1258–65. doi:10.4028/www.scientific.net/MSF.636-
637.1258.

Gárate-Rojas, I. 1999. Artes de los Yesos. Yeserias e Estucos.
Madrid: Instituto Español de Arquitectura, MRRP,
Universidad de Alcalá.

Genestar, C., and C. Pons. 2003. Ancient covering plaster mor-
tars from several convents and Islamic and Gothic palaces in
Palma de Mallorca (Spain) Analytical characterisation, J.
Cult. Herit (4):291–98. doi:10.1016/j.culher.2003.02.001.

Ghorab, H. Y., J. Ragai, and A. Antar. 1986. Surface and bulk
properties of ancient egyptian mortars. Part I: X-ray diffrac-
tion studies. Cem. Concr. Res 16:813–22. doi:10.1016/0008-
8846(86)90004-9.

Hannouille, E. 1959. Pour le maçon et le plâtrier, 2éme. Paris:
Dunod.

Hansen, E., E. Doehne, J. Fidler, B. Larson, and J. Martin. 2003.
A review of selected inorganic consolidants and protective
treatments for porous calcareous materials, Stud. Conserv
48:13–25. doi:10.1179/sic.2003.48.Supplement-1.13.

Igea, J., P. Lapuente, M. T. Blanco-Varela, and S. Martínez-
Ramírez. 2010. Ancient gypsum mortars from Sta. María
Magdalena church (Zaragoza, Spain): Advances in technolo-
gical manufacture. In Proc. 2nd Hist. Mortars Conf, ed. J.
Válek, C. Groot, and J. J. Hughes, 197–205. Prague:
HMC2010, RILEM TC 203-RHM Final Work.

Igea, J., P. Lapuente, S. Martínez-Ramírez, and M. T. Blanco-
Varela. 2012. Characterization of mudejar mortars from San
Gil Abbot church (Zaragoza, Spain): Investigation of the
manufacturing technology of ancient gypsum mortars,
Mater. Construcción 62:515–29. doi:10.3989/mc.2012.07311.

Innorta, G., E. Rabbi, and L. Tomadin. 1931–1936. The gypsum-
anhydrite equilibrium by solubility measurements, Geochim.
Cosmochim. Acta. 44:1980.

Jroundi, F., M. T. Gonzalez-Muñoz, A. Garcia-Bueno, and C.
Rodriguez-Navarro. 2014. Consolidation of archaeological
gypsum plaster by bacterial biomineralization of calcium
carbonate. Acta Biomaterialia 10:3844–54. doi:10.1016/j.
actbio.2014.03.007.

Kawiak, T. 1991. Gypsum mortars from a twelfth-century
church in Wislica, Poland. Studies in Conservation 36:142–
50.

Kondratieva, N., M. Barre, F. Goutenoire, andM. Sanytsky. 2017.
Study of modified gypsum binder, Constr. Build. Mater.
149:535–42. doi:10.1016/j.conbuildmat.2017.05.140.

Lucas, G. 2003a. The special features of high-temperature gypsum
mortar as a building material, ZKG Int. 56:54–65.

Lucas, G. 2003b. High-temperature gypsum plaster on historic
exteriors? A Plea for Gypsum, ZKG Int. 56:78–85.

Lucas, J. A. C. 1990. Classificação e descrição geral de revesti-
mentos para paredes de alvenaria ou de betão (Classification
and general description of coatings for masonry or concrete
walls). Informação Técnica ITE 24. Lisbon: LNEC.

Middendorf, B., and D. Knöfel. 1998. Gypsum and limemortars
of historic german brick buildings, ed. N. S. Baer, S. Fitz, and
R. A. Livingston, 197–208. Conserv. Hist. Brick Struct.
Dorset: Donhead Publications, Ltd.

Palha, F., A. Pereira, J. de Brito, and J. D. Silvestre. 2012. Effect
of water on the degradation of gypsum plaster coatings:
inspection, diagnosis, and repair. J. Perform. Constr. Facil
26:424–32. doi:10.1061/(ASCE)CF.1943-5509.0000258.

Pereira, A., F. Palha, J. de Brito, and J. D. Silvestre. 2011.
Inspection and diagnosis system for gypsum plasters in

partition walls and ceilings, Constr. Build. Mater. 25:2146–
56. doi:10.1016/j.conbuildmat.2010.11.015.

Pervyshin, G. N., G. I. Yakovlev, A. F. Gordina, J. Keriene, I. S.
Polyanskikh, H.-B. Fischer, N. R. Rachimova, and A. F.
Buryanov. 2017. Water-resistant gypsum compositions with
man-made modifiers. Procedia Eng 172:867–74. doi:10.1016/
j.proeng.2017.02.087.

Philokyprou, M. 2012. The beginnings of pyrotechnology in
Cyprus. Int. J. Archit. Herit. 6:172–99. doi:10.1080/
15583058.2010.528145.

Reynaud, P., M. Saâdaoui, S. Meille, and G. Fantozzi. 2006.
Water effect on internal friction of set plaster. Mater. Sci.
Eng. A. 442:500–03. doi:10.1016/j.msea.2006.01.152.

RúbioDomene, R. 2011.Alhambra plasterwork. 1st ed. Spain (in
Spanish): Editorial Universidad de Granada.

Santopuoli, N., E. Concina, and S. Sarmati. 2012. The conserva-
tion of the Church of the Nativity in Bethlehem and the
preliminary restoration project of the decorated surfaces. J.
Cult. Herit. 13:e93–e123. doi:10.1016/j.culher.2012.10.012.

Sanz, D., Analysis of gypsum used in external renders using
geological techniques, PhD Thesis. Madrid: Polytechnic
University of Madrid (in Spanish), 2009.

Sassoni, E., G. Graziani, E. Franzoni, and G. W. Scherer. 2018.
Conversion of calcium sulfate dihydrate into calcium phos-
phates as a route for conservation of gypsum stuccoes and
sulfated marble. Constr. Build. Mater. 170:290–301.
doi:10.1016/j.conbuildmat.2018.03.075.

Sawyer, J. T. 1951. Plastering. London: Edward Arnold & Co.
Sophia, M., N. Sakthieswaran, and O. Ganesh Babu. 2016.

Gypsum as a construction material - A review of recent
developments. Int. J. Innov. Res. Sci. Technol. 2:315–23.

Turco, T., and I. Gesso. 2008. Lavorazione, Trasformazione,
Impieghi. Seconda ed ed. Milano: Editore Ulrico Hoepli.

UNE 102-039. 1985. Yesos y escayolas de construcción:
Determinación de la dureza Shore C, y de la dureza Brinell.
Madrid.

UNE EN 13279-1. 2009. Gypsum binders and gypsum plasters.
Part 1 - Definitions and requirements. Madrid.

UNE EN 13279-2. 2014. Gypsum binders and gypsum plasters.
Part 2: Test methods. Madrid.

UNE EN 1936. 2007. Natural Stone Test Methods -
Determination of real density and apparent density, and
of total and open porosity. Madrid.

UNE-EN 15801. 2010. Conservation of cultural property. Test
methods. Determination of water absorption by capillarity.
Madrid.

Veiga, M. R., and J. Aguiar. 2003. Definition of intervention
strategies in ancient buildings coatings. Proceedings of the
1st Nat Meet on Pathology and Rehabilitation of
Buildings. University, Porto: Faculty of Engineering of
Porto.

Villegas, R. 2000. Programa de normalización de estudios previos
y control de calidad en las intervenciones: Ensayos de
alteración de materiales pétreos. PH Bo.L IAPH. 31:78–88.

Wirsching, F. 1985. Calcium sulfate. Ullmann’s Encyclopedia
Industrial Chemistry, 555–584. Weinheim: Wiley-VCH
Verlag GmbH & Co. KGaA. doi:10.1002/14356007.
a04_555.

Yu, Q. L., and H. J. H. Brouwers. 2011. Microstructure and
mechanical properties of β-hemihydrate produced gypsum:
An insight from its hydration process, Constr. Build. Mater.
25 (7):3149–57. doi:10.1016/j.conbuildmat.2010.12.005.

592 F. J. ALEJANDRE ET AL.

https://doi.org/10.4028/www.scientific.net/MSF.636-637.1258
https://doi.org/10.4028/www.scientific.net/MSF.636-637.1258
https://doi.org/10.1016/j.culher.2003.02.001
https://doi.org/10.1016/0008-8846(86)90004-9
https://doi.org/10.1016/0008-8846(86)90004-9
https://doi.org/10.1179/sic.2003.48.Supplement-1.13
https://doi.org/10.3989/mc.2012.07311
https://doi.org/10.1016/j.actbio.2014.03.007
https://doi.org/10.1016/j.actbio.2014.03.007
https://doi.org/10.1016/j.conbuildmat.2017.05.140
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000258
https://doi.org/10.1016/j.conbuildmat.2010.11.015
https://doi.org/10.1016/j.proeng.2017.02.087
https://doi.org/10.1016/j.proeng.2017.02.087
https://doi.org/10.1080/15583058.2010.528145
https://doi.org/10.1080/15583058.2010.528145
https://doi.org/10.1016/j.msea.2006.01.152
https://doi.org/10.1016/j.culher.2012.10.012
https://doi.org/10.1016/j.conbuildmat.2018.03.075
https://doi.org/10.1002/14356007.a04_555
https://doi.org/10.1002/14356007.a04_555
https://doi.org/10.1016/j.conbuildmat.2010.12.005

	Abstract
	1.  Introduction
	2.  Materials
	3.  Methodology
	3.1.  Samples preparation
	3.2.  Weathering tests: water absorption by capillarity and immersion
	3.3.  SEM observations
	3.4.  Physical properties
	3.5.  Mechanical characterisation

	4.  Results and discussion
	4.1.  Commercial plasters characteristics
	4.2.  Selection of samples
	4.3.  SEM microstructural analysis
	4.4.  Weathering tests: water absorption by capillarity and immersion

	5.  Conclusions
	Acknowledgments
	Funding
	References

