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Abstract. Exposure to natural weathering and deleterious agents poses a significant risk to traditional
porous building materials, like stone and mortar, with salt crystallization featuring as a prominent
degradation mechanism. Despite the existence of standardized laboratory tests to assess the salt crys-
tallization resistance of stone, the international scientific community still seeks more reliable and
reproducible alternatives. In this framework, RILEM TC ASC-271 recently recommended a novel
accelerated test procedure for assessing the resistance of natural stone and fired-clay brick units
against salt crystallization. This study assesses RILEM’s recommendation by comparing results from
laboratories in Cyprus and the UK on a particular lithotype. The interlaboratory results show similar
mass losses, with higher values reported with an increase in the salt concentration used. Micro-de-
structive cutting tests adopted to locate the salt crystallization front at the end of the procedure re-
vealed layers of increased resistance behind the evaporation surface of the test specimens because of
pore clogging. The reproducibility of the results reported and the efficiency of the micro-destructive
cutting techniques employed in mapping the salt front suggest that the new test recommendation may
be used effectively in the lab to predict damage due to salt crystallization in natural stone.

Keywords: Salt crystallization, Natural stone, Micro-destructive tests, RILEM.

1 Introduction

Salt crystallization is among the most damaging weathering phenomena affecting building materials [1,
2], leading to profound and often detrimental effects on the structural integrity and aesthetic value of
historic monuments. Throughout history, civilizations have grappled with the challenges posed by salt-
induced weathering, as evidenced by the weathered facades of ancient structures and the gradual erosion
of monumental sculptures.

The sources of soluble salts are diverse and ubiquitous, ranging from natural, such as saline soils, sea
spray, and airborne pollutants, to anthropogenic activities and biological agents [3, 4]. Salts infiltrate
building materials during construction or are deposited in them over time, remaining dormant until the
right environmental conditions (temperature and relative humidity) trigger their activation. Upon activa-
tion, soluble salts may crystallize within the porous matrix of building materials, exerting significant
pressure on pore walls [5] and leading to cracking, spalling, and overall deterioration [6, 7]. This process
is exacerbated by cyclic wetting and drying, as well as fluctuations in temperature and humidity. The
manifestation of salt crystallization, whether as visible efflorescence on material surfaces or concealed
sub-florescence within pores, presents unique challenges for conservators and heritage professionals.
Efflorescence, while often regarded as visually unsightly, is generally considered less harmful compared
to sub-florescence, which can lead to pore clogging and irreversible damage. Early detection of sub-
florescence is crucial for implementing timely conservation interventions and mitigating the long-term
effects of salt crystallization.

Proceedings of the 11th International Symposium on the Conservation of Monuments in the
Mediterranean Basin, 17-19 of June 2024, Athens, Greece
https://doi.org/10.12681/monubasin.8213



Despite the existence of standardized laboratory tests for the assessment of salt crystallization re-
sistance of natural stones, researchers worldwide are continuously seeking reliable and reproducible al-
ternatives. In this framework, RILEM TC ASC-271 recently recommended a novel accelerated test pro-
cedure for the assessment of the resistance of natural stone and fired-clay brick units against salt crystal-
lization [8].

In this paper, the authors follow the aforementioned salt crystallization test protocol and carry out an
inter-laboratory comparison using a specific lithotype, aiming to assess the efficacy of the recommended
test procedure. Additionally, this study delves into innovative methodologies of micro-destructive testing
to spatially map the progression of salt crystallization, thereby facilitating a more comprehensive exam-
ination of salt distribution within stone substrates. Through the advancement of knowledge regarding the
dynamics of salt crystallization, the authors aim to contribute to the development of effective strategies
for safeguarding heritage materials for future generations.

2 Materials and Methods

2.1  Materials and Sample Preparation

Lympia stone, extracted from the broader Lympia village region within the district of Larnaca in south-
eastern Cyprus, was used in this study. XRD analysis confirms that the composition of this stone is almost
exclusively calcitic, with minor traces of quartz. The stone exhibits a notable open porosity > 40%, a
unimodal size distribution and a capillary absorption coefficient ca. 140.5 g/m?s'? [9].

The RILEM TC 271-ASC protocol adopted for sodium sulfate (Na,SOjy) salt crystallization testing
involved six core specimens (50+£0.5 mm diameter and 50+£0.5 mm height) for each laboratory; these
were meticulously prepared in Cyprus with precision drilling techniques to minimize substrate damage.
After drying and sealing to maintain their moisture content, the specimens in each lab underwent an
accumulation phase, during which they absorbed Na>SOs solution at different concentrations through
capillary action, as shown in Table 1. This was followed by a propagation phase consisting of four cycles,
each lasting three weeks. During each cycle, the specimens were subjected to specific environmental
conditions, including temperature and humidity control. Damage assessment after each cycle involved
detailed photographic documentation and categorization based on established atlases. Total material loss
was quantified post-test, providing valuable insights into the impact of salt crystallization cycles.

Table 1. Summary of the specimens tested and the concentration of solution used.

Sample ID Salt concentration  Laboratory setting
solution
LICY
L2CY 5% Na2SO4
L3CY o
Lacy University of Cyprus, Cyprus
L5CY 10% Na2SO4
L6CY
L1UK
L2UK 5% Na2SO4
L3UK
LaUK Newcastle University, United Kingdom
L5UK 10% Na2SO4
L6UK

2.2 Micro-destructive assessment techniques

The scratch tool and the Drilling Resistance Measurement System (DRMS) were used to locate the salt
crystallization front at the end of the test. The two aforementioned micro-destructive techniques follow
the same principle of operation, determining the resistance of a material to either scratching or drilling;
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the result in both cases is directly related to the mechanical properties of the test specimen. Both tech-
niques had previously been used for the evaluation of a range of stone properties [ 10], and to provide key
information on the assessment of stones in situ [11]. They have also been utilized for the evaluation of
the mechanical properties of mortars [12, 13, 14], whilst they further seem to offer new paths for under-
standing salt distribution patterns and assessing the extent of salt-induced damage within porous materi-
als [15, 16, 17].

The scratch tool operates by creating shallow grooves with incremental depth (d = 0.01-2 mm) on a
specimen's surface, using a 10 mm wide polycrystalline diamond compact (PDC) cutter. During the test,
both the normal (F,) and tangential (F;) components of the force acting on the cutter are recorded (see
Equations (1) and (2)); ¢ signifies the intrinsic specific energy, and { denotes the ratio of vertical to
horizontal force on the cutting face [18].

Fy=ewd (D
Fy = {ewd (2)

In this study, all specimens underwent an initial rectification through successive shallow grooves made
by the machine’s PDC cutter to level their surfaces. Subsequently, five consecutive scratches of constant
depth (d = 0.05 mm) were made on each specimen (Fig. 1a). The forces (F, and Fy) recorded during these
scratches were utilized to estimate the average total cutting force (F), which was then plotted against the
PDC cutter’s position.

The Drilling Resistance Measurement System (DRMS) comprises a drilling machine and a computer
for synchronous processing, visualization, and data storage. The system is equipped with a diamond drill
bit and measures the drill position, the penetration force, and the rotational and penetration speeds.

In this study, measurements were conducted using a 5 mm diameter twist diamond drill bit with a
rotational speed of 600 rpm, a penetration rate of 10 mm min™!, and a depth of 10 mm. Three holes were
drilled on each sample (Fig. 1b) to determine the average drilling resistance, reflecting the force reacting
to the drill bit’s weight or thrust.

Fig. 1. Samples subjected to micro-destructive tests: (a) scratching groove; (b) drilling holes.

3 Results and Discussion

A summary of the macroscopic (visual) observations made during the test is provided in Table 2. Table
3 lists the damage type, severity and mass losses reported during this interlaboratory study.

The results indicate significant similarities in terms of visual inspection, damage type, severity, and
mass losses. Moderate damage was reported for all specimens contaminated with the 5% salt solution;
this was mainly evidenced through a powdery surface due to efflorescence. In contrast, severe damage
occurred in the specimens contaminated with 10% Na;SOy; this appeared as loss of surface cohesion and
bursting due to sub-florescence.

The comparable average mass losses reported in the two laboratories for samples treated with either
5% or 10% Na,SO; salt solutions underscore the consistency and reliability of the experimental proce-
dure adopted. The lab in Cyprus obtained an average mass loss of 0.72 g for samples treated with 5%
w/w NaSOy salt, while the one in the UK obtained an average mass loss of 0.65 g for the same samples.
Higher mass losses were reported for the samples treated with 10% w/w Na,SOj salt, as expected: 3.70
g in the laboratory in Cyprus, compared to 3.81 g in the laboratory in the UK.
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Table 2. Macroscopic (visual) observations on specimens contaminated with Na2SOa.

Sam- Refer- Accumu- Propagation End of

pleID | ence lation Phase 1 Phase 2 Phase 3 Phase 4 test
LI1CY " & J 7

L1UK

L2CY

L2UK

L3CY

L3UK

L4ACY

L4UK

L5CY

L5UK

L6CY

L6UK
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Table 3. Damage type, severity of damage and material loss.

Sample ID | Damage type Severity Material loss (g)
LICY Efflorescence, Crust, Powdery Medium 0.90
L1UK Efflorescence, Crust, Powdery Medium 0.69
L2CY Efflorescence, Crust, Powdery Medium 0.66
L2UK Efflorescence, Crust, Powdery Medium 0.65
L3CY Efflorescence, Crust, Powdery Medium 0.60
L3UK Efflorescence, Crust, Powdery Medium 0.62
L4CY Bursting with sub-florescence High 3.43
L4UK Loss of surface cohesion with sub-florescence  High 4.01
L5CY Bursting with sub-florescence High 4.22
L5UK Loss of surface cohesion with sub-florescence  High 3.68
L6CY Bursting with sub-florescence High 345
L6UK Loss of surface cohesion with sub-florescence  High 3.73

The cutting resistance patterns depicted in Fig. 2 and Fig. 3, arising from the scratch tool and the
DRMS, were utilized to identify alterations, such as pore clogging, in the microstructure of the salt-
contaminated samples compared to the reference ones. Following salt contamination, a prominent peak
was observed with the scratch tool ca. 0-2 mm behind the evaporation surface of the specimen contami-
nated with 10% salt solution. Albeit such a peak was not evident in the case of the sample contaminated
with the 5% salt solution, the intensity of the overall scratching resistance was increased in both groups
of contaminated samples (compared to the reference).

The cutting resistance peaks observed in the DRMS tests demonstrated peaks ca. 0-1 mm behind the
evaporation surface of both groups of salt-contaminated samples, irrespective of the salt solution con-
centration used. These were more pronounced in the samples contaminated with the 10% salt solution.
Since such peaks were absent in the reference samples, one may safely assume that they are attributed to
pore clogging caused by the accumulation of salt crystals behind the evaporation surface of the salt-
contaminated samples.

L2CY L6CY

70 70
60 60
50 50
Z 40 Z 40
= 30 & 30
20 20

10 ' 10 '
0 0

0 5 10 0 5 10
Cutter position (mm) Cutter position (mm)

Salt contaminated Reference Salt contaminated e Reference

Fig. 2. Average scratch tool patterns for indicative salt-contaminated and reference samples (refer to
Table 1 for sample code and description).

L2CY L6CY
15 15
g 10 g 10
= 23
5 5
LS EEE S : s
o - 0
0 5 10 0 5 10
Cutter position (mm) Cutter position (mm)
DRMSI1 DRMS2 DRMSI1 DRMS2
DRMS3 e Reference DRMS3 e Reference
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Fig. 3. DRMS patterns for indicative salt-contaminated and reference samples (refer to Table 1 for sam-
ple code and description).

4 Conclusions

This research focused on evaluating the salt crystallization test protocol recommended by RILEM TC-
ASC-271, through interlaboratory comparison of results on a specific lithotype. The findings suggest
notable similarities in the visual inspection and the mass losses reported by both laboratories after the
test, thus confirming the reliability and reproducibility of the new test method.

Furthermore, this research concentrated on the use of two micro-destructive cutting techniques for the
analysis of salt distribution in stone. These revealed the presence of significant peaks in cutting resistance
ca. 0-2 mm behind the evaporation surface of the salt-contaminated specimens. Such peaks were absent
in the reference samples and may thus be attributed to the tendency of Na>SOs to crystallize near the
evaporation surface of limestones, essentially leading to pore clogging. The versatility and efficacy of
both micro-destructive techniques hereby used in assessing salt distribution in limestones render them
valuable tools for preventive conservation. Especially, the DRMS could be employed on-site in monu-
ments and historic structures to identify pore clogging before it escalates, thus serving as an early warning
system for conservators to implement remedial actions and prevent damage from sub-florescence in ma-
sonry materials.

References

1. Charola A. E.: Salts in the deterioration of porous materials: an overview,” J. Am. Inst. Conserv. 39(3), 327-
343 (2000). DOI: 10.1179/019713600806113176
2. Doehne E.: Salt weathering: a selective review. Geol. Soc. Spec. Publ. 205, 51-64 (2002). DOI:
10.1144/GSL.SP.2002.205.01.05
3. Graue B., Siegesmund S., Oyhantcabal P., Naumann R., Licha T., Simon K.: The effect of air pollution on stone
decay: the decay of the Drachenfels trachyte in industrial, urban, and rural environments — a case study of the
Cologne, Altenberg and Xanten cathedrals. Environ. Earth Sci. 69, 1095-1124 (2013). DOI: 10.1007/s12665-
012-2161-6
4. Benavente D., De Jongh M., Cafiaveras J.C.: Weathering Processes and Mechanisms Caused by Capillary Wa-
ters and Pigeon Droppings on Porous Limestones. Minerals 18, 1-16 (2021). DOI: 10.3390/min11010018
5. loannou I., Hoff W.D.: Water repellent influence on salt crystallisation in masonry. Proc. Inst. Civ. Eng.: Constr.
Mater. 161, 17-23 (2008). DOI: 10.1680/coma.2008.161.1.17
6. Espinosa-Marzal R. M., Scherer G. W.: Crystallization of sodium sulfate salts in limestone. Environ. Geol. 56,
605-621 (2008). DOIL: 10.1007/s00254-008-1441-7
7. Espinosa R. M., Franke L., Deckelmann G.: Model for the mechanical stress due to the salt crystallization in
porous media. Constr. Build. Mater. 22, 1350-1367 (2008). DOI: 10.1016/j.conbuildmat.2007.04.013
8. Lubelli B., Rorig-Dalgaard 1., Aguilar A. M., Askrabic M., Beck K., Blduer C., Cnudde V., D’Altri A. M.,
Derluyn H., Desarnaud J., Diaz Gongalves T., Flatt R., Franzoni E., Godts S., Gulotta D., van Hees R., loannou
1., Kamat A., De Kock T., Menendez B., de Miranda S., Nunes C., Sassoni E., Shahidzadeh N., Siedel H.,
Slizkova Z., Stefanidou M., Theodoridou M., Veiga R., Verge's-Belmin V.: Recommendation of RILEM TC
271-ASC: New accelerated test procedure for the assessment of resistance of natural stone and fired-clay brick
units against salt crystallization. Mat. Struct. 56, 101 (2023). DOI: 10.1617/s11527-023-02158-0
9. Modestou S., Theodoridou M., Fournari R., loannou I.: Physico-mechanical properties and durability perfor-
mance of natural building and decorative carbonate stones from Cyprus. Geol. Soc. Spec. Publ. 416, 145-162
(2016). DOI: 10.1144/SP416.3
10. Theodoridou M., Dagrain F., loannou I.: Micro-destructive cutting techniques for the characterization of natural
limestone. Int. J. Rock. Mech. Min. Sci. 76, 98-103 (2015). DOI:10.1016/j.ijrmms.2015.02.012
11. Theodoridou M., Térdk A.: In situ investigation of stone heritage sites for conservation purposes: a case study
of the Székesfehérvar Ruin Garden in Hungary. Prog. Earth Planet Sci. 6, 15 (2019). DOI: 10.1186/s40645-
019-0268-z
12. Kyriakou L., Theodoridou M., loannou I.: Micro-destructive evaluation of the mechanical properties of lime-
based mortars. J. Cult. Herit. 58, 219-228 (2022). DOI: 10.1016/j.culher.2022.10.007
13. Kyriakou L., Theodoridou M., Ioannou I.: Standardised experimental techniques and novel micro-destructive
methods for the assessment of lime mortar properties. In: RILEM Proceedings PRO 128 of SMSS 2019 Sus-
tainable Materials, Systems and Structures — Novel Methods for Characterization of Materials and Structures,
Rovinj, Croatia (2019).

152



14.

15.

16.

17.

18.

Kyriakou L., Theodoridou M., Toannou I.: Micro-destructive evaluation of lime mortar compressive strength
using the scratching and drilling resistance tools. International RILEM LHS Workshop — Lime based materials
for repairing historic structures, Thessaloniki, Greece (2022).

Kyriakou L., Sanchez A. M. A., Nunes C., loannou I.: Assessment of salt distribution in Maastricht and Migné
limestones with the use of micro-destructive techniques. Proceedings of SWBSS 2021 — Salt weathering of
buildings and stone sculptures, 153-162 (2021).

Nunes C., Sanchez A. M. A., Godts S., Gulotta D., Ioannou I., Lubelli B., Menendez B., Shahidzadeh N.,
Slizkova S., Theodoridou M.: Towards a more effective and reliable salt crystallization test for porous building
materials — Part I: Experimental research on salt contamination procedures and methods for assessment of the
salt distribution. Constr. Build. Mater. 298, 123862 (2021). DOI: 10.1617/s11527-018-1180-5

Modestou S., Theodoridou M., Ioannou I.: Micro-destructive mapping of the salt crystallization front in lime-
stone. Eng. Geol. 193, 337-347 (2015). DOI: 10.1016/j.enggeo.2015.05.008

Detournay E., Defourny P.: A phenomenological model for the drilling action of drag bits. Int. J. Rock Mech.
Min. Sci. Geomech. Abstr. 29, 13-23 (1992). DOI: 10.1016/0148-9062(92)91041-3

153



154


http://www.tcpdf.org

