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ARTICLE INFO ABSTRACT

Keywords: Salt crystallization is one of the most common causes of decay in porous building materials. Plasters and renders,
Render mainly due to their location at the surface of walls, where most often salt accumulation occurs, are particularly
Mortar

subjected to salt decay. Despite the relevance of the problem, there are no standard salt weathering tests for the
assessment of the durability of plasters and renders against salt decay. This research proposes a salt weathering
procedure, based on an adaptation of the RILEM TC 271-ASC recommendation, and it validates it by applying it
to three plaster types (based on hydrated lime, natural hydraulic lime and hydrated lime-cement). Combined
stone/plaster specimens are prepared and contaminated with 10 % (weight salt/weight solution) sodium sul-
phate and sodium chloride solutions. The damage development is assessed by visual and photographic moni-
toring, gravimetric measurements of the material loss, assessment of salt distribution in the specimens, and SEM
observations supported by EDX mapping on thin sections. The results show that the test procedure is effective in
causing damage in the tested plasters, within the time period of the test (about 4 months), and that damage
increases with subsequent cycles. The decay severity and type differ depending on type of salt and/or of plaster.

Salt crystallization
Accelerated weathering
SEM-EDX

Suggestions for further improvement of the procedure are provided.

1. Introduction

Salt crystallization is a major cause of damage in porous building
materials [1-3]. Despite extensive research in this field, the complexity
of the problem has hindered until now the use of numerical models for
forecasting decay due to salt crystallization [4,5]. Nowadays, in the
practice of construction and conservation, the durability of porous
building materials with respect to salt crystallization, when not
well-known from past field experience, is mostly determined by accel-
erated ageing tests [6-8]. Recently, a new test procedure has been
developed by the RILEM Technical Committee TC 271-ASC and vali-
dated by round robin tests and field observations [9,10]. This procedure
reproduces the mechanism of salt damage triggered by capillary trans-
port of salt solution towards the evaporation surface of a material, as it
can happen in the case of rising damp in walls. The procedure proposes a
new approach [7], different from other salt crystallization tests, and
derived from a common approach to the durability of reinforced con-
crete [11]. It starts from the consideration that a critical degree of salt
accumulation, i.e., degree of pore filling [12], is needed to initiate the

* Corresponding author.

damage. Salt damage is thus seen as a process developing in two stages:
salt accumulation followed by damage propagation. The procedure aims
to replicate this process: in the accumulation stage salts are introduced
into the material and accumulated at the evaporation front (generally
near the surface) during drying; in the propagation stage, salt dissolu-
tion and recrystallization cycles are induced by re-wetting with liquid
water followed by drying and/or by changes in air RH to stimulate the
occurrence of damage.

The RILEM TC 271-ASC procedure proved successful in reproducing
salt decay in a reliable way in different brick and stone types, tested as
single materials. However, the procedure is not directly suitable for
assessing the durability of mortars. Past research has unequivocally
demonstrated that the behaviour of mortar is strongly affected by the
moisture transport properties of the substrate/mortar system [13]. This
has been further investigated for mortars used as plasters' [14,15],
showing that accelerated aging procedures assessing the durability of
plaster as a single material [16] might thus provide unreliable results.
Therefore, the aim of this work is to propose a new, accelerated pro-
cedure for assessing the resistance of plasters to salt crystallization
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! In this paper, for the sake of simplicity, only the term plaster is used to refer to both interior and exterior application.
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Table 1
Composition, water content and flow of the fresh plasters.
Acronym  Binder binder/ Water content Flow
aggregate ratio (% of dry mass)  (mm)
(by vol.)
AL Air lime 1:2 18 160
NHL Natural 1:3 14 165
hydraulic lime
AC Air lime and 1:3 (4:1:15) 14 160
Portland cement
Table 2
Types of specimens, shape and size, and tests.
Materials Shape and size Tests
Type Mortar Prisms; 40 x 40 x 160 mm Compressive strength
A
Type Mortar Discs; 50 mm diameter, Water absorption by
B 20 mm height capillarity; porosity by
immersion; drying
behaviour; MIP
Type Combined Cylinders: 50 mm diameter, Optical microscopy on
C mortar and 30 mm thick substate thin section; salt

stone system

+ 20 mm thick plaster layer

weathering test

Fig. 1. Stone substrate encased inside the mould before application of the
plaster layer (a), and a complete specimen type C (stone-plaster) after removal
of the mould and curing (b).

damage in an effective and reliable way. To this scope, the RILEM TC
271-ASC procedure has been adapted to be applied on combined sub-
strate/plaster specimens. The effectiveness and reliability of the pro-
cedure have been assessed by testing the durability of three different
plaster types used in combination with limestone as a substrate.
Knowledge developed in previous research [17-19] has contributed to
the definition of procedure, as detailed in the next sections.

2. Materials and methods
2.1. Materials
Three types of plasters were selected for the test:

— Air lime plaster (AL), prepared by mixing air lime (Supercalco 90 by
Carmeuse, bulk density 580 kg/m>) with sand in proportion 1:2 by
volume;

— Natural hydraulic lime plaster (NHL); prepared by mixing moder-
ately hydraulic lime (type 3.5 by Saint Astier, bulk density 700 kg/
m®) with sand in proportion 1:3 by volume

— Air lime and Portland cement (CEMI 42.5 by ENCI, bulk density
1310 kg/m>) plaster (AC), prepared by mixing the binders and the
sand in 4:1:15 by volume.

In all plasters, quartz sand with a standard grain size distribution
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between 0.08 and 2 mm (CEN Standard sand according to EN 196-1
[20], bulk density 1700 kg/m3) was used. The water content and the
workability of the fresh plasters, measured according to EN 1015-3
[21], are reported in Table 1.

The plasters were applied on a Maastricht limestone substrate (see
Section 2.2). Maastricht limestone is a soft (compressive strength be-
tween 3 and 5MPa), yellow colored limestone constituted up to
94-98 wt% by calcium carbonate. It has a very high open porosity
(about 50 %) with a unimodal pore size distribution (pore diameter
35-40 um) [22].

2.2. Specimen preparation

For each plaster type, specimens of different sizes were prepared to
be used in the different characterization and weathering tests (Table 2).

The size of type C specimens is defined by making reference to the
specimens used in the salt weathering test developed by the RILEM TC
271-ASC, which suggests using cylinders of 50 mm diameter and 50 mm
height. This small specimen size allows for fast absorption and drying in
comparison to other procedures testing combinations of materials [23].
Maastricht stone has been chosen as substrate because of its high and
coarse porosity; these characteristics allow for a large salt solution
reservoir, and favour fast salt solution transport by capillarity towards
the plaster. Overall, these properties promote rapid absorption and
drying, and combined with the small specimen size, contribute to
speeding up the weathering test.

Specimens type A were prepared in polystyrene moulds. Specimens
type B and C were prepared on top of the limestone substrate (Fig. 1).
Specimens type B were detached from the substrate after 3 days of
curing; a paper tissue was interposed between the substrate and the fresh
plaster during preparation, to facilitate detachment of the plaster layer.
Specimens type B were prepared on a porous substrate, as it is known
that the porosity and pore size of mortars are affected by the suction of
the substrate [24,25], and thus mortars produced in non-absorbing
moulds might not be fully representative of actual application condi-
tions. The limestone cylinders were wetted prior to the application of the
plaster, to avoid excessive suction of water from the fresh mortar; in the
case of the air lime plaster, a lime slurry was applied with a brush to the
surface of the stone in order to increase the adhesion.

All specimens were cured for a week at 95 % +5 % RH and then
stored at 65 % +5 % RH for at least 21 days (according to EN 1015-11
[26]) and until the moment of testing.

2.3. Characterization tests

Different characterization tests were performed to determine the
properties of the hardened plaster. The compressive strength of the
plasters was assessed in threefold on specimens type A, according to
EN1015-11 [26], at both 28 days and 90 days from casting.

The water absorption by capillarity was measured in threefold on
plaster discs (specimens type B). The plaster specimens were dried at
40°C in an oven until constant weight and then sealed on their lateral
surface with parafilm tape. Water was poured into a container on the
bottom of which a plastic grid had been placed; care was taken to keep
the water level at about 2 mm above the grid surface and to maintain the
water level constant during the execution of the test. The specimens
were placed with their bottom surface (originally in contact with the
stone substrate) on the grid and their change in weight was recorded at
regular intervals. Based on the results, the water absorption curves were
drawn and the capillary water absorption coefficient (WAC) was
calculated as the slope of the initial, linear part of the absorption curve.

Density and drying behaviour were tested on the same specimens
after they reached saturation. Specimens were submerged in water for
24 h. Afterwards, the weight of the saturated specimens in air (Mwy;,)
and under water (Mwy,¢er) Was recorded and the density D [kg/rn3] and
porosity P [vol%] were calculated as follows:
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Fig. 2. Three-week temperature and RH cycle of the propagation stage for specimens contaminated with NaCl (a) and Na,SO4 (b).

D = Md/ (MWajr — MWyater)

P =100*(1-D/2650)

where 2650 kg/m? is a reference density value for a stone-like building
material with no pores [27].

The bottom surface of the specimens was then sealed and the spec-
imens were set to dry at room conditions (Temperature = 22 + 2 °C;
Relative Humidity = 45 + 5 %). The weight of the plaster was recorded
at regular intervals during drying.

The open porosity and the pore size distribution of the plaster were
determined by Mercury Intrusion Porosimeter (MIP) (Autopore IV 9500
by Micromeritics) on two samples of about 1 em® for each of the plaster
types. Samples for MIP analyses were collected from the core of type B
specimens.

The pore structure of the plasters was further investigated using a
VHX-6000 digital microscope (KEYENCE, Itasca, IL, USA) with a 1/1.8-
inch CMOS image sensor (1600 x 1200 pixels resolution) on thin sec-
tions (one for each plaster type) prepared from specimen type C,
including the plaster layer on top of the limestone substrate. Thin sec-
tions had 30 um thickness, and were impregnated with yellow, fluo-
rescent resin. Overview and detailed pictures of the plaster and its
interface with the stone were collected at different magnifications.

Thin sections of the samples at the end of the weathering test were
prepared by embedding them in epoxy resin. Water-free polishing was

used during preparation to avoid alterations in the salt distribution. Thin
sections were carbon-coated prior to the SEM-EDX analysis, conducted
with a ZEISS GeminiSEM 300 microscope, equipped with an Oxford X-
Max detector for elemental mapping, working in variable pressure
conditions with a back-scattered detector and 10.00 kV energy.

2.4. Salt weathering test

2.4.1. Procedure

Specimens type C were subjected to a salt weathering test in the
laboratory. The test procedure used is based on the RILEM TC 271-ASC
procedure [9], adapted to make it suitable for testing plasters.

In the accumulation stage, the specimens were contaminated with
10 % (salt weight/solution weight) solutions of Na;SO4 and NaCl (Sigma
Aldrich, ACS reagent grade). The two salts were tested separately, as
single salts. The amount of the salt solution to be introduced in the
specimen was calculated to equal the capillary moisture content (CMC),

Table 3
Compressive strength measured at 28 and 90 days.

Compressive strength (MPa)

28 days 90 days
AL 0.53 (+£0.09) 1.74 (+0.06)
NHL 0.53 (+ 0.04) 0.77 (+£0.06)
AC 1.21 (+ 0.06) 1.38 (+0.03)




B. Lubelli and D. Gulotta

Construction and Building Materials 502 (2025) 144435

40 — T T T T T T 6
35 L —1 1 S L e SR &
Se
) 3 B e cum. vol. AC
= 0 o
= 4 >
o 25 ‘5 —_ —=-- cum. vol. NHL
=4 w O
= s >
2 [=] = >
3 2 20 3¢ g incr. vol. AL
= =
EF . R
o X c incr. vol. AC
= == -2 2
= 10 5 )
= 5 incr. vol. NHL
£ 1
3 5
incr. vol. AL
0 - Lo
o
=
o

pore diameter (um)

1000,00

Fig. 3. Open porosity (cumulative intrusion volume) and pore size distribution (incremental intrusion pore volume) of the different plasters as determined by means
of MIP. For readability reasons, only one of the two measurements is reported for each plaster type.

Table 4
Porosity as assessed by MIP and immersion at atmospheric pressure.

Plaster ~ Porosity as measured Porosity as measured by immersion at
by MIP atmospheric pressure
(vol%) (vol%)

AL 24.54 (+£0.49) 29.28 (+0.34)

NHL 21.07 (+1.04) 25.53 (+0.52)

AC 21.92 (+0.59) 25.97 (£0.11)

i.e., the water content at the end of the first stage of water absorption by
capillarity (see [9] for details) of the stone substrate. This choice is
preferred to the option of complete saturation of the specimens with salt
solution, as it allows to compare plasters with different absorption be-
haviours (including plaster with water repellent additives mixed in the
mass) in comparable conditions, and to assess the easiness by which salt
solution migrates from the substrate into the plaster [28,29]. The CMC
was determined by performing a water absorption test by capillarity,
according to the same procedure described in Section 2.3, on 3 stone
cylinders of 50 mm diameter and 30 mm height; the average CMC was
then used for defining the amount of solution to be introduced in the
specimens. After contamination, the specimens were dried at 40°C 15 %
RH until at least 80 % of the water was evaporated.

At this point, the damage propagation stage started; as in the RILEM
TC 271-ASC procedure, this stage differs between NaySO4 and NaCl

contaminated specimens, to optimize the effectiveness of the test. In the
case of NaySOy4, each 3-week cycle includes rewetting with liquid water
and drying (Fig. 2b), to favour dissolution of thenardite and crystalli-
zation of mirabilite at high supersaturation [30,31]. In the case of NaCl,
each 3-week cycle starts with rewetting with liquid water by capillary
absorption from the bottom of the specimen, followed by temperature
(20-40°C) and RH (15-95 % RH) cycles to induce hygroscopic moisture
uptake/release and thus repeated dissolution and recrystallization cycle
of the salt (Fig. 2a), known to be particularly effective in causing damage
[32,33] (please refer to [9,34,35] for further details). In both cases, the
propagation stage consisted of 4 cycles.

2.4.2. Assessment of damage and salt distribution

At the end of the propagation stage, the specimens were brushed, and
the debris was separated from the salt present in the debris by filtration,
following the procedure described in [9]. The amount of material loss
and salt efflorescence was determined gravimetrically.

Additionally, the salt distribution was assessed at the end of the
accumulation and propagation stages in a subset of specimens. The
specimens were ground up to the following depths from the evaporation
surface: 0-2mm, 2-5mm, 5-10mm, 10-20 mm, 20-30 mm,
30-40 mm, 40-50 mm. The debris and/or salt efflorescences present on
the surface of the specimens were brushed and collected, before grinding
the specimens. The salt distribution at different depths was assessed by

water absorption
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Fig. 4. Water absorption curve of the plasters (average of 3 specimens and standard deviation); the insert shows the early-stage absorption and the WAC.
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Fig. 5. Drying curves of the plasters (average of 3 specimens and standard deviation).
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Fig. 6. Digital microscopy images of AL, NHL and AC plasters. Overview pictures (left) and detail (right) of the plasters’ microstructural features.

Fig. 7. Detail of the plaster/limestone interface; digital microscopy images of AL, NHL and AC (transmitted light).

measuring the hygroscopic moisture uptake (HMC) of the powder
samples after storing them at 20 °C, 95 % RH for 30 days. The HMC gives
an indication of the presence of hygroscopic salts and, in the case of
contamination with a single salt, as in this case, it can be reliably related
to the salt content [36-39].

The hygroscopic moisture content (HMC) of the samples was calcu-
lated as follows:

HMC = 100 *(sample weight at 95% RH - sample dry weight) / sample
dry weight

The dry weight was measured immediately after cooling down of the
samples at room conditions (temperature 22 4+ 2°C, 45 +5 % RH).
Additionally, at the end of the propagation stage, one thin section for
each plaster and salt type combination was prepared, and observed by
means of Scanning Electron Microscopy-EDX analysis (ZEISS Gemini
SEM 300, Jena Germany). In order to avoid dissolution of the salts, thin
sections were prepared without the use of water; sections were left un-
covered to allow for EDX analysis.
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NaCl

Fig. 8. NaCl - and Na,SO4-contaminated specimens at the end of the accu-
mulation stage.

3. Results
3.1. Characterization tests on plaster

3.1.1. Mechanical strength

The results of the compressive strength of the plasters at 28 and 90
days are reported in Table 3. NHL plaster has a very low compressive
strength at 28 days, which does not significantly increase with curing
time, i.e., after 90 days. The NHL plaster has the lowest compressive
strength among the tested plasters. AC plaster shows the highest
strength at 28 days, which, however, does not significantly increase with
time. After 90 days of curing, AL plaster has the highest compressive
strength. The low mechanical strength measured in NHL and AC plaster
might be due to the curing conditions (1 week at 95 % RH followed by 3
weeks at 65 % RH, as prescribed by [26]), not allowing for sufficient
hydration and thus strength gain.

3.1.2. Open porosity and pore size distribution (MIP)

The open porosity and pore size distribution of the plasters, as
measured by MIP, are reported in Fig. 3 and Table 4. All plasters have
quite comparable open porosity. AL plaster has the highest open
porosity (24.54 4+ 0.49 vol%), whereas AC and NHL plasters show
similar, lower porosity values (21.92 + 0.59 vol% and 21.07 + 1.04 vol
% respectively).

The pore size distribution of the AL plaster is clearly bimodal, with
two groups of pores, one in the 0.05-0.5 micrometre range, and another

NaCl - after accumulation
50
45
40
m0-5mm
35
X 3
p 30 m5-10mm
E 25 ®10-15mm
§ 20 ®15-20 mm
T 15 M 20-30 mm
10 30-40 mm
5 — J 40-50 mm
il —
0
AL NHL AC
a) depth from surface (mm)
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in the 5-30 micrometre range. Differently, plasters AC and NHL show
pores within a single size range, 0.3-2 micrometre and 0.5-3 micro-
metre, respectively. Pores and voids larger than 400 um, present in all
the studied plasters and detected by digital microscopy, cannot be
measured by MIP.

3.1.3. Water absorption and drying
The capillary water absorption behaviour at atmospheric pressure of
the plasters is shown in Fig. 4.

The porosity of the plasters, as measured by immersion at

NaCl

AC

Fig. 10. NaCl- and Na,SO4-contaminated specimens at the end of the propa-
gation stage.

Material loss
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3.0 0075g
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25
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15 02649
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Fig. 11. Material loss at the end of the test (average of 3 specimens); the
numbers in italics refer to the amount of salt in the debris.

material loss (g)

Na,SO, - after accumulation

50

45

40

35 H0-5mm
S H5-10 mm
é zfs) H10-15 mm
LS) 20 m15-20 mm
T 15 20-30 mm

10 30-40 mm

5 40-50 mm
AL NHL AC
b) depth from surface (mm)

Fig. 9. HMC distribution in NaCl (a) and Na,;SO4 (b) contaminated specimens at the end of the accumulation stage (data from one specimen for each plaster/salt

combination).
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Fig. 12. HMC distribution in NaCl- (a) and Na,SO4-contaminated specimens (b) at the end of the test (2 specimen for each plaster/salt combination). The number
above the bars reports the material loss, and the amount of salts in the debris (between brackets and in italics).

Fig. 13. EDX maps of the section of AL, NHL and AC plaster specimens, contaminated with NaCl, at the end of the test; the evaporation surface is on the right.

atmospheric pressure, varies between 26 vol% for AC and NHL, and
29 vol% for AL plaster. It can be observed that these porosity values are
higher than those measured by MIP (Table 4). This difference can be due
to the presence of voids larger than 400 pm, which cannot be measured
by MIP. However, the relative differences between the plasters are
similar: also in this case, NHL and AC plasters show a similar porosity,
lower than that of AL plaster.

The water absorption coefficient, i.e. the slope of the initial, linear
part of the curve, shows that AC plaster has the slower absorption rate;
NHL plaster shows the fastest absorption rate, slightly higher than that
of AL plaster.

Fig. 5 reports the drying behaviour of the plasters. Similarly to what
observed in the water absorption test, NHL plaster shows the fastest
drying, followed by AL and AC plasters. After about 3 weeks, NHL
plaster is fully dry, whereas AL and AC plasters still retain 5-10 % of the
initial moisture content. The fast absorption and drying of NHL plaster
can be related to the large amount of pores in the capillary range (see
Fig. 3).

3.1.4. Plaster characterization by digital microscopy

Thin section micrographs of the specimens are shown in Fig. 6. These
images clearly show the differences between the structure and porosity
of the investigated plasters. NHL plaster looks very lean, with a large
amount of voids; an uneven distribution of the binder is observed (Fig. 6-
NHL). AC plaster, despite having the same 1:3 binder/aggregate ratio as
NHL plaster, looks more compact, with some large voids, both round (air
bubbles) and irregularly shaped (compaction voids) (Fig. 6-AC). The AL
plaster looks more compact than the NHL plaster, as expected because of
its 1:2 b/a ratio; the visible porosity is constituted mainly by shrinkage
cracks in the binder, and large voids (max diameter about 1 mm) (Fig. 6-
AL). It can be supposed that these cracks contribute to the 5-30 pm pore
interval measured by MIP.

When looking at the interface between the plaster and the stone
substrate (Fig. 7), it can be seen that voids are present at this interface in
the NHL specimen, indicating areas of locally low adhesion. Differently,
the AC and AL plaster shows a good adhesion to the limestone substrate.
In the case of the AL specimen, the lime slurry applied onto the stone
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Fig. 14. SEM (Back Scattered Detector mode) images of AL, NHL and AC
plasters contaminated with NaCl at the end of the test: details of the evapora-
tion surface after brushing.

before the plaster is visible as a lime-rich layer at the interface (Fig. 7,
white arrows).

3.2. Weathering test

3.2.1. Accumulation stage

Fig. 8 shows the surface conditions of representative specimens,
contaminated with NaCl and NasSQy, at the end of the salt accumulation
stage. At this point, none of the specimens showed damage; this is
consistent with the requirements for this procedure, which aims at
separating the initial salt accumulation process from damage initiation
and propagation. In most NaCl-contaminated specimens, efflorescences
were visible on the surface; these were more evident on AL plaster than
on NHL and AC plasters. Differently, none of the Na;SO4-contaminated
specimens showed efflorescences. This behaviour confirms the higher
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tendency of sodium chloride to crystallize at the surface in comparison
to sodium sulphate [40-42].

The HMC distribution at the end of the accumulation stage is re-
ported in Fig. 9. The HMC values in sodium chloride-contaminated
specimens are higher than those measured in NaySO4-contaminated
specimens, due to the higher hygroscopic moisture uptake of this salt in
comparison to sodium sulphate [43]; comparisons of HMC values can
thus only be done among samples contaminated with the same salt.
NaCl-contaminated specimens show a higher relative percentage of salts
accumulated in the outer layer (0-5 mm) (40-55 % of the total amount
of salt left in the specimen), in comparison to NaySO4-contaminated
specimens (33-36 %). This confirms once again the tendency of sodium
chloride to be more easily transported towards the evaporation surface
than sodium sulphate.

3.2.2. Propagation stage

3.2.2.1. Evolution of the damage. Fig. 10 shows the surface conditions of
representative specimens at the end of the propagation stage, i.e., at the
end of the test.

In NaCl-contaminated specimens, damage was first observed in AL
and NHL specimens, in the form of scaling of the superficial binder-rich
layer, after the first cycle of the propagation stage. In the following
cycles, in addition to scaling, sanding also developed and damage
increased with time. AC specimens suffered damage, in the form of
sanding, starting from the end of the 2nd cycle; also in this case, damage
increased with time. The amount of efflorescence on the surface of NaCl-
contaminated specimens during the propagation stage was limited, and
much less than observed at the end of the accumulation stage.

In NaySO4-contaminated specimens, damage became visible only
during the 4th cycle of the propagation stage in AL plaster, in the form of
minor sanding, and in AC plaster as moderate crumbling and scaling.
NHL specimens did not show any granular disintegration of the surface,
but a noticeable colour alteration, seen as dark patina, developed over
the surface already after the first cycle. No significant amount of efflo-
rescences was observed on NaySO4-contaminated specimens, with the
exception of AC-specimens at the end of the test.

3.2.2.2. Gravimetric assessment of material loss and efflorescence. The
material loss and amount of salt present in the debris at the end of the
test are reported in Fig. 11. In general, the NaCl-contaminated speci-
mens show a higher material loss than Na;SO4 contaminated specimens,
confirming the results from the photographic monitoring of the damage
during the test.

The material loss in the NaCl-contaminated specimen is moderate
(about 2 g), and the differences among different plaster types are minor.
The amount of salts present in the debris is low, corresponding to less
than 3.2 % of the salt originally introduced in the specimens. This sug-
gests that most of the salt is still concentrated within the outer layer of
the specimens.

Among NaySOy4-contaminated specimens, only the AC plaster
showed some material loss; no significant material loss was recorded in
the case of AL and NHL plaster. The higher material loss among all the
NaySO4-contaminated specimens is associated with the larger amount of
salt in the collected debris.

3.2.2.3. Salt distribution in depth. Fig. 12 shows the salt distribution in
the specimens (two for each plaster/salt combination) at the end of the
propagation stage, after brushing of the debris from the surface. Simi-
larly to what observed at the end of the accumulation stage, the HMC
distribution is similar in all specimens, independently of plaster and salt
types: salts accumulate in the plaster layer, confirming the good mois-
ture transport properties of these plasters.

In the case of NaCl-contaminated specimens, AL plaster shows a
slightly higher accumulation of salt (up to 88 % of the salt amount left in
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Fig. 15. EDX maps of the section of AL, NHL and AC plaster specimens, contaminated with Na,SOy, at the end of the test; the evaporation surface is on the right.

the specimen) in the outer layer of the plaster (0-5 mm) than NHL (up to
67 %) and AC (up to 59 %) plasters. This shows that the AL plaster has
the most efficient moisture and salt transport behaviour. Differently, in
the case of NaySOy4, a higher percentage of salt was accumulated in the
outer layer of the AC plaster, compared to AL and NHL plasters: this is in
agreement with the final conditions of AC specimens showing damage at
the end of the test.

When comparing the HMC distribution after the accumulation stage
and at the end of the test, it can be concluded that further accumulation
of salts towards the surface (decrease of HMC in stone, and increase of
HMC in outer plaster layer) has occurred. This indicates that the addi-
tional wetting/drying cycles have effectively promoted salt migration
and accumulation towards the evaporation surface, and also confirms
that the duration of the wetting/drying periods during the propagation
stage avoids salt redistribution in-depth.

3.2.2.4. Microscopy observations of damage and salt distribution. SEM
observations and EDX analyses have been performed to investigate the
salt distribution according to the specimens’ depth and any salt
crystallization-induced microstructural damage, complementing the
HMC results with higher resolution and providing spatially-resolved
information. The SEM-EDX results are reported according to the salt
type.

Microscopy observations on NaCl-contaminated specimens

Fig. 13 shows the EDX false-colour maps for specimens of AL, NHL
and AC plaster contaminated with NaCl. For clarity reasons, only cal-
cium (Ca, as a marker for the aggregate), silicon (Si, as a marker for the
binder fraction), sodium and chlorine (Na, Cl, as markers for the salts)
are shown. It is possible to observe that in all cases NaCl has accumu-
lated in the outer millimetres of the plaster, up to 1,5-2,5 mm depth
from the evaporation surface (see, for example, Fig. 13, white arrows in
NHL plaster). Some isolated salt clusters can be observed in depth as
well: these are fewer in AL plaster, and more numerous in NHL and even
more in AC plaster (Fig. 13, black arrows in AC plaster). These slight
differences in the salt distribution in depth are in agreement with the

HMC results (Fig. 12) and can be explained by the different absorption
and drying rates of the plasters (Figs. 4-5): the quicker absorption and
drying of the AL plaster, due to the presence of coarse capillary pores (in
the range 5-20 um, Fig. 3), favours salt accumulation in a thin surface
layer.

NaCl seems to start crystallizing preferentially at the binder/aggre-
gate interface and on the pore walls of the larger pores, and to subse-
quently grow to fill empty spaces (Fig. 14, see, for example, black arrows
in AC plaster). In the case of AL plaster, severe damage in the form of
cracks and loss of cohesion is observed as a result of salt accumulation
and crystallization at the binder/aggregate interface (Fig. 14, black ar-
rows); the salt matrix seems to cement the loose particles together.
Cracks are present in NHL and AC plasters too, but in a lower amount
than in AL plaster. This difference might be related to the higher NaCl
accumulation in a thinner layer of material observed in the AL plaster in
comparison to the other plasters; this can result in a higher degree of
pore filling and crystallization pressures [12] which likely overcomes
the tensile strength of the plaster and leads to cracks. A more precise and
quantitative assessment of the salt content and distribution (e.g. by ion
chromatography analyses on samples collected with steps of 1 mm
thickness as done in [44]) could support this hypothesis.

Microscopy observations on Na;SO4-contaminated specimens Fig. 15
shows the EDX maps of AL, NHL and AC plaster contaminated with
NaySOy4. For clarity reasons, only calcium (Ca, as a marker for the
aggregate), silicon (Si, as a marker for the binder fraction), sodium and
sulphur (Na, S, as markers for the salts) are shown. Similarly to what
observed in NaCl-contaminated specimens, also in this case salt has
accumulated in the outer millimetres of the plaster; however, in this case
the salt-enriched layer is thicker (up to 4,5 mm from the evaporation
surface) than in NaCl specimens (Fig. 15, see, for example, white arrows
in NHL plaster). Also in this case, the SEM-EDX observations confirm the
HMC results, which showed salt accumulation in the outer 5 mm of the
plaster layer. These results confirm the tendency of sodium chloride to
be easily transported towards the evaporation surface, whereas sodium
sulphate tends to crystallize right underneath it.
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Fig. 16. EDX maps of the areas near the evaporation surface of AL (a,b), NHL (c,d) and AC (e,f) plaster specimens, contaminated with Na;SOy,, at the end of the test.

Looking more closely at the location of salt crystallization, salts seem
to fill small pores within the binder matrix, creating a compact, fine
textured, salt-binder structure (Fig. 16a,b,c,e); some large, isolated
crystals are observed sometimes in the cracks (Fig. 16f, arrows) and
larger, needle-like cluster developed inside some of the round air bub-
bles present in NHL and AC plasters (Fig. 16d,e, arrow). This crystalli-
zation pattern is different from that of NaCl, which was observed to
preferentially grow in cracks and/or along the pore walls. Very thin
cracks, parallel to the evaporation surface, are present in all the plasters
(Fig. 16e, arrows). These cracks suggest that the salt accumulation, and
thus high degree of pore filling, in this area of the plaster has led to high
crystallization pressures propagating through the pore network and
overcoming the tensile strength of the plaster, consequently leading to
cracks. However, no evident loss of material is observed in the areas
affected by such cracks. This, together with the large amount of salt in
the binder, suggests that the salt is cementing the loose particles of the
plaster together.

4. Discussion and conclusions

In this research, a salt weathering procedure, based on the adapta-
tion of the RILEM 271-ASC recommendation, has been applied on three
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plaster types, based on hydrated lime, natural hydraulic lime and hy-
drated lime-cement binders. Cylindrical specimens consisting of a
porous stone substrate with 2 cm plaster layer applied on top, were
contaminated with NaCl and NaySO4 solutions and subjected to wet-dry
cycles over about 4 months.

During the test salts were effectively transported from the substrate
into the plaster layer, where they accumulated and caused damage due
to repeated dissolution/crystallization cycles. Damage appeared as
sanding and scaling, and its severity increased as the test propagation
cycles progressed. NaCl-contaminated specimens showed moderate,
comparable material across all plaster types, though AL plaster exhibited
more severe cracking and cohesion loss than NHL and AC plasters. This
may be attributed to the higher accumulation of NaCl—and conse-
quently a greater degree of pore filling—within a thinner surface layer in
the AL plaster, leading to more severe damage.

In the case of NaySO4-contaminated specimens, visible material loss
occurred only in the lime-cement plaster (AC), though all samples
showed salt accumulation, cracks, and salt-filledvoids in the outer layer
of the plaster, suggesting further cycles would likely lead to visible
damage and material loss in AL and NHL plasters as well.

In general, material loss was larger in the case of NaCl contaminated
specimens than in Na;SO4 contaminated ones, as observed also in other
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experiments applying the RILEM TC 271-ASC procedure on stone and
brick substrates [10]. This is possibly linked to the higher number of
dissolution/crystallization cycles (induced by RH cycles) in the propa-
gation phase compared to the NaySO4 one. Additionally, the different
salts might induce cementing effects on the plaster particles to different
degrees at the end of the procedure.

The HMC measurements of the salt distribution in depth showed that
salts accumulate in the outer layer (0-5 mm) of the plaster, indepen-
dently of the type of salt and plaster. AL plasters showed a slightly higher
salt accumulation in a thinner layer of the plaster, which can be
explained by the presence of coarse capillary-active pores in this plaster,
responsible for the observed faster absorption and drying behavior. Salt
accumulation increased as the wet-dry cycles progressed. SEM obser-
vations, supported by EDX analyses, confirmed the HMC results, and
allowed assessing salt distribution with higher resolution. The salt-rich
layer formed close to the specimens’ surface is thinner in NaCl
contaminated plasters than in NaySO4 ones; this confirms the higher
tendency of NaCl to accumulate at the evaporation surface. Addition-
ally, SEM-EDX observations highlighted differences in the crystalliza-
tion pattern of the salts: while NaCl tends to crystallize in cracks, at the
interface between aggregate and binder and at the surface of pores and
voids, NaySOy4 is observed to crystallize preferentially in the small pores
of the binder, or in the form of large, isolated crystals in cracks.

With respect to the proposed test weathering procedure, it can be
concluded that, in general, the procedure proved to be effective, as it
successfully induced damage within a period of 4 months. This is a much
shorter time than needed by other procedures which consider combi-
nations of materials, such as the RILEM MS-A.1 recommendation [23].

The type of damage observed in the plaster is representative of the
damage observed in the field on these materials. The effectiveness of the
test can possibly be improved by increasing the amount of salts in the
specimens: to avoid the use of too high salt concentrations, the use of
thicker stone substrate (e.g., 5 cm) can be considered. This would in-
crease the volume of solution introduced during the contamination
phase without affecting the salt solution concentration.

The monitoring methods and investigation techniques used for
assessment of the damage and of the salt distribution have been proven
suitable for the scope. In particular, SEM-EDX observations could pre-
cisely identify differences in crystallization patterns and microstructural
damage in depth. Additionally, SEM-EDX allowed to visualize the
cementing effect of the salts, which is preventing further material loss.
This last observation suggests that, for a more realistic assessment of the
decay, an extra step could be added to the test procedure, consisting of
wetting the surface of the specimens to dissolve the salts and release the
plaster particles no longer mechanically anchored to undamaged
substrate.

These experiments constitute a first step in the validation of the
proposed test procedure. Further assessment of the procedure on
different plaster types, including plasters with mixed-in water repellent
(salt accumulating plasters [28]), is desirable for a more thorough
validation.
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