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Stones are widely used for building facades, flooring, paving, stairs, kerbs and
load-bearing components. Weathering processes can have adverse effects on
stones in terms of their aesthetic and technical properties. Changes in these
properties will lead to the stone deterioration, resulting in financial damage to the
building from both architectural and structural perspectives. Understanding the
mechanisms by which weathering processes cause stone deterioration can be as
a useful and efficient tool for assessing the long-term durability behavior of stone
during its service life in a building. This study systematically investigated the
mechanisms of the freezing-thawing and salt crystallization processes in the
building stones deterioration. To this end, published papers on the deterioration
of building stones, including igneous, sedimentary, and metamorphic, due to
freezing-thawing and salt crystallization processes were collected. Discussions
performed on the mechanisms of freezing-thawing and salt crystallization
reported in these papers from various perspectives were compared. The findings
indicate that in each of these processes, more than one mechanism involved in
the deterioration of building stone. In addition, results showed that depending on
factors related to the surrounding environment of the stone and on the other hand,
the inherent properties of the stone, various mechanisms will have different
adverse effects in the deterioration of building stone.

Introduction

in a given building location. To accurately and

Stones are always exposed to weathering
processes throughout their lifespan in a building.
The nature of the weathering process is
determined by the prevailing climatic conditions
in the geographical region. Freezing-thawing
and salt crystallization are the most common
weathering processes and have the most adverse
effect on the deterioration of building stone. If
the stone does not have sufficient durability
against these processes, its performance
deteriorates in terms of its aesthetic and technical
properties. Consequently, the building is
damaged in architectural and structural terms.
Therefore, it is essential to investigate the
durability of a stone to select a suitable, high-
quality one. This increases the stone's service life

comprehensively assess the durability of a stone
for use in construction, it is vital to investigate
the mechanisms governing the weathering
processes in the geographical region of the
building.This paper investigates the mechanisms
of weathering processes, including freezing-
thawing and salt crystallization. The effects of
each weathering process on the deterioration of
building stones were examined systematically.
The findings of the present study can be used to
recognize and understand the deterioration of
building stones subjected to freezing-thawing
and salt crystallization.
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Materials and methods

This paper provides a comprehensive review
of previous studies on the durability of building
stones subjected to deterioration processes, such
as freezing-thawing and salt exposure. Using a
systematic approach, the data from these studies
were analyzed from an innovative perspective.
The main mechanisms of freezing-thawing and
salt crystallization in building stone deterioration
were summarized and analyzed in detail. The
results are presented as a coherent set for
researchers to use in the context of building
stone durability.

Discussion
Freezing-thawing

Freezing and thawing are common
weathering processes that contribute to the
mechanical deterioration of building stones in
cold regions. There is ongoing discussion about
the mechanisms of stone deterioration during
freezing and thawing. Two mechanisms are most
commonly agreed upon by researchers: ice
crystallization pressure, which occurs when
water turns to ice, and hydraulic pressure, which
occurs when water is transferred into the pore
space network of the rock. Temperature
fluctuations below and above 0°C lead to the
freezing and thawing of water in the pore space
inside the stone, respectively. Freezing water is
associated with an approximately 9% volume
increase and thus induces stress on the walls of
the stone pores. When these stresses exceed the
stone's tensile strength, new pore spaces are
created and existing ones are developed.
Repeated freezing and thawing cycles may
eventually cause stone deterioration and loss of
durability. Additionally, the transfer of water
through a stone's pore space network, known as
hydraulic pressure, is a mechanism that leads to
stone deterioration when water turns to ice. As
the temperature decreases, the water in the
central parts of a pore begins to freeze, and
eventually, all the water turns to ice. In the early
stages of this process, the water in the membrane
between the ice and the pore wall is forced out

of the pore due to the increase in ice volume.
This leads to hydraulic pressure in the stone.

Salt crystallization

Salt crystallization is a weathering process
that deteriorates building stones. Among these
processes, salt crystallization is the strongest in
terms of deterioration and reduction of
durability. As salt solution penetrates the pore
space of stone, two types of deterioration occur:
mechanical and chemical. The growth of salt
crystals within the stone's pores leads to induced
stresses on the pore walls. If the stone's tensile
strength is low and it cannot withstand the
induced stresses, the stone will deteriorate and
ultimately decay. The chemical reaction between
the salt solution and the stone can also contribute
to its deterioration. In carbonate stones, where
calcite and dolomite are the main minerals,
chemical deterioration clearly occurs due to
sulfate salts attacking the stone. The chemical
reaction of calcite with sulfur ions, such as
sodium and magnesium sulfates, can be
represented by the following equation:

CaCO; + SO5 + H,0 — CaS0,.2H,0 + CO, (1)

Conclusions

The findings of the present study are
summarized as follows;

Ice crystallization pressure and hydraulic
pressure, which result from turning water into
ice during the freezing-thawing process, are the
two main mechanisms of stone deterioration.

Overall, two mechanisms of deterioration,
mechanical and chemical, were identified in
stone weathering during salt crystallization.
Mechanical deterioration occurs due to the
critical role of salt crystallization pressure in
stone weathering, while chemical deterioration
occurs due to the chemical reaction of the salt
solution with the stone’s constituent components.
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Table 1. Some of the previous studies performed on rocks’ properties under freezing-thawing

Investigated properties
Researcher/s Rock type UCS [ BTS | WA | WL [ SH | PLT | Vp |
Akin and Ozsan (2011) Travertine X X X
Jamshidi et al. (2016) Travertine X X X X
Hosseini and Khodayari (2019) | Sandstone X X
. Limestone,
Hashemi et al. (2018) Travertine X X
Torabi—Kaveh et al. (2019) Limestone X X X X
Hale and Shakoor (2003) Sandstone X
Carbonate,
Mutluturk et al. (2004) Diabase
Yavuz et al. (2006) Carbonate X X X
Bayram (2012) Limestone X
Khanlari and Abdior (2015) Sandstone X x | x
Momeni et al. (2015) Granite X X x | x
Ghobadi et al. (2016) Tuff X X X | x
Pu et al. (2019) Sandstone X X
Amirkiyaei et al. (2020) Carbonate X
Abdelhamid et al. (2020) Limestone X
Amirkiyaei et al. (2021) Carbonate X
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Aral et al. (2021) Basalts, Dolomite X X X X X
Jamshidi (2021) Granite X X

Quan et al. (2021) Sandstone X X X
Huang et al. (2022) Sandstone x

UCS uniaxial compressive strength, BTS Brazilian tensile strength, WA water absorption, WL weight loss, SH
Schmidt hardness, PLI point load index, Vp P—-wave velocity, n porosity

Sl yoks o re 50 Sl sla g 59, 0ad plol iy Sl (S Y Jgor
Table 2. Some of the previous studies performed on rocks’ properties under salt crystalization

Investigated properties

Researcher/s Rock type UCs TBTS | WA g WLp F:DLI Vo [ Vs [ n
Akin and Ozsan (2011) Travertine X X X X
Jamshidi et al. (2016) Travertine x x x
Ghobadi and Babazadeh Sandstone N N N N
(2015)
Torabi-Kaveh et al. (2019) Limestone x x x x x

. Sandstone,
Angeli et al. (2007) Limestone x
Yavuz and Topal (2007) Marble x x x x
Ludovico and Chastre (2012) | Sandstone x
Jamshidi et al. (2013) Different rock types x
Ghobadi et al. (2014) Sandstone x x x x
Yavuz and Topal (2016) Marble x x x
Heidari et al. (2017) Limestone x x x x x
Zalooli et al. (2017) Travertine x x x x

. Rhyodacite,
Zalooli et al. (2018) An)c;esite x x x x
Dursun and Topal (2019) Basalt x x x x
Zalooli et al. (2020) Granite x x x
Celik and Sert (2020a) Andesite x x
Celik and Sert (2020b) Tuff x x x
Celik and Ibrahimoglu (2021) | Travertine x x x

UCS uniaxial compressive strength, BTS Brazilian tensile strength, WA water absorption, WL weight loss, PLI
point load index, Vp P-wave velocity, Vs S—wave velocity, n porosity
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Fig. 2. Schematic illustration of the development of stone pores and microcracks due to freezing-thawing process
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Table 3. Some of common salts in stone deterioration (Winkler, 1994)

Salt Chemical formula 872;:%/ Molecular weight (g/mole)
Anhydrite CaS04 2.96 136
Bischofite MgCl2.6H20 1.57 203
Dodekahydrate MgS04.12H20 1.45 336
Epsomite MgS04.7H20 1.68 246
Gypsum CaS04.2H20 2.32 127
Halite NaCl 2.17 59
Heptahydrite Na2COs. 7H20 1.51 232
Hexahydrite MgS04.6H20 1.75 228
Kieserite MgSOs. H20 2.45 138
Mirabilite Na2S04.10H20 1.46 322
Natron Na2.COs. 10H20 1.44 286
Tachhydrite 2MgCl2.CaCl2.12H20 1.66 514
Thenardite Naz2SO4 2.68 142
Thermonatrite Na2COs. H20 2.25 124
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Table 4. Hydration pressure of some common salts (Winkler, 1994)

CaS0,.1/2H,0 — CaSO0,. 2H,0
RH = 60% RH =70% RH = 80% RH =90% RH =100%
T=0C° 138 160 182 200 219
T=20C° 88 115 137 157 176
T=40C° 42 70 94 116 135
T=60C° 0 25 51 72 93
MgSO4. H20 - MgSO4. 6H20
RH = 80% RH =90% RH =100% - -
T=653C° 1 23 42 - -
MgSO4. 6H20 - MgSO4. 7H20
RH =60% RH =70% RH = 80% RH =90% RH =100%
T=10C° 8 10 12 13 15
T=20C° 5 7 9 10 12
T=30C° 2 4 6 8 10
T=40C° - 1 4 7 9
N32C03. Hzo - N32CO3. 7H20
RH =60% RH =70% RH = 80% RH =90% RH =100%
T=0C° 24 45 64 80 94
T=10C° 5 26 46 62 77
T=20C° - 9 28 46 61
T=30C° - - 9 28 43
Na,COs. 7H,0 — Na,COs. 10H,0
RH = 60% RH = 70% RH = 80% RH = 90% RH = 100%
T=0C° 6 28 49 67 82
T=10C° - 11 32 50 67
T=20C° - . 16 35 52
T=30C° - - . 19 36
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Fig. 12. Chemical deterioration of travertine after salt crystallization test a) 40th cycles b) 50th cycles, and c) 60th

cycles (dashed lines indicate deterioration)
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Fig. 13. Salt crystallization pattern in the porous building stone based on scanning electron microscope (SEM)
image a) Sodium sulfate, and b) magnesium sulfate (Bahrami et al., 2023)
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