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Abstract

Sandstoneisannt egr al part of Scotlandés built heri
3700 BC. As well as preserving Scotlandds hi
valuable economic asset through employment and tourism. According to Histgitonment

Scotland (HES), some sandstdmélt sites are extremely vulnerable to weathering and decay.

Many of these sandstones have been sourced locally and are perhaps afualityoiSandstone is

a porous rock type, @&erithgeiistdiven bytieeantefacionibetwgeni n t
intrinsic stone properties and climate. Many sandstone types found in the built heritage of Scotland
lack a thorough physical and mineralogical characterisation, limiting our understanding of stone
decay and drability associated with specific sites. This is particularly true regarding the type and

nature of clay minerals present in sandstones, and the impact they have on sandstone durability.

The aims of this research are to: refine analytical procedures for the analysis of clay minerals using
pXRD (Ch. 2) improve understanding of sandstone durability through detailed characterisation of
physical and mineralogical properties (Ch.iBYyestigde the use of hydrophobic treatments as a
means of protecting poauality sandstonest Arbroath AbbeyCh. 4) and finally, provide
recommendations to Historic Environment Scotland (HES) regarding topics such as understanding
sandstone durability, pres@tion of vulnerable sandstone, and future research (Ch. 6). The aims of

this researchave been metsing a broad range of destructive and-deastructive techniques

Results show that there is a diverse range of clay minerals present in sardistbnes including

mixed layer and expansive type clays. Clay minerals can impact durability both directly and
indirectly. Indirect impacts on durability include how clay minerals alter textural properties,

including pore size distribution, of sandstanastentially heightening their vulnerability to certain
weathering processes. Many studied sandstones were heterogenous meaning their mineralogy anc
physical properties vary considerably giving rise to analytical challenges and making stone
durability anddecay more difficult to define and understand. For example, the use of hydrophobic
treatments at Arbroath is risky mainly because of the heterogenous nature of the stone, and so the

efficiency of the treatment, as shown by experiments, is extremely leariab

The project findings offer a better understanding of sandstone durability in Scotland, and a
thorough characterisation of the clay mineralogy of studied sandstones. Moving forward, the
impact of climate change on durability of these pgaality stons, such as the impact of increased
precipitation, should be assessed through bothtemy field monitoring and labased

experiments.
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1.0 Introduction

1.1Scot |l andd s -muidt hatisageo n e

During 20192020 (preCovid) Historic Environment Scotland welcomed over 5.2 million
visitors to properties in their care, and over 206, 000 new members to their organisation
(HES, 2020). The economic growth associated with heritage tourismnwhs region of

£1.1 billion (HES, 2020) Sandstone is the most commol
heritage (HES, 2020)Sandstonesise as a building material in Scotland dates back to
settlements in Orkney ~ 3700 BC, maksandstone the materialtbe oldest standing stone
buil ding in northwest Europe. Scotl andbéd
historic sandstone buildings and monuments which continue to be an invaluable asset for th:

country through tourism, employment, and econagnasvth.

HES have noticedhat certain sandstorterived heritage sites, over the last few decades,
are experiencing rapid decay and are becoming increasingly vulnerable fdthoagh the
petrography of many original and replacement stones in Scoténbden characterised in
detail previously, in many cases there is still a lack of understanding regarding the nature
and causes of stone decay in monuments and buildings. This may be partly due to an absen
of data characterising properties other thatrggeaphy, including physical properties of
stone such as pore size distribution, stone strength, and resistance to weathering. Despi
being common throughout recent literat@alia et al., 2000; Warke & Smith., 2007;
Benavente et al., 2008; Eslami dt, 2018; Scrivano & Gaggero., 202Ghis holistic
approach of characterising all stone properties seems to be lacking in relation to sandstone
found in the built heritage of Scotland, and the UK more genefdibyeover, decay of
sandstone can becamplex process to understand due to the porous nature of the stone, anc
the variability in mineralogy and physical propertrgsich influence decay (Figurel).

Sandstones often contain reactive minerals including clay minerals which are prone to
weatheing and alteration. The prevalence of clay minermalScottish sandstonesd the
impact they have on sandstone durability and decay is currently unknown. As well as being
vulnerable to weathering and alteration, clay minerals have complex and vahetieal
structures, crystal defects, and a very fine grain pimgperties which make their study and

understanding them in the context of stone durability and decay a considerable challenge.



1.2 Research aims

The sandstone heritage of Scotland is bengnmcreasingly vulnerable to weathering and
decay. The properties of sandstqneparticular the petrophysical propertibaye not been
characterised in detail previously, and so the mechanisms and causes of weathering an
decay are poorly understoothis poor understanding limits potential preservation efforts
aimed at protecting vulnerable sandstone buildings made by conservation bodies such a
HES. This research aims to elucidate the nature of thesegpabty sandstone through
extensive characteation of both mineralogical and physical properties to provide new
insights into sandstone durability and decay in Scotland. The primary objectives of this

research are listed below with reference to relevant chapter numbers:

I.  Critical evaluation of the neparatory and analytical procedures for clay minerals
using pXRD (Chapter2)

II.  Improve understanding of the durability of selected sandstosegin the built
heritage of Scotland through detailed characterisationthefr physical and

mineralogical propertiesChapter3)

lll.  Investigate the use of hydrophobic treatments as a means of protecting vulnerable

sandstone from accelerated weathering awdylegChapter4)

IV.  Provide recommendations for Historic Environment Scotland around topics
including: sandstone durabilitypreservation of vulnerable sandstone sitsd

future researchQhapter6)
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Figure 1.1: The interaction between stone properties and climate i the driving forces of
weathering and decay in the built heritage. There are many stone properties, both
mineralogical and physical, which impact stone durability.

1.3 Sandstone distribution in Scotland

Most of thesandstone bedrock in Scotland is part of the Old Red Sandstone, (@R3)

was deposited as sediment during the Devonian (Hillier et al., 2006). In addition to ORS,
Carboniferous sandstone deposits and coal measures are found in the Midlandavialley
ana ent basin where most of Scotlandds sar
bound to the North by the Highland Boundary Fault (HBF) and to the South by the Southern
Uplands Fault (SUF). These deposits of the Midland Valley havedqeenedextensively
throughhistory (Figure 1.2). ORS can be found North and South of the Midland Valley
including areas such as: Borders, Inverness, Elgin, Thurso, Orkney, and Shetland. The NE
of Scotland and Orkney have been quarried extensively in the pafiadstone. The
sandstone deposits in the Bor dmuclsas otreegi o1
sandstone deposits in Scotland. New Red Sandstone (NRS) is less common in Scotland, mo
outcrops of which are found near Dumfriesshire and Ayrshirel{ssdihe Midland Valley),

Elgin (North of the Midland Valley), and the Isle of Arran. ORS, including the building
sandstone Locharbriggshichis disproportionately represented in historic and predat
architecture of Scotland due to the sandstoneactitte red appearance and generally good

physical properties and durability.
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1.4 Sandstones

Sandstones are rocks made of sediment accumulations which have been compacted ar
lithified and subject tadiagenetic processdg®ettijohn., 2019) The sediment comprises
varying amounts of quartz, feldspars, lithic fragments, and clay minerals, as well as other
trace minerals including oxides. Minerals found in sandstone can be either detrital or
authigenic inorigin. Detrital materialispre x i st i ng mater i al er od
which is then incorporated into the sediment and lithified rock. Authigenic material
originates during diagenesis and is associated with the breakdown of other minerals,

facilitated often by temperature and the presence of flid#tijohn., 2019)

There are several schemes available to use when classifying sandstones. In most case
sandstone classification depends on the relative amounts of major components: quartz
feldspars and lithic (rock) fragmenti&arzanti., 2019)The three major sandstone types
featured in most classification schemes are: quartz arenites, feldspathic arenites, an
litharenites, as seen from the Folk (1974) model (Figu8® As mentioned above,ay
minerals are typically a minor component of sandstone consisting of a few wt &t{&eb

et al., 2008)existing as clasts, cement and/or matrix mateaiadl can either be detrital or
authigenic in origin (Figurd 4). In addition to arenites, wackease composed of 185%

clay matrixhowever, as less commonly usedasdding stonerelative to sandstone.

Quartz arenite

F/R ratio

Figure 1.3: Sandstone classification based on relative proportions of quartz, feldspars,
and rock fragments (lithics). The primary mineral for all sandstones is quartz (Folk, 1974).



Figure 1.4: Distribution of clay minerals in sandstone. Clay minerals are represented in the
colour green. Clay minerals can be detrital or authigenic and distributed in a variety of ways.
They can exist as: detrital or authigenic clay mineral coatings (A); detrital or authigenic clay
matrix (B); detrital clays found in layers/concentrated on bedding planes (C); and detrital
clasts (D).

The mineralogy angetrography of sandstone is controlled by the environment and climate
during thetime of sediment depa®n. The depositional environmeand climatenfluence

the maturity and composition of the sand deposited prior to burial and diagenesis (Worder
& Morad., 2003; McKinley et al., 2003Clays are more likely to be deposited in
environments which are closer to the sediment source; limiting time for chemical weathering.
Furthermore, the deposition of clagnd sanesized particles in the same location riegs
fluctuation in energy levels associated with the depositional environiftemtepositional
environmerg more commonly associated with preservation of clays and-riday
sandstones are primarily fluvial environments. In these environments sedinvamyiafy

grain size and composition can be transported by water and deposited as immature sand
Clays are also more likely to be preserved in an arid climdttere chemical weathering is
limited. An aeolian input alsaids in clay mineral preservatias it facilitates faster transport

of material. An arid desert climate with fluvial environments is characteristic of the
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Devonian period of Scotland. As seennfrbigure 1.2, ORS deposits of Devonian age can

be found across Scotland in the Borders region, Midland Valley, Orcadian Basin (including
Orkney), and Shetland (Hillier et al., 2006). Some of the sandstones were deposited close
to the end of the Devoniamtp the early carboniferous, including the sandstones of the
Stratheden and Inverclyd@®rmation in the Borders, meaning the climate may have been
progressing to a more humid environment by this point, and accelerating chemical
weathering of reactive minagls. However, generally speaking these Devonian sandstones
may have aelativelyhigher potentiain comparison to other sandstoi@spreserving clay

rich sediment depositdue to the environmental and climatological conditidosng the

Devonian

Another factor contributing to prevalence of clays in sandstones, is source of sediment.
Incorporation of less stable minerals and rock fragments can facilitate weathering and
transformation of minerals during diagenesis. This is particularly relevant iratiee of
igneous rocks which often contain unstable, reactive minerals which often contain the
elements (Ca, Mg, Na) desirable for clay mineral formation during diagenesis through
mineral weathering and alteration. Therefore, immature sediments which ca#eiive
minerals increase the likelihood of clay mineral formation during diagenesis. ORS deposits
located in and around Dundee City, form part of the Dundee Flagstone Formation, in which
sandstones consist mostly of litharenites where many of theftiéigiments have an igneous
origin. For example, the Kingoodie sandstone is a purplish sandstone with lithic fragments
of mainly andesite, likely originating from nearby lava deposits. The Kingoodie sandstone,

and other nearby sandstones are commonly found Dundeedés built he

Clay minerals in sandstone can also form and transform during diagenesis. The occurrenc
of authigenic clay minerals is controlled by factors related to diagenesis (changes in
temperature, pressure, availability of fluid) andnposition of the sediment, which is
influenced by sediment source. For example, authigenic clay minerals are most likely to
form in immature sediments as they contain reactive minerals which are more likely to
weather and provide the necessary ions forwieeral formation (Worden & Morad., 2003;
McKinley et al., 2003). Furthermore, different stages of diagenesis are associated with
different compositions of clay minerals. For example, dioctahedral and trioctahedral
smectites are common during the eatiyges of diagenesis (eogenesis) when temperatures
and pressures are relatively low (McKinley et al., 2003). With increasing burial and

temperature, smectite loses its structurgDtnd with it its ability to expand and contract.
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Eventually smectite transforms t&aolinite, illite, or chlorite through the processes of

kaolitization,illitization andchloritization, respectively.

Table1.1 summarises the building sandstommeScotlandwhich are relatively more likely

to be clayrich based pmarily on climate and depositional environment. As noted
previously other factors including sediment source and diagenetic processes impact the
amount and types of clays present in any sandstone, and sd Tladotés only as a guide to

getting started.

Table 1.1: the potential for clay-rich sandstone based on depositional environmental and
climate. As discussed in the introduction, an arid climates with fluvial depositional
environments are considered places where clay minerals are more likely to be preserved.

Potential for Sandstone Geologic Age Depositional Depositional
preservation of environment climate
detrital clay
minerals
Swanshaw Late Siluriani Fluvial, aeolian
Early Arid
Devonian
Cromlix, Early DevonianFluvial, aeolian
High potential Teith, Arid
Scone
Gardenstown, Mid Devonian Fluvial, aeolian
Raddery Arid
Berriedale Mid Devonian Lake floor Arid
John O6 Gr MidDevonian Fluvial, aeolian
Arid
Dunnet Head, Late Devonian Transitioning
Glenvale, Fluvial from arid to
Alves, subtropical
Scaat Craig, and tropical
Moderate-high Stratheden and Inverclyde, Late Devonian
potential Kinnesswood Early Fluvial Subtropical to
Carboniferous tropical
Isle of Skye* Jurassic  Shallow seabe:

Tropical




1.5 Clay minerals in sandstone

Clay minerals are a large and diverse group of phyllosilicate minerals consisting of four main
subgroups: illite kaolin, smectite and chlorite (Tablel.2) (Elert & RodriguezNavarro.,

2022) The crystallographic structure of clay minerals consiststahedral and tetrahedral
sheetsDepending on the crystallograptacrangementclay minerals can be described as
having a 2:1 or a 1:1 structure (Dyar et al., 2008). Clay minerals can be further subdivided
based on how many octahedral sites are occupiedrts. Table 2 alsoillustrates the

different sheet assemblages associated with each clay mineral group.

Smectite is a chemically variable sgloup of clay minerals known for their physically
expansive properties. Smectites have a 2:1 layered silg@ticture comprising two
tetrahedral sheets which are weakly bonded to an octahedral sheet. The tetrahedral shee
are primarily composed of Si and Al, while the octahedral sheet is composed of metal
hydroxides (e.g. REOH), Alo(OH)e). Smectites can Harther subdivided into dioctahedral

and trioctahedral depending on how many of the three octahedral units are occupied (Dya
et al., 2008). Two of three octahedral units are occupied in the case of dioctahedral smectite
usually with trivalent cations @luding AF* or F€*. All three octahedral units are occupied

in trioctahedral smectite, where occupants are usually divalent cations includffigudg

Fe*. The cations occupying both tetrahedral and octahedral units in smectite are
exchangeable, meaning other ions, ideally with the same charge, can act as substitutions at
occupy the units. If the charge of the sheet is not balanced by substituting ions, due to limitec
availability, an overall negative charge is produced (e.g’ Babstituting F&" in an
octahedral sheet). The net negative surface charge of a clay mineral attracts the cation c
H20, allowing smectite to absorb water and physically expand (Figjle(Madsen &
Miller-Vonmoos., 1989). It is this ability to absorb wminto its chemical crystal structure,

as well as the presence of exchangeable cations, which distinguishes the smectite group frol
other clay groups. It is this characteristic of smectite which negatively impacts the durability
of some clayrich sandstoes by enhancing physical weathering through cycles of expansion

and contraction (Sebastian et al., 2008).
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Table 1.2: Main clay mineral groups, their layer structure, and example minerals with
chemical composition.

Clay group Layer structure Example minerals

Kaolin 1:1 kaolinite; dickite; halloysite; nacrite
[Al 2Si>O5(0OH)4]

Smectite 2:1 montmorillonite
[(Na,Cap.3fAl,MQ) 2(SisO10)(OH)2 - NH0];
nontronite Nao.sFex((Si,Al)4010)(OH). - nH0];
saponite
[Ca.25Mg,FeXk((Si,Al)4a010)(OH)2 - nH0]

lllite (and other 2:1 illite [ Ko.e5Al2.0/Al 0.65513.35010](OH)2]; glauconite

clay-micas) [(K,Na)(Fe"*,Al,Mg)2(Si,Al)4010(OH),]; phengite
[KAl'15(Mg,Fe).s(Alo.5Sis.s010)(OH)2]; muscovite
[KAI 2(AlSiz010)(OH)2]

Chlorite 2:1:1 clinochlore MgsAI(AISi 3010)(OH)g]

; chamosite
[(FE*,Mg,Al,Fe*)s(Si,Al)s010(OH, O)]
; pennantite MIn?*sAl(AISi 3010)(OH)e]




11

Exchangeable cations are located betw

layers of expansive clay minerals such

montmorillonite. In the ~case ¢
montmorillonite, cations are usually Car

Na'.

During interaction with water, the positi

charge of these ions attracts the nega

L dipole of the water molecules. As the catic

hydrate, the space between layers beco

larger (i.e. there is an énease in gpacing
' of the 001 plane).

Different expansive clays have differe
swelling potentials. Montmorillonite ca

experience a volume increase of up to 10

Figure 1.5: Intracrystalline swelling mechanism associated with expansive clay minerals.
The example in the figure is montmorillonite. Blue spheres represent H,O while the smaller
black spheres represent cations. Figure adapted from Madsen & Miller-Vonmoos (1989).
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1.6 Climate change in Scotland

The vulnerability of clay minerals to physical expansion and contraction will ultimately be
influenced by climate changBuring the most recentdecade (28D® 1 7) Scot | anc¢
average rainfall has increased by 11% in comparison to-198Q (Met Office., 2018) This

trend looks to continue as the UKCP18 forecast that UK will see increases in average annue
precipitationof up to 35% (RCP8.5) and increases in the intensity of rain events (UKCP18).
These changes in precipitation are most noticeable in Scotland and will be part of wetter anc
colder winters (Figurel.6). More precipitation may lead to periods of prolongedeto
wetness and accelerate weathering and decay. Moreover, different weathering processe
such as chemical weathering, may become more dominant as the climate becomes wette
and warmerFinally prolonged periods of stone wetness may soften clay minerat wh
may have detrimental impacts on the physgigechanical properties of some stonksénez
GonzZlez & Scherer, 2004;Jiménez Gonalez et al., 2008)lt is therefore important to
consider the outcomes of the following research chapters in relatiamsieichange with

the overall goal focussed towarddaping the built heritage where possible to protect it
from the effects of climate changks well the effects of climate and climate change, stone
weathering and decay is also influenced by the intripsoperties of the stone, both
mineralogical and petrophysical. These intrinsic properties in the context of weathering and

decay are discussed in the following section.

Winter, RCP2.6 Winter, RCP8.5

75 75

50 50

Precipitation change (%)
Precipitation change (%)

=50 1 =50

—-75 —75

1975 2000 2025 2050 2075 2100 1975 2000 2025 2050 2075 2100
year year

Figure 1.6: Precipitation change for UK for low emission (RCP2.6) and high emission
(RCP8.5) scenarios. Increasing precipitation change is consistent across all emission
scenarios.
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1.7 The role of clay minerals in the decay and durability

of sandstone

1.7.1 Defining decay and durability

Decay patterns are diverse in both egmance and scale, and the type of patterns that
manifest depend on the weathering mechanisms responsible for decay, which are themselve
determined by stone properties and climate. Decay patterns are usually described throug
visual assessment of a staring the earlier stages of a specific conservation project. The
ICOMOSISCS Iillustrative glossary on stone deterioration patterns is a global reference
guide used in the identification of decay patterns. The glossary aids in a consistent approac
to idenifying and describing decay, reducing potential ambiguity of deekted

terminology.

According to the ICOMOSSCS glossary, stone deterioration can be subdivided into five
categories: crack and deformation, detachment, featured induced by matssial lo
discolouration and deposits, and biological colonisation. Some examples of decay of

sandstone are shown in Figur.7.
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Figure 1.7: Different types of decay manifesting at historic sandstone buildings around
Scotland: A) Spalling and flaking of sandstone. Replacement stones visible show extent of
weathering; B) Spalling and granular disintegration of bedded sandstone; C) Blistering of
sandstone; D) Aveolization weathering, a common pattern produced through salt weathering.

The glossary also defiageneral terms which are often, incorrectly, used interchangeably.
Table1.3 provides the definition for several terms which are often used interchangeably in
the study of stone decay despite having slightly different meanings. Weathering refers to
processes leading to modification and/or deterioration while decay is assoctatkgsvin

value or impairment of use and is therefore used commonly in the context of ornamental
stone (Tabld.3).

Table 1.3: Definitions for general terms often used in the study of stone decay according to
ICOMOS-ISCS glossary. Most commonly used words throughout this thesis marked by *
where ** =very common, * = common.

Word Definition

Alteration* Modification of the material that does n
necessarily imply a worsening of |
characteristics from a conservational poi
of view. Forexample, a reversible coatir

applied on a stone may be considered as

alteration.

Damage Human perception of the loss of value due
decay

Decay** Any chemical or physical modification of |

intrinsic stone properties leading to a loss

value or b impairment of use.

Degradation Decline in condition, quality, or functione
capacity.
Deterioration* Process of making or becoming worse

lower in quality, value, character, etc.

Weathering** Any chemical or mechanical process
which stones exposed to the weather unde

changes in character and deteriorates.
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Stone durability can be defined as a stones resistance to weathering, and is influenced b
intrinsic stone properties, both minemgilcal and physical, and the external environment
(climate) (PSikryl., 2013). There is co
and number of intrinsic properties which have the greatest influence on stone durability.
Some previous studiesave defined durability indices using selected stone properties
(Winkler 1986; Richardson 1991; Ordonez et al.,, 1997; Benavente et al., 2004; Yu &
Oguchi., 2010). Some studies have used as few as two properties to estimate stone durabilit
as in the case i Winkler (1986), who suggested durability could be estimated by
comparing wet and dry compressive strength of stone. Similarly, Delgado Rodrigues (1988)
used two key properties, porosity and swelling strain, to estimate durability of carbonate
rocks. Havever, it is generally considered that the more intrinsic stone properties
characterised, the most accurately stone durability can be understood (Benavente et al
2008). Intrinsic stone properties interact with the external environment (climate) to

influence weathering processes and decay (Fibdje

1.7.2 Stone properties

Intrinsic stone properties can be subdivided into mineralogical and physical properties.
Mineralogy of sandstone is often assessed using a combination of both Scanning Electrot
Microscopy (SEM) and Xay Diffraction (XRD) to determine the ratio of majongatone
components (quartz, feldspar, and lithics) and characterise the clay fraction and other mino
components such as micas (Vazquez et al., 2013; Scrivano 2017; Scrivano et al., 2018’
Moreover, the petrography of the stone including grain size, sbayeg, cements, bedding,

distribution of minerals, etc can be obtained through optical and SEM imaging.

Physical properties of sandstone which have been previously studied in the context of
sandstone durability in literature include, but are not lichtte density, porositand pore

size distribution water transport properties, hydric/hygegpansionproperties, thermal
properties, stone strength, and durability (resistance to weathering) (Benavente et al., 200¢&
PSi kryl ., 2 0 1 3 ;haratterisaian.is,congder&d3ohe. of the anose important
physical properties in the study of sandstone durability (Benavente., 2004). The pore
network determines how and to what extent water will percolate through the stone, which in
turn will facilitate weathering processes. Porosity and pore size distribution are typically
measured using Mercury Intrusion Porosimeter (MIP), and microporosity using nitrogen
absorption (Celik & Ergil., 2018; Germinario & Torok., 2020; Benavente et al., 2021).
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Furthermore, aditional information on pore shape, connectivity of pores ect can be obtained
through SEM imaging. Water transport properties including capillary absogsttbwapour
diffusion. Water transport properties define how moisture interacts with stone irediffer
states (liquid vs vapourCapillary water absorption refers to the absorption of water via
capillary processes and¢®sely related to thpore structure angorosity of stoneavhere
stones withlarger pores andhigher porosity usuallyexhibit higherrates of capillary
absorptionBenavente et al., 200Ruedrich et al., 20)1Water vapoudiffusion resistance

is also a common water transport property and is commonly characteefoed and after
treatment with consolidants and water repelle@iisaracterising this property helps to
determineth® br eat h a b i |;iddfinedbytlefratetatwhichaterecapoar can still
move freely(Elhaddad et al., 2018; Aslanidou et al., 2018

Hygric and hydricexpansiomproperties characterises deformation of stone when in contact
with water. Hydric dilatation refers to expansion of stone with increasiigture content
related to intrusion of liquid water (Ruedrich et al., 2011; Aguilar et al., 2018); while hygric
dilatation refers to expansion of stone with increasing moisture content related to changes ir
RH between 0% and 95% RH (Ruedrich et al., 2@Etrer et al., 2021). Dilatation can be
measured using several methods which all aim to quantify deformation orsgalerusing

some kind of strain gauge or dilatometer. Thermal properties characterise how a stone
responds to exposure to different temgperes. For example, thermal expansion is a
commonly studied property in understanding stone durability (L-@mexel et al., 2018;
Vigroux et al., 2021). The thermal expansion coefficient of a stone is closely related to
mineralogy (Siegesmund and Dutag2011). Sandstones typically have higher values (in
the range of 10 x 16 K-1) compared to other rock types as they contain mostly quatie
thermal expansion coefficient typically between 9 ¥ ¥0'and 14 x 16 K. Similar to

hydric and hygriexpansionthermalexpansiorcan be quantified using a dilatometer which
measures deformation on a nRstale. Stone strength is considered a crucial property
influencing sandstone durability (Benavente et al., 2004). Uniaxial Compressive Strength
(UCS) isthe most commonly studied rock strength in the study of durability however, other
types, including tensile and flexural, have been studied in stone conservation studies (Zhot
et al., 2018; NoeE-Khuda et al., 2019; Vigroux et al., 2021).

Finally, weatheing experiments are used to define the durability of a stone. Whereas all the
aforementioned properties influence the durability of stone, resistance to weathering defines
the durability of stone. Both accelerated -lsdsed and natural outdoor weathering

experiments are used as a means of characterising a stones resistance to weatherir
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(durability) and typically occur over several week periods (in a lab setting), although some
natural outdoor experiments have occurred on a much longer time scale (Bednzed#hh
2019; Dias Filho et al., 2020). Ldiased accelerated weathering experiments are often
conducted in a controlled environment, most commonly a climate chamber where
temperature and RH can be maintained at desired conditions. These experinents oft
induce weathering through means of either crystallisatissolution of salts, freezbaw,

wet-dry cycles, thermal cycles, or exposure to UV (Zhou et al., 2017; Sbardella et al., 2018).

As seen from the number of stone properties described abovagstensing stone durability
and identifying causes of decay isndét a
various weathering processes which may be operating at any given site. Below is a
description of major weathering processes which cdarupon clayrich sandstone with
varying intensity depending on the durability of stone, with reference to contributing

intrinsic stone properties where relevant.

1.7.3 Major weathering processes of sandstone

Sandstones are porous and permeable rocks which makes them susceptible to moistul
ingress (Sun & Jia., 2019). Water acts as a catalyst for physical, chemical and biological
weathering processes. The following section describes common physical, cherdical an
biological weathering processes associated with sandstone with related case studies fror

literature focussed on understanding the decay and durability efickagandstones.

1.7.3.1 Physical weathering
Physical weathering processes commoedgrt pressure internal to the stone leading to

decay. Salt weathering is considered the most damaging type of weathering process and
common in porous stones such as sandstone (Charola., 2000). The damage associated w
salt weathering is caused by tgccrystallisation and dissolution of salts which exerts
internal pressure on pore walls and over time leads to decay (Charola & Blauer., 2015).
Moreover, the presence of clay minerals in texturally and mineralogically immature
sandstones, in particulahg affect they have on porosity, has been shown to increase
sandstonef6s vulnerability to decay <cause
Warke and Smith., 2000; Warke et al., 2006). The interaction of clay minerals and salts car

also enhance degas described by Sebastian et al (2008) who noted the presence of NaCl
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in the Tarifa building sandstone, and its ability to enhance ositypgcexpansion of clay

minerals by acting as an effective electrolyte in solution.

Hydric and hygric expansion obsdstone when in contact with moisture is commonly
associated with the presence of clay minerals, especially the intracrystalline swelling of
expansive smectites (Madsen & Muidonmoos, 1989; Ruedrich et al., 2011). Swelling
strains of > 1.5 mm/m are csidered significant in the context of tensile stone strength,
while some sandstones have reported values as high as 6.7 mm/m (Esbert et al., 199
JiménezGonzalez et al., 2008). Outwith the intracrystalline expansion of smectites,
Ruedrich et al (2011) bhlighted that porosity and pore size distribution were contributing
factors influencing observed swelling strains due to the internal pressures generated insid
micropores during cyclic wetting and drying. Micropores play an important role in
determiningmoisture transport and vapour flow through stone. The Macigno sandstone is a
common building stone throughout Tuscany which is commonly studied in relation to its
expansive properties and pore size distribution (Franzini et al., 2007; Scrivano et al 2017;
Scrivano et al 2018). The sandstone has a-tiely matrix which comprises ~15 wt % of

the bulk rock and so the stone classification borders feldspathic litharenite and greywacke
The sandstone contains expansive interlayer clay sequences consistilogitef sfmectite,

and corrensite. As well as containing expansive smectite, the sandstone has a high abundan
of micropores which contribute to its sensitivity to expansion, especially in the presence of
water (Scrivano et al 2017; Scrivano et al 2018)rédwer, the microporous texture of the
Macigno sandstone makes it more susceptible to salt weathering as greater crystallisatiol

pressures are generated in smaller pores (Scrivano et al., 2018).

As well as leading to cyclic expansion and contraction, Itiser@tion of water and increase

in saturation degree has been shown to affect the strength of sandstone, particularly ston
containing clay minerals (Hawkins & McConnell.,, 1992). The Pennant sandstone is
commonly studied in the context of understanding fotay minerals impact overall rock
strength under different degrees of saturation. Forest of Dean, a common building stone ir
the UK and studied in this project, is also part of the Perirmmation (Vasarhelyi & Van.,

2006; Shi et al., 2016; Li & Wang2019). The clayich sandstone shows remarkable
decreases in Uniaxial Compressive Strength (UCS) reducing ¥p%0when saturated
(Hadizadeh & Law., 1991; Hawkins & McConnell., 1992). Furthermore, this weakening
occurs when water saturation is as low &s $howing the strength of claich sandstone

is particularly sensitive to the presence of moisture (Shi et al., 2016). Hawkins & McConnel

(1992) attribute this sensitivity to the presence of clay minerals found in the matrix and



19

coating rigid quartz gras which soften when wet creating internal stress and overall
weakening of stone. Other physical properties including porosity, pore size distribution,
grain size and shape also influence the sensitivity of stone strength to water saturation (Ca
et al., D19).

Sandstone can also physically expand and contract with temperature; a weathering proces
known as thermal cycling. Sandstone expands when subject to relatively higher temperature
and contracts when exposed to relatively cooler temperatures. Oeagxpusure to cyclic
heating and cooling will contribute to decay and lead to an accumulation of residual strain
(Steiger & Charola., 2011). Clayearing stones can have a negative residual strain upon
heating due to their contraction caused by dehydratdren subject to high temperatures
(600-10000C) claybearing stones are some of the most negatively impacted stone types,
where Sirdesai et al (2019) calculated the porosity of claystone to being x6 higher after
exposure to 10000Cthe second worse affistl stone type in their study before carbonate
rich sandstone. However, it is important to note that clay minerals commonly exist in
sandstones as minor components, so the thewtakd decay effects listed above are

typically not as severe.

1.7.3.2 Chemical weathering
Sandstones often contain minerals including feldspars and clay minerals that are unstabl

and readily react in the presence of water (Turkington & Paradise., 2005). Minerals can altel
or dissolve completely through chemical weatheringc@sses which over time leads to
decay and potential precipitation of new minerals (i.e. the weathering of feldspar to produce
kaolinite or smectite) (Figur&.8). The H+ ion of water is responsible for the onset of
dissolution and mineral alteration eveaity leading to pore waters enriched in ions released
from reacting minerals. The nature and rate of mineral dissolution depends on: availability
of liquid water mineral solubility and acidity. Minerals with the highest solubility, and most
prone to wedtering, are carbonates (calcite and dolomijté&ldspars and clay minerals.
When subject to wedry cycles, An et al (2020) identified chemical weathering processes
associated with clakearing arkosic sandstone including the hydrolysis -M&Kfeldspar

and formation of kaolinite, and the dissolution of feldspar and kaolinite. Both processes lead
to changes in porosity and pore size distribution, and formation of microcracks. Other studies
have shown similar chemical weathering effects on physical stapemies (Scrivano et

al., 2018; Zhang et al., 2018). Studies like these highlight the important controls chemical
weathering can have on the physical properties of stone and decay.
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1 mm 1 mm

Figure 1.8: Secondary Electron (SE)SEM images polished thin sections showing a relatively
fresh and weathered sandstone. Chemical weathering and alteration of relatively less stable
minerals (e.g. feldspars, clays) and clay-rich cements in sandstone can lead an increase in
porosity and decrease in grain cohesion making the stone more susceptible to further
weathering.

1.7.3.3 Biological weathering
Finally, microorganisms (bacteria, archaea, algae, fungi and lichens) can colonise building

stone, especiallin instances where stone is damp or wet. Biofilms can lead to a blockage

of pores at the surface, affecting properties including porosity and vapour diffusion rate

(Sterflinger., 2011). Biofilms also attract more water and can enhance chemical weathering
In other instances, microorganisms can create a dark brown/black crusts which amplify
thermal decay by absorbing more incoming UV radiation (Sterflinger, 2011; Lui et al., 2020).
Biodeterioration may become more common in Scotland according to Smitl(2€xa)

who suggest a link between enhanced precipitation in the UK associated with climate change
and increased risk of biodeterioration and chemical weathering due to periods of prolongec

stone wetness.





































































































































































































































































































































































































































































