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« A procedure for accumulating salts at the surface of porous materials is proposed.
« Most of the salt is concentrated in the first millimetres of the subsurface.
« The measurement of the salt distribution is crucial in salt crystallisation tests.
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The RILEM TC ASC-271 is developing a new laboratory test to assess the durability of porous building
materials to salt crystallisation. The test encompasses two phases: salt accumulation and damage prop-
agation. This paper focuses on designing a procedure for the accumulation phase; this is considered suc-
cessful when salts crystallise at the material’s evaporative surface (common situation observed on site)
without the occurrence of damage. Two procedures were developed and tested on two limestones with
different porosity: (1) capillary absorption of a salt solution followed by drying, and (2) continuous cap-
illary absorption. Sodium chloride or sodium sulphate solutions were used. Several methods for assessing
the salt distribution were employed: ultrasonic pulse velocity, drilling/scratching resistance, hygroscopic
moisture content, ion chromatography, scanning electron microscopy, and micro X-ray fluorescence. The
results enabled the selection of the most effective protocol for the salt accumulation phase.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Salt crystallisation is one of the most recurrent damage pro-
cesses affecting porous building materials worldwide. The durabil-
ity of building materials with respect to salt crystallisation is often
assessed by performing accelerated weathering tests. According to
Alves et al. [1], salt weathering tests are the most frequent ageing
tests performed in the laboratory, reflecting their worldwide
importance for conservation and new construction. A recent liter-

* Corresponding author.
E-mail address: nunes@itam.cas.cz (C. Nunes).

https://doi.org/10.1016/j.conbuildmat.2021.123862
0950-0618/© 2021 The Authors. Published by Elsevier Ltd.

ature review on this subject [2] reports a significant variation in
the weathering procedures used by researchers. Despite the avail-
ability of a European standard [3], three RILEM recommendations
[4-6], and a guideline [7], a widely accepted and reliable salt
weathering test is still lacking. The use of different test procedures
hinders the comparison between the results of different studies.
To tackle this problem, in 2016, the RILEM Technical Committee
ASC-271 “Accelerated laboratory test for the assessment of the
durability of materials with respect to salt crystallisation” (hence-
forth referred to as TC ASC-271) was launched to develop an effec-
tive laboratory weathering test. The test should reliably assess the
durability of porous building materials against salt crystallisation

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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within a reasonable period, accelerating the deterioration process
without significantly altering its mechanism. Since reliable acceler-
ated test procedures for simulating sea-salt spray are already avail-
able, e.g., [8,9], the work of TC ASC-271 focuses on developing a
procedure that simulates salt damage triggered by capillary trans-
port of salt solution towards the evaporative surface of a material.

TC ASC-271 proposes a new approach to salt crystallisation
tests, which differs from existing weathering procedures in this
field. In this approach, which is derived from the field of concrete
durability [10], as described in Flatt et al. [11], the salt crystallisa-
tion damage process consists of two phases: (i) the induction
phase, in which salts accumulate in the pores of the material
(but the degree of pore filling is not high enough to initiate dam-
age); and (ii) the propagation phase, during which dissolution/
crystallisation cycles lead to (increasing) damage (Fig. 1).

Starting from this approach, the new salt crystallisation test,
under development by the TC ASC-271, consists of two phases:
(1) salt accumulation phase and (2) damage propagation phase.
By this approach, not adopted in existing salt crystallization proce-
dures, it is possible to define the risk of decay due to dissolution/
crystallization cycles, depending on the salt content (and thus
the degree of pore filling) accumulated in the first stage. By sepa-
rating the two phases, a better understating and forecast of the
decay can be achieved.

This paper aims to design the procedure to be followed in the
accumulation phase of the salt crystallisation test under develop-
ment by the TC-ASC-271. The second phase of the test, i.e., the
damage propagation phase, is not addressed in this paper. The
accumulation phase can be considered successful if it enables the
accumulation of salts at the material’s evaporative surface (be-
cause this is the most common situation observed on site) without
the occurrence of damage (damage should only start in the propa-
gation phase).

For the assessment of the capability of the accumulation proce-
dure to fulfil the requirement mentioned above, it is crucial to
measure the salt distribution in the specimen at the end of the
accumulation phase. This has been done with several methods (de-
structive and non-destructive), and their advantages and disadvan-
tages are critically discussed.

An extensive literature review of different salt crystallization
procedures done by the TC ASC-271 is given in [2]. Standardized
tests and procedures proposed by researchers can be classified into
two main groups [2]:

e Contamination by capillary absorption or full immersion in a
salt solution, followed by drying through one or more evapora-
tive surfaces, e.g., [3-6,13-17], and
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o Contamination by continuous capillary absorption of a salt solu-
tion and simultaneous drying, the so-called wick action, e.g.,
[18-21].

In the present work, total immersion of the specimen in salt
solution was not tested because it was considered not representa-
tive of the salt weathering mechanism occurring in natural expo-
sure conditions [20]. Moreover, full immersion would not be
suitable for assessing materials treated with surface treatments
or for a combination of materials, such as brick/stone/plaster com-
binations [2]. Regarding the partial immersion procedure, the con-
tamination can be done repeatedly with salt solution [e.g., 3] or by
introducing salts only in the first cycle, followed by rewetting with
pure water, e.g., [22]. In the present work, the partial immersion
test considered both cases. However, rewetting with pure water
was done to mobilize the salts towards the evaporative surface
and not to propagate damage.

Existing standards and recommendations prescribe the use of
single salt solutions [3-6], usually sodium sulphate or sodium
chloride, though, in natural exposure conditions, mixtures of salts
prevail. Some researchers choose the composition of the salt mix-
ture based on the analysis of salts present in the building materials
on site to reproduce better a specific field condition [23,24]. How-
ever, a standard test can hardly consider the use of salt mixtures
because this would require different thermohygrometric condi-
tions to make it effective in other materials, which would make
impossible any direct comparisons. Moreover, the action of single
salts can prove more aggressive than salt mixtures [25,26]. Hence,
the present work considers the use of single salt solutions, follow-
ing existing standards and recommendations.

The salt solution concentration plays a crucial role in the type
and severity of damage [27]. The use of solutions with a very high
salt content is common in salt crystallisation tests but can lead to
unrealistic damage types and severity, e.g., [28]. The KIK-IRPA
database encompassing more than six thousand samples collected
from buildings in Belgium records salt contents of ca. 1 to 2 wt%
with respect to the dry weight of the sample collected onsite
[29]. Therefore, in the present study, a realistic amount of salt
was introduced in both materials tested (1 wt% of the dry weight
of the stones).

The most common methods for the assessment of salt damage
in laboratory tests consist of visual and photographic examination
and mass loss determination [3-6]. Mass loss is a standard method
for assessing damage in durability experiments and has also been
used as a parameter for evaluating salt crystallisation durability
estimators by several authors, e.g., [15,30,31]. However, this
method does not allow obtaining information on damage and salt
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Fig. 1. Schematic representation of durability of a stone, subject to salt damage, adapted from the concept proposed by Tuutti [10] to describe the durability of reinforced

concrete (image from [11] provided by Robert ]. Flatt (ETH Zurich).
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distribution inside the specimens. To this scope, other methods
and techniques can be used.

Ultrasonic pulse velocity (UPV) measurement is a simple non-
destructive technique used to evaluate the physicomechanical
properties and the extent of weathering of building materials.
UPV can provide information about dynamic mechanical proper-
ties, porosity, and the presence of discontinuities in the material
[32]. As a result of the salts filling the pores, an increase of the
UPV is recorded [33], so this technique can be used to assess salt
distribution non-destructively. The drilling resistance measure-
ment system (DRMS) and the scratch tool (ST) are micro-
destructive techniques that have been used successfully to monitor
the salt crystallisation front in salt weathered limestone, both in
the laboratory and in situ, by recording increased cutting resis-
tances in areas where pore clogging due to salt crystallisation
occurred [21,34]. The ST uses a diamond cutter to make a scratch
(groove) on the surface of the specimen while the cutting force is
recorded. The resistance of the material to cutting is related to
its physicomechanical properties; in fact, the intrinsic specific
energy, which is the energy required for scratching a unit volume
of material, is directly proportional to the uniaxial compressive
strength of the material [35]. The DRMS operation is similar to
the ST, but instead of linear cutting, the DRMS employs rotational
cutting (drilling).

Soluble salts are generally hygroscopic, i.e., they can adsorb
moisture from the air when the relative humidity (RH) is higher
than the RH of equilibrium of the salt. In contrast, most build-
ing materials are only weakly hygroscopic. Therefore, by mea-
suring the hygroscopic moisture content (HMC) of a material
at high humidity, an indication of the presence of soluble salts
can be attained. In the case of single salts, the water activity is
known; thus, a fixed relation between the salt content and the
HMC at equilibrium can be readily determined at a specific
temperature [36,37]. In the case of a salt mixture, several RH
equilibrium values are possible, which shift depending on the
ionic composition [38]. The HMC method uses powder drilled
samples, so it can be combined with the DRMS method, pro-
vided that the drilling is performed at different depths within
the same drilling hole.

The determination of the salt content within building materials
in practice usually consists of extracting the soluble salts with
water and analysing the ion content of the leached solution. For
a semi-quantitative evaluation of the salts, the HMC method can
be used, whereas ion chromatography identifies the ions and pro-
vides an accurate quantitative analysis [37].

u-Xay fluorescence mapping is an elemental technique that
allows examining small specimen areas and the production of ele-
mental maps, with a spatial resolution on the micrometre scale. It

a) Procedure P1

Parafilm

Evaporation
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can provide the excitation of at least one measurable characteristic
X-ray peak for all periodic table elements with an atomic number
higher than 11. Hence, the method can be applied to detect com-
mon ions present in soluble salts affecting building materials,
e.g., chloride (atomic number: 17) and sulphur (atomic number:
16). The direct observation of specimens with SEM enables exam-
ining the spatial distribution, the morphological character of the
salt crystals, and the size of pores in which the salt preferentially
crystallizes.

The techniques mentioned above have been used in the present
study to evaluate the effectiveness of the designed contamination
procedures in accumulating salts close to the evaporative surface.
The effectiveness of the methods used is hereby critically
discussed.

2. Experimental
2.1. Contamination procedures

Two types of salt contamination procedures have been selected
for this study and are described in detail below. A scheme depict-
ing the two procedures is shown in Fig. 2. After the accumulation
phase tests, the specimens were split into two halves for the anal-
ysis described in section 2.2., except for the specimens subjected to
UPV measurements.

2.1.1. Capillary absorption followed by drying

In this procedure, the specimens were first contaminated from
the bottom by capillary absorption with a salt solution, followed
by drying only through the top surface at 20 °C and 10% RH, until
80 wt% of the solution evaporated (Fig. 2.a). Two additional wet-
ting/drying cycles with pure water (with the same amount of
water used in the salt contamination step) were carried out to
move the salts even closer to the evaporative surface.

For both the salt contamination and rewetting steps, the salt
solution (or water) was poured into a contamination dish with
glass rods. The bottom surface of the specimen was placed in con-
tact with the solution until the top surface was completely wet.
After contamination or rewetting, the bottom of the specimen
was sealed with parafilm, and the specimen was left to dry only
through the top surface.

The quantity of solution (or water) used was similar to the cap-
illary moisture content, i.e., the amount of water absorbed by the
specimen at satiation (i.e., to wet the top surface), following capil-
lary rise from its bottom. As mentioned, the concentration of the
solution was calculated so that, for both stones, a content of 1 wt
% of salt with respect to the dry weight of the specimens was

b) Procedure P2

Evaporation
Parafilm " <"» {"»

N N
Specimen \ Specimen
Specimen
\ : \
[ | \ ] [ l \
Dish  Glass rod Salt solution Parafilm Dish Geotextile  Salt solution

Fig. 2. Experimental setup used in the contamination experiments: (a) capillary absorption followed by drying (P1), (b) continuous capillary absorption (P2).
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reached. Hence, a salt solution concentration of 6.7 wt% was used
for Migné stone, and 3.8 wt% was used for Maastricht stone.

This procedure was performed with three groups of three spec-
imens of each stone to assess the effect of subsequent wetting/dry-
ing cycles on salt accumulation:

1) a group of three specimens was subjected only to one drying
cycle, following salt contamination; specimens contami-
nated according to this test are henceforth referred to as
P1-1S;

2) a group of three specimens was subjected to salt contamina-
tion, followed by one rewetting step with water and subse-
quent drying; specimens contaminated according to this test
are henceforth referred to as P1-1 W; and

3) a group of three specimens was subjected to salt contamina-
tion, followed by two rewetting steps with water and subse-
quent drying; specimens contaminated according to this test
are henceforth referred to as P1-2 W.

At the end of the tests, the specimens were further dried at
60 °C in a ventilated oven to constant mass before assessing the
salt distribution.

2.1.2. Continuous capillary absorption

In this procedure, the salt solution was poured into a contami-
nation dish with a geotextile layer on the bottom (ca. 1 mm thick),
and the bottom of the specimen was placed in contact with the
solution (Fig. 2b). The amount of water used in the preparation
of the solution was the same as the total amount of water used
in procedure P1-2 W, i.e., the sum of water used during the initial
salt contamination (P1-1S) plus the water used in the two follow-
ing rewetting cycles to achieve the same amount of salt (1 wt%)
with respect to the dry weight of the specimens.

Drying occurred only through the top surface of the specimen at
20 °C and 10% RH. Evaporation of the solution from the dish during
the test was prevented by covering it with a parafilm sheet. After
complete absorption of the salt solution, the bottom of the speci-
mens was sealed, and the specimens were left to dry (20 °C and
10% RH) until 80 wt% of the water absorbed evaporated. After-
wards, the specimens were dried at 60 °C to constant mass before
assessing the salt distribution.

2.2. Materials

2.2.1. Salt types

Two salt types, sodium chloride (NaCl) and sodium sulphate
(NayS0,), have been used. This selection was based on the follow-
ing criteria:

e Both salts are commonly found in buildings worldwide and are
known to cause severe damage.

e These salts have different crystallisation behaviour. Na;SO4 has
temperature-dependent solubility and multiple polymorphs
(hydrate and anhydrous forms) at ambient temperature. In con-
trast, NaCl solubility is almost independent of temperature, and
NaCl has no hydrate forms at temperatures higher than 0 °C.

Na,SO,4 is generally more damaging than NaCl in laboratory
weathering tests. Moreover, these salts are the most commonly
used in crystallisation tests [2].

2.2.2. Stone types

Migné stone (quarried in France) and Maastricht stone (quar-
ried in The Netherlands) were used in the tests. These limestones
have been chosen because of their similar chemical composition
(both stones are composed of ca. 95-99% of calcite), their homoge-
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neous structure without macroscopically evident bedding planes,
their unimodal pore size distribution, and their significantly differ-
ent porosity and pore size. Table 1 presents the main physical
properties of the stones. The open porosity of Migné is ca. 30%
and that of Maastricht is ca. 50%. The grain size is homogeneous:
ca. 100-150 um for Maastricht and 1-5 pm for Migné. Maastricht
has a main pore size of ca. 30 um, whereas Migné has a main pore
size of ca. 1 um. The difference in pore size is reflected in the rate of
water absorption by capillarity: Maastricht’'s water absorption
coefficient is an order of magnitude higher than that of Migné [12].

2.2.3. Specimen preparation and testing conditions for both procedures

Cylindrical specimens (@ 50 mm, height 50 mm) were cut from
a large stone block in such a way that the bedding planes of the
stone laid parallel to the top and bottom surfaces of the specimen.
The specimens were sealed along their side surface with parafilm
after pre-heating them in an oven at 50 °C for 10 min to achieve
better adherence. A textile tape was used to glue the end of the
parafilm foil and ensure sealing tightness during the entire test.
Before contamination, the specimen mass was stabilized at 20 °C
and 10% RH, which were the conditions used during the contami-
nation and drying phases. Low temperature, RH, and negligible
air flow conditions were set to promote the accumulation of salt
close to the evaporative surface.

For each procedure, a group of three specimens of each stone
was contaminated with a salt solution of NaCl and another group
with Na,SOy; both salts were ACS reagents > 99.0%. The concentra-
tion of the salt solution used for the contamination was defined
according to the desired salt content in the specimen, which was
1 wt% of its dry weight. The same salt content was used in both
procedures to enable direct comparison of the results.

A ventilated climatic chamber (Votsch VC 4018) was used to
provide constant thermo-hygrometric conditions. Throughout the
tests, the specimens were placed in the climatic chamber inside
plastic boxes (40 x 34 x 17 cm, three specimens per box), with
the opening covered with Japanese silk paper (ca. 15 g/m?) to pre-
vent air flow. Digital thermo-hygrometers (Comet S3621) were
placed inside the boxes to monitor the RH, which resulted in being
13 +3%.

2.3. Assessment of damage and salt distribution

At the end of the accumulation phase, the occurrence of damage
and salt efflorescence was visually and photographically recorded.
During the accumulation phase, the salt introduced should remain
in the specimens, i.e., not crystallise as salt efflorescence, and dam-
age should ideally be absent or of low intensity. Hence, both the
amount of salt efflorescence and mass loss were used to assess
the suitability of the procedures to be used in the accumulation
phase.

Several analytical methods (destructive and non-destructive)
were used to assess the salt distribution: ion chromatography
(IC), hygroscopic moisture content (HMC), micro X-ray fluores-
cence (u-XRF), scanning electron microscopy (SEM), drilling resis-
tance measurement system (DRMS), scratch tool (ST), and
ultrasonic pulse velocity (UPV).

Table 1

Properties of Migné and Maastricht limestones [12].
Properties Maastricht  Migné
Open porosity (%) 531+04 324:05
Main pore size - Hg volume (um) 304 +0.2 0.95 + 0.05
Water absorption capillary coefficient (g/cm?/ 2.19+0.16 0.23 £0.01

min®?)
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After the accumulation phase tests, the specimens were split
into two halves, using a hammer and chisel, for analysis with the
mentioned methods, except for the specimens subjected to UPV
measurements. Fig. 3 shows a scheme summarizing the number
and type of specimens and respective analyses performed with
each method of assessment of salt distribution.

2.3.1. Visual observations and mass variation

The development of salt efflorescence and damage was moni-
tored photographically. Since salt efflorescence can hide the under-
lying damage, photographs were taken before and after removing
the efflorescence. The type and severity of damage types, when
present, were described according to the ICOMOS glossary [39]
and MDCS atlas [40].

The weight of the specimens was recorded before and after salt
contamination; based on this, the exact amount of salt introduced
in each specimen was calculated. During the drying phase of both
procedures, the weight of the specimens was recorded at regular
intervals until 80 wt% of the water had evaporated. The damage
was assessed by recording the mass loss.

At the end of the test, the salt efflorescence and stone debris,
when present, were collected using a soft brush and weighed using
a balance (resolution of 10~ and accurate to 10~3g). The salt efflo-
rescence was separated from the stone debris by dilution in pure
water, followed by filtration with filter paper. The weight of the
debris was measured, and that of the salt was calculated. Salt that
might have accumulated in the pores of the stone debris collected
was hence registered as salt efflorescence.

2.3.2. lon chromatography (IC)

For the analysis of the salt content (NaCl or Na,SO,4), measure-
ments were carried out on drilled powder samples. For each half-
core specimen, starting from the evaporative surface, samples were
collected up to the following depths (same hole): 0-5, 5-10, 10-15,
15-20, 20-30, 30-40, and 40-50 mm. Additionally, to get more
precise information on the salt distribution in the salt-rich outer
layer, samples were collected by sanding down a half-cylinder at
1 mm intervals up to 5 mm depth per specimen.

The quantity of anions (CI" and SO%) and cations (Na*) of the
vacuum filtered extract was analysed by IC (Metrohm). The results

No. of specimens

Specimen preparation
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in parts per million (ppm - mg/L) were converted to wt.% (relative
to the dry sample weight), and the sum of the equimolar contents
of Na* and CI" or SOF was estimated. The salt amount present in
each layer was calculated as the percentage of the total salt content
present in the sample. The average amount of each ion (in wt.%) in
each group of three specimens contaminated with each procedure
was calculated in relation to the respective total weight of each
group of samples.

2.3.3. Hygroscopic moisture content (HMC)

For the determination of the HMC, the same samples used in the
IC analysis were placed in a climate chamber at 20 (+1) °C and 95%
(£3) RH until constant weight (41 days). The HMC was calculated
according to the equation:

HMC =100 - Am (1)
my

in which Am represents the mass gain of the sample (g), and my
represents the dry weight of the sample (g).

The correlation between the HMC values (wt.%) and the salt
content (wt.%) was determined considering a dataset of 292 drilled
samples. The salt content considered was limited to equimolar
contents derived from the IC analysis of samples containing Na*
and CI” or Na* and SO%". The correlation coefficient indicates how
well the data fits the model of regression and is presented as R?,
calculated according to the following equation:

2
. ()~ (C0EY)
s = (S0P [nsy? - ]

(2)

in which x corresponds to the value of HMC (wt.%), and y cor-
responds to the salt content (wt.%).

2.3.4. Micro X-ray fluorescence mapping (u-XRF)

Chloride and sulphur p-XRF maps were produced to check the
NaCl and Na,SO,4 distribution, respectively. The instrument used
for the p-XRF analysis was an EDAX (Mahwah, NJ, USA) ORBIS -
XRF spectrometer. The system uses a Silicon Drift Detector (SDD).
It focuses the X-rays from a rhodium target anode with a

Analysis

Procedures P1 & P2:

* 3 specimens/stone: NaCl

* 3 specimens/stone: Na,SO, 2 half samples:

Each specimen split into

Same samples tested with:

¢ HMC

e |C

¢ SEM (additional photos with a
different microscope

* u-XRF
. » | SEM
e DRMS & ST
Procedure P2
extra no. of specimens
* 3 specimens/stone: NaCl Entire specimen used e UPV

Fig. 3. Summary of the number and type of specimens tested with each procedure and analysis performed.
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poly-capillary focusing optic, which allows for a beam diameter of
ca. 30 pum. The acquisition system is the ORBIS Vision Software
supplied by EDAX. The applied acceleration potential and current
were 35 kV and 500 pA, respectively. At each point, every
100 pum (spacing), a spectrum was acquired for 100 ms (30%-40%
dead time). The measurements were carried out at atmospheric
conditions with a built-in 25-pm thick aluminum filter to elimi-
nate the rhodium Lo radiation, which overlaps with the chlorine
Ko X-ray line and increases its limit of detection.

A smooth surface is required for this analysis, so prismatic spec-
imens were dry-cut from the half cores along their longitudinal
axis. The selected surface of 5x5 cm to be mapped was ground with
SiC paper (STRUERS 500) for 15 s, at 300 rpm, in a single direction
to avoid spreading the salt.

2.3.5. Scanning electron microscopy (SEM)

SEM observations were carried out on the same samples anal-
ysed with u-XRF. Polished sections were produced from 2 x 2 cm
pieces of stone. The samples were prepared in the same way as
those prepared for the p-XRF analysis but were further embedded
under vacuum in low viscosity epoxy resin (EPO-TEK). After 24 h of
polymerization, the specimens were grinded with SiC paper
(STRUERS) at 500, 1000, 2400, and 300 rpm for 5 min (each step),
using isopropanol as coolant. The final polishing was carried out
with water-free diamond polishing suspensions (9, 3, and 1 um).
Polished surfaces were coated with a 15 nm carbon layer, then
observed with an SEM FEI QUANTA 200 3D, at high vacuum, and
20 kV voltage.

Additional samples from Maastricht limestone contaminated
with Na,SO4 according to procedure P1-1S (belonging to the same
set analysed with IC and HMC) were studied with a Zeiss Gemini
300 SEM FE equipped with an Oxford X-Max detector at high vac-
uum and 15 KV voltage. Polished cross-sections were prepared by
embedding the stone fragments in bi-component epoxy resin (Epo-
Fix, Struer), grinding them with SiC paper (Struers), and polished
with polishing cloth up to 8000 grit. Isopropanol was used during
grinding and polishing to avoid salt dissolution. The salt distribu-
tion within the stone matrix was mapped up to a 2.5 mm depth
from the evaporative surface by combining multiple images
acquired in constant conditions (back-scattered mode) at 150x
magnification.

2.3.6. Drilling resistance measurement system (DRMS) and scratch tool
(sT)

Samples contaminated according to procedure P1, and previ-
ously mapped with p-XRF, were scratched and drilled to assess
the position of the salt crystallisation front. Non-contaminated
Migné and Maastricht samples were also used as a reference.

Scratching was performed using a WOMBAT Scratch Tool sup-
plied by Epslog Engineering. The samples were scratched along
the centre of their curved side, moving from the evaporative sur-
face towards the base. A sharp rectangular 10 mm wide diamond
cutter with a negative back rake angle of 15°, moving at constant
velocity (10 mm/s), was used in all the scratch tests. During
scratching, the normal (F,) and tangential (F;) components of the
total force required to form a groove on the sample were recorded
automatically. From these, the total cutting force (F) was estimated
as [29]:

F=(F,+F) 3)

For the DRMS test, the samples were drilled starting at the
evaporative surface of the samples using a device supplied by SINT
Technology. The operating conditions during drilling were 600 rpm
for the rotational speed and 10 mm/min for the penetration rate. A
twist diamond drill bit with a flat point and @ 5 mm was used; the
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total penetration depth was 10 mm. During the drilling tests, the
DRMS provided a continuous reading of the force required to per-
forate the test specimen.

2.3.7. Ultrasonic pulse velocity (UPV)

UPV measurements were performed to assess the salt distribu-
tion non-destructively, using a portable instrument (USG 20 Krom-
pholz Geotron Elektronik (DE)) with pointy-ended transducers
with a contact section of @ 3 mm. Only specimens contaminated
according to procedure P2 were measured; for this test, three extra
cylindrical specimens of each stone were used. Nine measurements
were performed in each specimen in planes parallel to the evapo-
rative surface at 5 mm intervals. The measurements were per-
formed before and after salt contamination.

3. Results
3.1. Damage and salt efflorescence

A summary of the visual observations, focusing on the qualifica-
tion of salt efflorescence and damage on the specimens contami-
nated with both procedures, is shown in Figs. 4 and 5. The
amount of salt efflorescence and mass loss are given in Figs. 6
and 7, respectively. In the case of procedure P1, the debris of the
specimens subjected to further rewetting steps was only collected
at the end-step, so the results shown are cumulative.

Samples contaminated with NaCl with both procedures devel-
oped only salt efflorescence, and no visible damage was detected
(Fig. 4). The type and amount of salt efflorescence (Fig. 6a) varied
according to the procedure followed and type of stone used: a
lower amount of NaCl efflorescence developed in the less porous
stone (Migne) with procedures P1-1S and P2, but the amount
was still slightly higher than for the more porous stone (Maas-
tricht) with procedures P1-1 W and P1-2 W. The results of mass
loss (Fig. 7a) can be considered negligible (lower than 0.05 wt%)
and confirm the visual observations.

Both types of stones contaminated with Na,SO4 showed dam-
age with all procedures (Fig. 5). Minor damage was observed in
Migné after Na,SO,4 contamination with procedure P1-1S, leading
to ca. 1 wt% of mass loss (Fig. 7b); the amount of salt efflorescence
observed was very low and concentrated close to the evaporative
surface. After one rewetting, Na,SO4 contaminated Migné speci-
mens (P1-1 W) suffered rapid and severe damage (within 24 h of
drying). For this reason, the planned second rewetting was not per-
formed, and these specimens were not subjected to the analysis of
salt distribution.

In the case of the more porous stone (Maastricht), samples con-
taminated with Na,SO4 with procedure P1-1S developed slight
granular disintegration and scaling, leading to 0.7 + 0.4 wt% mass
loss (Fig. 7b). After one rewetting (P1-1 W), the amount of salt
efflorescence increased significantly; the amount of efflorescence
reached almost 90 wt% of the salt introduced, whereas mass loss
was ca. 1.1 wt%. The 2nd rewetting step (P1-2 W) induced more
damage (ca. 2 wt% of mass loss) and slightly more salt efflores-
cence. In contrast with Migne, damage occurred in Maastricht sam-
ples contaminated with Na,SO, with procedure P2.

The period for the evaporation of 80% of the water introduced
during the contamination varied according to the stone type, salt
type, and procedure (Table 2). As expected, samples with higher
porosity and pore size dried faster. The drying period with proce-
dure P2 was more prolonged than with procedure P1-1S for both
stones contaminated with either salt. This aspect can be attributed
to the higher degree of saturation of the porous system of the
stones with procedure P2, resulting from the continuous capillary



C. Nunes, A. Maria Aguilar Sanchez, S. Godts et al.

Construction and Building Materials 298 (2021) 123862

Procedure

P1-1S Photo

Damage/alteration

Migné - NaCl

Efflorescence

Maastricht - NaCl

Efflorescence

Salt efflorescence

Powdery

(micro) cauliflower

Damage severity

No damage

No damage

Damage extension

Photo

Damage/alteration

P1-1W
Photo
Damage/alteration Efflorescence Efflorescence
Salt efflorescence Powdery (surface) and hollow crust Powdery
Damage severity No damage No damage
Damage extension - -
P2-2W

Efflorescence

Efflorescence

Salt efflorescence Powdery

Powdery

Damage severity No damage

No damage

Damage extension -

Fig. 4. Summary of the macroscopic visual observations on the specimens contaminated with NaCl. Scores of severity of damage: low (+) to high (++++). Scores of extension of

damage: small (+) to large (++++) surface area.

absorption of a solution with two times higher amount of water
than procedure P1-1S.

3.2. Assessment of the salt distribution

3.2.1. Ion chromatography (IC) and hygroscopic moisture content
(HMC)

The salt distribution assessed with IC is presented in Figs. 8 and
9. Generally, salt accumulated close to the evaporative surface and
the salt content decreased with depth. The salt content in the outer
5 mm layer was always above 50 wt% of the total content, except in
the case of Maastricht contaminated with Na,S04 with procedure
P1-1S (Fig. 9b). In this case, the amount of salt present in the outer
5 mm layer was lower than ca. 30 wt%, but the standard deviation
was large.

Different results were obtained when the samples were rewet-
ted; the salt content up to 5 mm depth slightly increased or
decreased after one rewetting (P1-1 W) for Migné and Maastricht

contaminated with NaCl, respectively. Subsequent rewetting of
Migné stone contaminated with NaCl (P1-2 W) led to an increment
of efflorescence and salt in the 0-5 mm layer. In Maastricht, the
amount of salt efflorescence decreased with subsequent rewetting
(ca. 30 wt%), while the salt content in the 0-5 mm layer increased.
Maastricht contaminated with Na,S0, with P1-1 W showed an
increment of the salt content in the outer layer (0-5 mm); rewet-
ting twice (P1-2 W) led to an increment of efflorescence and a
decrease of the salt content in the outer layer. These results are
possibly related to the removal of the damaged salt-rich layer after
brushing the specimens contaminated with P1-2 W. Upon rewet-
ting (P1-1 W and P1-2 W), salts were transported towards the
evaporative surface; consequently, the salt content in the outer
5 mm layer and/or the amount of efflorescence increased.

A more detailed analysis was carried out on the first 5 mm of a
sample of Maastricht contaminated with Na,S04 according to pro-
cedure P1-1S (Fig. 10). The results indicate that 73.5 wt% of the
total salt content was located within the first millimetre of the
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Procedure

Migné — Na2SO4

Photo

P1-1S

Damage/alteration

Scaling with subflorescence

Maastricht — Na2S04

Efflorescence, granular disintegration,
and scaling with subflorescence

Salt efflorescence Powdery Powdery
Damage severity ++ ++
Damage extension ++ ++

Photo
P1-1W
Damage/alteration Bursting with subflorescence Granular disintegration with
subflorescence
Salt efflorescence Crust Crust
Damage severity ++++ ++
Damage extension ++++ T+
Photo
P2

Damage/alteration Efflorescence Contour scaling with subflorescence
Salt efflorescence Cauliflower Powdery

Damage severity + ++

Damage extension + ++

Fig. 5. Summary of the macroscopic visual observations on the specimens contaminated with Na,SO4. Scores of severity of damage: low (+) to high (++++). Scores of extension

of damage: small (+) to large (++++) surface area.

specimen. Deeper in the stone, the concentration dropped signifi-
cantly, with 16.8 wt% between 1 and 2 mm, and 2.6 wt% between
4 and 5 mm. Considering the open porosity, bulk/skeletal density
of the stone, mass of salt in the stone, molar mass/volume of the-
nardite or phase I, it is possible to estimate that 10% of the volume
of the pores in the outer 1 mm were filled with salt (assuming a
homogeneous distribution of salt, including a thin salt crust on
the surface of the sample).

The salt distribution results obtained with HMC are in line with
those measured by IC. The correlation of determination between
HMC and IC salt content was used in this study to check whether
HMC could give reliable semi-quantitative results. Considering
168 samples with a wide range of salt contents (Fig. 11a), a good

correlation was derived (R? = 0.9305). However, when considering
a salt content below 1 wt% (144 samples), the correlation dropped
significantly (R? = 0.6175) (Fig. 11c). In samples with such a low
salt content and weight (ca. 0.928 g), the experimental error
increases. Next to the experimental error, minimal changes in RH
in the climatic chamber can have a significant impact on the
HMC values, especially in the case of high RH and hygroscopic
salts, such as NaCl.

3.2.2. Micro X-ray fluorescence mapping (n-XRF) and scanning
electron microscopy (SEM)

A summary of the observations from p-XRF maps and SEM
images is presented in Table 3. Fig. 12 gives an example of the
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Fig. 6. Mass of salt efflorescence registered after the salt accumulation test with procedures P1 and P2 expressed as the percentage relative to the total salt amount
introduced in the specimens: (a) stones contaminated with NaCl, (b) stones contaminated with Na,SOy.

a)
oideo NacCl
7 Migne
0.050
g M Maastricht
E‘o.oao
F
©0.030
w
w
g J
0.019
0.020 oa1e|
‘ 0.111; |
oo0 3% i
{
' |0.002 0.003 |
0.000 EE A
P1-1S P1-1W P1-2W

0.041

0.002

1
P2

b) 2.50

(We%)

n
o

Mass loss

0.50

0.00

~1Migne
2
il Maastricht ©
2
°
o
1.19 %
m©
13
©
o
[
0.68 5
4 >
Q
wv
1}
c
20
=
P1-1S

P1-1W

Na,SO,

Migne: Not tested

P1-2W P2

Fig. 7. Mass loss of stone material registered after the salt accumulation test with procedures P1 and P2, expressed as the percentage relative to the dry weight of the
specimens: (a) stones contaminated with NaCl, (b) stones contaminated with Na,SO,4.

Table 2
Period (in days + 3) for evaporation of 80% of the water introduced during the contamination.
Procedure Migné Maastricht
NaCl Na,S04 NaCl Na,SO4
P1 -1S 37 24 10 10
P1 -1W &2 W 21 - 8 8
P2 40 30 12 12
a) b)
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Fig. 8. Mean relative percentage of NaCl distribution assessed with IC in Migné (a) and Maastricht (b) after contamination with procedures P1 and P2. The values are the
average of 3 specimens; the graphs include the amount of salt efflorescence (efflo). The legend from top to bottom represents the different procedures, which sequentially
correspond to the columns from left to right.
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Fig. 9. Mean relative percentage of Na,SO, distribution assessed with IC in Migné (a) and Maastricht (b) after contamination with procedures P1 and P2. The values are the
average of 3 specimens; the graphs include the amount of salt efflorescence (efflo). The legend from top to bottom represents the different procedures, which sequentially

correspond to the columns from left to right.
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Fig. 10. Relative percentage of Na,SO, distribution in the first millimetres of
Maastricht contaminated with procedure P1-1S.

u-XRF maps recorded in Migné and Maastricht contaminated
according to procedure P1 with NaCl. Figs. 13, 14, 15, and 16 show
a few selected SEM microphotographs.

The results indicate that procedure P1-1S is the most effective
in accumulating salt at the evaporative surface of both stones. In
general, rewetting reduces the thickness of the salt layer and pro-
motes the redistribution of salts deeper into the samples. The data
also indicated that NaCl is more prone to be redistributed within
the sample thickness of both stones upon rewetting. Procedure
P2 also showed a salt layer at the evaporative surface in both
stones, with either salt; NaCl further spread within the sample
thickness.

SEM gives a more precise assessment of the thickness of the salt
layer and salt distribution than the p-XRF maps, although the salt
distribution can be quite non-homogeneous. Therefore, a thickness
interval is probably more appropriate rather than a single value.
The representativeness of the sample observed with SEM can also
be an issue; e.g., no salt layer was observed under SEM with Maas-
tricht contaminated with procedure P1-1S with NaCl, but a salt
layer up to 1 mm thickness was observed in the u-XRF maps.

The additional SEM analysis of Maastricht contaminated with
Na,SO,4 with procedure P1-1S showed only partial filling of the
pore spaces and a higher concentration of the salt close to the
evaporative surface. Images of the fresh fracture showed that the
salt crystallizes as porous clusters within the inter-particle spaces
(Fig. 15). Such a crystallisation pattern was confirmed by the cross-
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section observation and mapping of the salt distribution (Fig. 16).
The salt was mostly concentrated up to 400-500 um from the
evaporative surface, showing a rather irregular distribution. The
presence of salt was detected at least up to 2 mm depth, as isolated
clusters of salt crystals formed along the grain borders of the stone.
These observations are in line with the IC results on the same sam-
ple (Fig. 10) in which ca. 70% of the salt was detected up to 1 mm
depth and ca. 20% of salt was detected between 1.5 and 2 mm
depth.

3.2.3. Drilling resistance measurement system (DRMS) and scratch tool
(5T)

The scratching and drilling force (F) patterns versus the cutter
position (depth of the sample) are provided in Fig. 17. From these,
evident changes in the microstructure of the salt contaminated
samples (i.e., pore clogging resulting in increased cutting resis-
tance areas) can be observed. In particular, in all the patterns
derived after salt contamination and drying, localized peaks in
material resistance to cutting were recorded very close to the evap-
orative surface (ca. 0-2 mm). These peaks, which are not observed
in the reference specimens, are prominent both in the ST and the
DRMS patterns and suggest pore filling by the salts.

The position of the peaks in cutting resistance is nearly identical
for each sample, irrespective of the mapping technique used, indi-
cating that both methods are detecting pore clogging due to salt
crystallisation at more or less the same location. This is in line with
previous applications of the ST and the DRMS [21,28] and confirms
the reliability of both techniques and their potential in detecting
the position of the salt crystallisation front in limestone.

The peak cutting resistance recorded in the case of Migné con-
taminated with Na;SO4 with procedure P1-1S is much higher,
compared to the corresponding sample contaminated with NaCl
This is in line with the p-XRF and SEM results (Table 3), which sug-
gest that Na,SO4 has a tendency to crystallise more locally, closer
to the evaporative surface, as opposed to NaCl which shows higher
dispersion. The localised crystallisation of Na,SO,4 usually leads to
more damage [16], as was indeed the case in the visual observa-
tions hereby reported (Figs. 4 and 5). In the case of the much
weaker and porous Maastricht stone, the peak resistance recorded
for the sample contaminated once (P1-1S) with NaCl was again
rather low. Upon rewetting with water (P1-1 W), the peak resis-
tance was further reduced. In contrast, the thickness of the salt-
rich layer (i.e., increased cutting resistance area) appears broader,
albeit not as broad as in the optimised p-XRF map, suggesting
some redistribution of the salt content with water absorption
and possibly some salt escaping the sample as efflorescence; this
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Fig. 11. Correlation between HMC values and salt content (R? = coefficient of determination): Maastricht and Migné with NaCl (a) and Na,SO, (b) content (full range detected
between 0 and 5.8 or 7.5 wt%) and with NaCl (c) and Na,SO,4 (d) content below 1 wt%.

Table 3
Summary of u-XRF maps and SEM image observations.
Procedure Method Migné - NaCl Maastricht - NaCl Migné - Na,SO4 Maastricht — Na;SO4
P1-1S u-XRF - Cl layer up to 1 mm depth (Fig. 12a)- Cl - Cllayer upto 1 mm depth -Slayerupto1 mm - S layer up to 1 mm depth
maps dispersed throughout the sample depth
(Fig. 12b)
BSE - Salt layer up to 200-500 um depth - No salt layer observed- - Salt layer up to - Salt layer up to 200 um depth (Fig. 13)-
images  (Fig. 14) Scattered salt crystals 50 pm depth- Salt Most of the salt up to 400-500 pum depth.-
crystals up to 2 mm  Scattered salt crystals up to 2 mm depth
depth
P1-1 W u-XRF - Cl rich layer up to 1 mm depth- Cl - Clrich layer up to 0.5 mm * - S layer up to 1 mm depth
maps dispersed throughout the sample with a  depth- Cl scattered up to
slightly higher concentration at the 10 mm depth (Fig. 12¢, d)
bottom
BSE - Salt dense layer up to 200-250 pm - Continuous salt layer up * - Salt layer up to 150 um depth
images depth to 400 pm depth
P1-2 W u-XRF - Cl layer up to 0.5 mm depth - Cl layer up to 0.5 mm * - S was not detected
maps depth
BSE - Salt dense layer up to 200-250 pm - Non-continuous salt layer * - No salt layer observed
images  depth up to 200 um depth
P2-2 W u-XRF - Cl layer up to 1 mm depth- Cl also - Cl layer up to 1 mm -Slayerup to 1 mm - Slayer up to 1 mm depth
maps dispersed up to 10 mm depth depth- Cl also dispersed up depth

to 2.5 mm depth

* Not measured (severe damage of the specimen after rewetting).

is in line with the amount of salt efflorescence formed, as well as before and after salt contamination was detected in Migné stone
the IC data (Fig. 8). contaminated with NaCl. Fig. 18b) shows only 7% UPV increase
after Migné salt contamination; these results suggest that salt
has evenly precipitated throughout the depth of the specimen,

3.2.4. Ultrasonic pulse velocity (UPV) which is not in line with the IC and HMC results.

The UPV results before and after contamination with NaCl with
procedure P2 are shown in Fig. 18; the values given correspond to
the percentage change before and after contamination. After salt 4. Discussion
contamination, a significant UPV increase is observed in Maastricht
at 0-10 mm depth from the evaporative surface; UPV values at 4.1. Comparison of procedures
5 mm increased by 44%, compared to the same specimen without
salt. These results indicate that salt accumulated in the first 5 mm A summary of the advantages and disadvantages of the proce-
of the specimen. In contrast, a very slight difference in UPV values dures used for salt accumulation (1 wt% with respect to the total

11
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c)

d)

Fig. 12. u-XRF chloride maps of Migné and Maastricht contaminated according to procedure P1. Migné contaminated according to procedure P1-1S: (a) original map, (b)
enhanced map by Image | software; the dense red layer on the top of the sample is an image artefact. Maastricht contaminated according to procedure P1-1 W: c) original
map, d) enhanced map by image ] software; the dense green layer on the top of the sample is an image artefact. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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¥
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25x120 500 um b)'

Fig. 13. Maastricht contaminated with Na,SO,4 according to procedure P1-1S: (a) SEM image of the ground surface. (b) BSE image on polished section showing a layer of
Na,S04 crystals filling the interparticle porosity just beneath the evaporative surface (the arrow indicates the location of salt as analysed with EDX). b).

weight of each stone) is presented in Table 4. Procedure P1-1S was
the most effective in accumulating salts in a thin layer beneath the
evaporative surface of the stones without causing too much dam-
age. Rewetting with procedure P1 led to the damage propagation
phase in specimens contaminated with Na,SO,4 and redistribution
of both salts within the specimens, along with the development
of salt efflorescence. Procedure P1-1S with NaCl promoted less salt
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efflorescence in both stones than with Na,S0,4, whereas procedure
P2 caused a higher amount of salt efflorescence in both stones with
each of the salts.

The results of the assessment of the salt distribution showed
that in all procedures, most of the salt is concentrated in the first
millimetres of the subsurface. Stones contaminated with NaCl
according to procedure P1-1S showed higher salt content in the
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Fig. 14. Migné contaminated with NaCl according to procedure P1-1 W: (a) SEM image of the ground surface, (b) BSE image of the polished section.

Fig. 15. SEM images of the fresh fracture close to the evaporative surface of Maastricht contaminated with Na,SO,4 according to procedure P1-1S: (a) BSE image, (b) False
colour image after EDS analysis, showing the distribution of calcium (yellow), sodium and sulphur (cyan and blue respectively). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

outer layer than stones contaminated with procedure P2. In the
case of Na;S04, P2 induced a higher salt content in the outer layer
of both stones.

Mass loss was negligible (lower than 0.05 wt%) in both materi-
als contaminated with each procedure with NaCl. In the case of
Na,S0,4, slight damage occurred with procedures P1-S and P2.
With procedure P1, rewetting caused severe damage in the case
of the less porous stone Migné (P1-1 W) in the form of bursting,
whereas Maastricht showed increasingly higher granular disinte-
gration upon rewetting, leading to the conclusion that rewetting
triggers damage propagation. The reason for the severe damage
observed in Migné after rewetting (P1-1 W) is probably attributed
to a high degree of pore filling after salt contamination (P1-1S) and
to the development of high stresses in the small pores of this stone
after dissolution/recrystallisation of the salt introduced. In the case
of Maastricht, it can be assumed that the stress developed was not
as high since the pores are larger and the resulting pore filling (also
with ca. 1 wt% of salt introduced) is thus lower; consequently, the
resulting damage was also less.

The salt types considered in this study follow long-term
research studies and recommendations, as presented in the intro-
ductory section. The same salt content (1 wt% of the dry weight
of the specimens) was used in all procedures to facilitate compar-
ison. The accumulation procedures were tested in two stones with
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very similar composition but different porous structure to enable
an easier and reliable comparison of the results (e.g., exclude dif-
ferences in decay which could come from other damage processes,
such as chemical reactions, hygric dilation, etc.). Besides, both
stones have a unimodal pore size distribution, which simplifies fur-
ther the comparison. Introducing a realistic salt content into the
material and ensuring that the salt accumulates in a thin layer of
the material close to the evaporative surface will lead to high salt
pore filling. Hence, the damage propagation phase (entailing fast
repeated wet-dry cycles) will trigger damage that reproduces
onsite salt crystallisation mechanisms. The applicability of the
most effective procedure (P1-1S) has been validated by D’Altri
etal. [12], who reproduced the protocol by a multiphase numerical
model. The numerical model confirmed the results obtained in the
two limestones tested and indicated that the procedure is also
valid for other types of porous building materials.

Pore clogging and the change of the surface properties due to
efflorescence can affect the Stage Il drying rate. The different trans-
port properties between Migné and Maastricht, and the different
salt solution concentrations used in each stone, are also likely to
influence the salt distribution and the resulting pore clogging.
Eloukabi et al. [41] studied the effect of NaCl on the drying of por-
ous media. They found that a salt layer on the evaporative surface
of a system with a large pore size does not significantly affect the
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Fig. 16. Maastricht contaminated with Na,SO4 according to procedure P1-1S. In both images, the evaporative surface is located on the right side. Above: BSE image of the
cross-section. Below (same cross-section): EDS false-color map showing the salt distribution according to depth (sodium and sulphur are shown in cyan and blue,
respectively; contrast has been enhanced for better clarity) with the presence of salt clusters up to 2 mm depth (arrow). Scale segments = 200 um. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

drying rate and can even accelerate it if the pore sizes are suffi-
ciently large. In contrast, a NaCl layer formed on the evaporative
surface of porous media with small pore sizes significantly limited
the rate of evaporation. The authors assigned this phenomenon to
the fact that, in large pore sized media, the NaCl efflorescence can
grow upward, leading to patchy cauliflower efflorescence, as in the
case of Maastricht contaminated with NaCl with procedure P1-1S
(Fig. 4). In contrast, in the case of small pore size media, the salt
crystals grow laterally rather than vertically, resulting in a salt
crust that may block evaporation, as observed in Migné contami-
nated with NaCl with procedure P1-1S (Fig. 14). This hypothesis
is also consistent with the results of the amount of salt efflores-
cence formed (Fig. 6); in general, in the case of Migné, there is
lower salt efflorescence forming than in Maastricht, which indi-
cates a higher amount of subflorescence, thus of pore clogging,
hence affecting more severely the drying rate.

4.2. Comparison of methods for the analysis of the salt distribution

The salt distribution in the specimens was one of the criteria
guiding the choice of the accumulation procedure. Besides, the salt
distribution through the depth of the specimen can provide useful
information about the risk of damage in salt crystallisation tests: a
higher salt accumulation in a thin layer of material close to the
evaporative surface implies potentially higher crystallisation pres-
sure and thus a higher risk of damage. Therefore, a reliable mea-
surement of the salt content and distribution is crucial in salt
crystallisation tests. In this study, several methods used for assess-
ing the salt distribution have been tested; their advantages and
disadvantages, resulting from past experience and from the pre-
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sent research, are summarized in Table 5 and described in detail
hereafter.

HMC is a simple and reliable method for the semi-quantitative
analysis of samples contaminated with a single salt and can be
used as an alternative or complementary method for more expen-
sive chemical analyses, like IC. However, care should be taken to
monitor precisely the RH inside the climatic chamber because a
difference of 1% at very high RH, such as 95% RH, can lead to signif-
icant differences in the HMC values, especially when dealing with
high salt contents and very hygroscopic salts, such as NaCl. Hence,
in the case of NaCl, using an RH of 80% may be advantageous.

u-XRF maps allow for the precise distribution of the salt in a
representative section of samples (in this study, the entire sample
section was mapped). However, it is an expensive and time-
consuming type of analysis. SEM allows the most precise observa-
tion of the salt distribution in the pores, including information
about the preferential location of the salt (e.g., in coarse or finer
pores), the crystallisation form (e.g., thenardite or mirabilite),
and the salt crystallisation habit. The main drawbacks of using
SEM lie with the sample size and its representativeness, and the
disturbance of the sample during preparation.

The results of DRMS and ST measurements performed in Migné
and Maastricht contaminated according to procedure P1 were gen-
erally in line with the IC, p-XRF, and SEM results. This confirms
that these two micro-destructive methods can be successfully used
to assess the distribution of salts in stone in a reliable way. The
DRMS may further be used in-situ, thus providing a useful tool
for comparison of laboratory results with practice.

The UPV results were in agreement with the results obtained by
other techniques in the case of Maastricht stone contaminated
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Fig. 17. DRMS and average ST patterns for samples contaminated according to procedure P1 (coloured lines) and reference samples (black lines).
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Fig. 18. UPV results registered in NaCl contaminated specimens with procedure P2 before and after salt contamination: (a) UPV changes in Maastricht stone measured at
5 mm intervals from the surface, (b) UPV changes in Migné stone measured at 5 mm intervals from the surface.

with NaCl. In contrast, in the case of Migné stone contaminated lation of salts in the outer layer, observed by the other investiga-
with NaCl, the UPV technique was not able to reveal the accumu- tion techniques. These results suggest that a higher number of
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Table 4
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Advantages and disadvantages of procedures P1 and P2 for accumulating salt in Migné and Maastricht stones.

Procedure Advantages Disadvantages

P1-1S - Accumulation of both salts in a thin layer of material (ca. 1 mm)- - Can cause slight damage with Na,;SO4
Low amount of salt efflorescence- Technically easy to perform in a
reasonable time

PI-1W&2W - Rewetting once can promote further accumulation of NaCl in the - Can cause medium to high damage with Na,SO4- Can cause redistribution
outer layer of Migné of salt within the specimen thickness- Increases the amount of salt

efflorescence- It is more time-consuming than P1-1S

P2 - Higher salt enrichment in a thin layer of material (ca. 1 mm) with - Can cause medium damage with Na,SO4- Causes a higher amount of salt

Na,SO4 efflorescence than P1-1S- Is more time consuming than P1-1S
Table 5

Advantages and disadvantages of each method of analysis used for assessing the salt distribution in Migné and Maastricht stones.

Methods Advantages Disadvantages

IC - Very high precision of ion quantity - Expensive

HMC - Technically simple- Enables the analysis of a large number of - Requires a climatic chamber- Time-consuming- May require further
samples at the same time- Low cost analysis to confirm the results

u-XRF maps - High precision of salt distribution in the entire sample section - Expensive and time-consuming sample preparation

SEM - Very high precision of salt distribution- Enables observing the - Representativeness of sample (only small samples can be analysed)- Risk
morphology of the salt crystals and the region in which salt of disturbance of sample condition (salt distribution) during preparation
crystallizes preferentially

DRMS* & ST - Good precision on homogeneous samples- Technically simple and - DRMS requires performing several measurements for obtaining reliable
fast- Micro-destructive results- Precision may be affected by the inhomogeneity of the material and

the presence of hard minerals or vugs
UPV* - Non-destructive - Requires a suitable geometry of transducers (pointed shape)- Requires a

large number of specimens for obtaining reliable results- Accuracy may
depend on stone characteristic and salts

* Can be performed in situ.

specimens should be considered for the UPV test to achieve more
reliable results because its accuracy may depend on the stone
and salt type; so, more tests are necessary to define the extent of
the applicability of this method for detecting the salt distribution.

5. Conclusions

This study focused on the comparison of two contamination
procedures for the accumulation of salts in two limestones, as well
as on the comparison of different methods for the analysis of salt
distribution.

Procedure P1-1S (capillary absorption of a salt solution followed
by one drying cycle) proved to be the fastest and most effective in
accumulating NaCl and Na,SO4 in a thin layer of material close to
the evaporative surface, without resulting in too much salt efflo-
rescence or damage in two types of stone with very different por-
ous structure (Maastricht and Migné limestones). Hence, this
procedure has been selected for reproduction using a multiphase
numerical model [12]. The numerical model confirmed the
obtained results in the tested limestones and indicated that the
procedure is also valid for other types of porous building materials.
Round robin tests with different types of porous building materials
are currently ongoing to experimentally validate the test and to
continue with the damage propagation phase.

All methods used in this study are considered useful for analys-
ing salt distribution. Depending on the aim of the analyses, prefer-
ences exist. When non-destructive or minimally destructive
techniques are to be preferred, DRMS, ST, and, with further
improvement, UPV can offer a solution for the monitoring of salt
distribution. If sampling is possible, HMC is a simple technique,
not requiring specialized personnel, to obtain a reliable indication
of the salt content and distribution. When more precise, quantita-
tive information on the salt content is needed, IC is the most suit-
able technique. SEM and p-XRF are most useful to provide
information about the distribution of salts in pores, their specific
location, and crystallisation form.
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In general, a combination of screening measurements, carried
out by simple and cheap techniques, such as HMC, DRMS, UPV, fol-
lowed by further analysis on a selection of most relevant samples
(chosen based on the results from the screening) with more
sophisticated techniques, such as IC, SEM, and p-XRF seems to be
the most suitable and sustainable choice.

The future work of the TC ASC-271 will focus on the propaga-
tion phase. Round robin tests with other types of porous building
materials are currently ongoing.
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