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Abstract: Building stone degradation is influenced by multiple factors, notably the struc-
tural and compositional properties of the stone. Understanding their influence can im-
prove the prediction of future stone performance and inform appropriate preventive
maintenance strategies. This study investigated the response of three sedimentary
stones containing different amounts of carbonate minerals and with different porosities
to artificial weathering. Triplicate specimens were exposed to 84 wetting-drying cycles
over a period of 14 days using dilute nitric acid (pH 4) as surrogate rainwater. The mi-
crostructural and compositional features of the stones before weathering were investi-
gated by image processing of X-ray computed tomography data. Mineral dissolution was
studied by mass loss and quantification of Ca?*, K*, Mg?* and Na* in leachates by induc-
tively coupled plasma mass spectrometry. A distinct dissolution profile was obtained for
each stone type, which was consistent between triplicates. Calcium was the cation re-
leased in greatest quantity by all three stone typologies. Principal component analysis of
the dissolution data revealed three distinction clusters, each corresponding to a different
stone type, and that calcium, magnesium and potassium concentrations were the varia-
bles with the highest discriminatory power. Comparison between the average amounts
of calcium released showed that the rate of dissolution was not controlled only by the
stone’s mineral composition — a limestone with higher calcium carbonate content re-
leased on average 1.3 ug Ca per mL of surrogate rainwater applied, less than the 2.5
pg/mL released by a sandstone with lower calcite content. The relationship between cal-
cium release and volume of rainwater delivered was positive for two stone types, but
negative for the other, suggesting an influence of pore network topography. These find-
ings indicate a need to further explore the relationship between building stone dissolution
and microstructural characteristics, since this will enable more accurate prediction of the
response of the built environment to changing climatic conditions.
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Introduction

Natural stone has been the most common and durable material used in construction over the centu-
ries due to its excellent mechanical and thermal properties, as well as its aesthetic qualities. How-
ever, its capacity to withstand deterioration and preserve its original characteristics over time can be
influenced by numerous factors. Some types of stone are likely to experience premature deteriora-
tion because of exposure to particular environmental conditions. This natural and irreversible pro-
cess happens by means of physical and/or chemical mechanisms, which can induce either a fast or
a less rapid alteration of the stone’s initial properties (Steiger et al., 2011). The most severe effects
not only alter the aesthetic qualities of the material, but also compromise the mechanical properties,
with potentially significant consequences for the safety of the building fabric.

Among all detrimental factors that can affect building stone, water represents one of the most im-
portant (Sabbioni et al., 2009). Atmospheric precipitation is the primary cause of surface recession
in carbonate stones in countries with high annual precipitation, especially in areas where the pres-
ence of pollution induces a decrease in rainwater pH (Brimblecombe and Grossi, 2007). Throughout
the past century a severe acceleration of stone decay has been reported. This acceleration is at-
tributed to increasing levels of atmospheric pollutants, notably sulfur dioxide (Charola and Ware,
2002). The most severe impacts are visible in urban and industrial areas, where the levels of pollution
were highest (Fig.1).

Fig. 1. Monteath mausoleum in Glasgow Necropolis, UK, illustrating accelerated stone decay due to atmospheric
pollution a) the building’s fagade b) detail of the deterioration of the sandstone

A number of studies have used field exposure to determine the relative contribution of different en-
vironmental factors to the decay of calcareous stone samples and to develop prediction models,
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usually referred to as dose-response functions (Saba et al., 2018). The vast majority of these func-
tions refers to three main deterioration mechanisms: 1. dissolution in clean rain (rain in equilibrium
with the atmosphere and at pH 5.6); 2. dissolution by gaseous pollutants; 3. acceleration of dissolu-
tion caused by rain acidity (Lipfert, 1989). Results from field exposure show that the natural solubility
of calcite in clean rain represents the dominant factor in the stone degradation mechanism, (Lipfert,
1989), (Webb et al., 1992), (Baedecker et al., 1992). Despite the significant decrease in the levels
of atmospheric sulfur pollutants in recent decades, stone degradation caused by rainwater is ex-
pected to increase. This is due to the rising levels of CO: in the atmosphere and the projected in-
crease in mean global temperature as a consequence of climate change (Bonazza et al., 2009).
Stone decay will be aggravated by the anticipated alteration of annual precipitation, humidity cycles
and periods of wetness, which will likely modify the weathering progression, inducing new mecha-
nisms and increased rates of degradation (Sesana et al., 2021).

It is crucial to mitigate the effects of climate change through preventive measures informed by accu-
rate understanding of the specific vulnerability of construction materials (Viles, 2013). Although the
role that the mineral composition plays in the degradation process is well identified and understood,
the related contribution of the stone’s physical and microstructural features to the rate of dissolution
is less investigated (Franzoni and Sassoni, 2011). It has been observed that, when subject to accel-
erated physical weathering, stones belonging to the same typology, e.g., limestone, sometimes de-
cayed at different rates, while different types of stone, e.g., limestone and marble, decayed at similar
rates to each other (Mutlutiirk et al., 2004). This finding has been verified by various studies, indicat-
ing that the type of stone alone does not provide sufficient information to understand or predict decay
progression (Altindag et al., 2004), (Jamshidi et al., 2015).

Exposure to artificial weathering has demonstrated direct correlation between a stone’s microstruc-
ture and its degradation induced by wet deposition (Franzoni and Sassoni, 2011). Porosity and the
pore network characteristics are major controlling factor in the decay progression and have been
widely investigated (Karaca, 2010), (Benavente, 2011), (Ozcelik and Ozguven, 2014), (Di Benedetto
et al., 2015), (Scrivano et al., 2018). The total porosity volume and percentage of water absorption,
along with the stone density, fraction and type of matrix/cement, were all found to be related to stone
durability (Abdul and Richard, 1991). As a result, the estimation of the stone’s mechanical response
to physical stress is often improved in several damage-prediction models when these parameters
are taken into account (Yavuz et al., 2006), (Bayram, 2012), (Amirkiyaei et al., 2021).

Although degradation caused by rainwater is typically attributed to the chemical process of dissolu-
tion, physical effects are also associated with the stone mineral fraction - clay minerals in particular.
The types and amounts of clay minerals present are found to have a major influence on stone dura-
bility (Gokceoglu et al., 2000). Accelerated exposure to wetting-drying cycles has demonstrated how
swelling can be linked to an increase in porosity and mass-loss (Sumner and Loubser, 2008). Quan-
tification of the contribution of these parameters to a stone’s performance is fundamental to inform
maintenance and conservation works, in particular considering the hazard posed by the current cli-
mate emergency. The necessity to generate a plan based on the vulnerability of buildings in re-
sponse to new conditions was patrtially fulfilled by the development of hazard maps based on current
climate models projections (Bonazza et al., 2009), (Sesana et al., 2020). However, the wide range
of complex interacting factors that can influence the rates and mechanisms of stone degradation -
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both external environmental factors and intrinsic stone properties - also demands case by case as-
sessment, with the objective of planning for well-informed, targeted and specific conservation ac-
tions.

Aims and Objectives

Based on the research gaps noted above, the main aim of this preliminary study was to investigate
the degradation mechanisms of three different types of sedimentary stone. The first objective was to
identify samples with different levels of porosity and carbonate minerals content for study. These
samples were then subjected to artificial ageing by exposure to surrogate rainwater. The microstruc-
tural and compositional features of the samples were determined with X-ray computed tomography
(X-ray CT). The amounts of trace metals released from the samples were determined by inductively
coupled plasma mass spectrometry (ICP-MS) (Al-Hakkani, 2019), together with overall mass loss.

Materials and Methods

Sample selection and preparation

Three types of stones were selected based upon four criteria:
1. Mineral composition, principally the relative amounts of carbonate minerals.

2. Microstructural features, with special focus on the characteristics of the pore network and
clastic fraction.

3. Historic and cultural significance, the degree of employment of the stones throughout history
as construction materials, or their current use in conservation works (Fig. 2).

4. Geographical area of use of the stone, with preference given to regions identified as at high
risk of stone surface recession based on existing hazard maps (Bonazza et al., 2009).

The specimens were collected from Switzerland and the UK. Information about their mineralogy and
structure was obtained from literature. Pitairlie sandstone is a compact fine-grained lithic arenite,
with a detrital component mainly composed of quartz (30%) and lithic grains (20%). Feldspars are
also present (15%). The intergranular fraction is formed by silica overgrowth on quartz (3%) and
sparry calcite (6%). Pore spaces are reported to be relatively small, with a low level of interconnec-
tion (Everett, P A, et al., 2011). Pitairlie sandstone (PT) samples were provided by Denfind Stone
(Monikie, Angus, Scotland).

Bernese sandstone is a medium grained sandstone classified as arkose, with a detrital component
dominated by quartz (40-45%) and feldspars (20-30%), and a cement fraction mainly composed of
carbonate minerals (20-30%). It is a highly porous stone, with large, highly interconnected pore
spaces (Blaeuer, 1985). Bernese sandstone (BN) was obtained from Carlo Bernasconi (Bern, Swit-
zerland).
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Cadeby limestone is a dolomitic limestone, composed of calcite (54%), and dolomite (45%). The
pore network is composed of very large pores combined with micropores (Lott, G.K., et al., 2005).
Cadeby limestone (CB) was provided by Blockstone from Cadeby quarry (Doncaster, England).

Fig. 2 shows the stones selected for study along with an example of the use of Cadeby limestone in
a historical building.

Fig. 2. The stones selected for study and an example of their use as a construction material in a historic building a) the
samples used in the study; from top to bottom: Cadeby limestone, Pitairlie sandstone, Bernese sandstone b) York Min-
ster, built with Cadeby limestone

The samples were cut into slabs of 50 x 50 x 10 mm. Triplicate specimens of each were prepared to
investigate within-stone leaching repeatability. The sample dimensions were decided based upon
the parameters adopted by the UNECE-ICP exposure program (UN/ECE report No 91), with the
objective of allowing future comparison between results. Before accelerated exposure to surrogate
rainwater, the samples were washed with deionized water and oven dried for 24 hours at 70 + 5°C,
based on the European standard for natural stone test methods (BS EN 13755:2008). After drying,
the mass of each replicate was determined. A cylindrical core of 5 mm in diameter was extracted
from each of a separate set of stone slabs, of equal dimension to the specimens undergoing leach-
ing, for morphological analysis by X-ray CT. Before X-ray CT analysis, the cylindrical samples were
oven dried at 70+ 5°C for a period of 24 hours.
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Image Analysis

Information about the samples microstructure and compaosition was acquired by X-ray CT (Nikon XT
H 225 LC, Nikon corp., Tokyo, Japan). The scanning was conducted at a resolution of 8 micron, with
a scan time of 105 minutes for each sample. The dataset acquired from the scan represents the
attenuation of X-rays at each point within the sample. Attenuation is controlled by the density of the
material and is encoded in greyscale images. Data processing is based upon the discrimination of
each component according on their specific mass density, allowing different mineral phases and
voids to be distinguished. The procedure used to conduct the quantitative analysis involved the seg-
mentation of each element based on the greyscale values of the image data. This was done with the
use of the open-source package Fiji-ImageJ (Schindelin et al., 2012). A number of pre-treatments
was applied before segmentation to improve the gquality of the images and facilitate the segmentation
process.

Artificial ageing through exposure to surrogate rainwater

A custom-built apparatus for artificial laboratory weathering of stone specimens was designed to
allow the delivery of set volumes of surrogate rainwater and the collection of leachate for analysis
(Fig. 3). The composition of the various components was selected to be compatible with mildly acidic
agueous solutions and avoid potential contamination. The apparatus consisted of multiple independ-
ent exposure units, each accommodating one sample. A single unit consisted of a stand, providing
a 15" inclination to the sample, acrylic glass shields on three sides, a ledge for the support of the
sample, rubber strips to elevate the sample from the base and allow ventilation, a percolation tray
for the collection of the run-off water, and neoprene strips to hold the sample in place and isolate the
sides, restricting the contact area between the water and the stone surface. A battery-operated pump
(Landrip HZ-DTO01) was used to deliver the water to the samples through a series of nozzles. The
apparatus was positioned on the shelf of an indoor portable greenhouse with clear plastic dust cover
of dimension 50 cm (width) x 44.5 cm (depth) x 134 cm (height), where the bottles for leachate
collection were also placed. For the preliminary test here described triplicate specimens of the three
selected lithotypes are exposed along with a procedural blank.

The surrogate rainwater (104 mol Lt HNO; at pH 4) was delivered to the samples at regular intervals
of time over the course of 14 days. In each cycle, approximately 9 mL of solution was sprayed evenly
across each sample (delivery took 6 second) and then any residual water was allowed to evaporate
under ambient laboratory conditions for the remainder of a 4 hour cycle. In 24 hours, a total of 6
wetting-drying cycles per sample were completed, corresponding to a total of 84 cycles over the 14
day trial. The leachate from each of the 10 samples was collected after every 12 cycles (after every
18 cycles during weekends) giving a total of 6 leachate collection times during the 14 days.
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Fig.3. Exposure set-up for the artificial weathering of the samples a) graphical
representation of the exposure apparatus b) the stone replicates and the pro-
cedural blank in their individual units

Trace element analysis

Stone performance in terms of dissolution of the mineral fraction was estimated through trace ele-
ment analysis of the leachate. The chemical analysis of the leachate was conducted on a 50 mL
sample, acidified to 5% nitric acid for analyte stabilization, by ICP-MS (Agilent 7700x, Agilent Tech-
nologies Ltd., Cheshire, UK). The concentration of the cations Ca?*, K*, Mg?* and Na* were deter-
mined. Calibration standards matching the leachate matrix (i.e. in 10 mol L* HNO3) were prepared
from commercially-available stock solutions (from Qmx Laboratories, Thaxted, UK) . During the ex-
periment it was noted that the water delivery system distributed slightly uneven amounts of surrogate
rainwater between the samples. Therefore, the analyte concentrations measured in the leachates
collected were scaled based on the volumes of water actually delivered by each nozzle (which had
been previously determined). After scaling, the procedural blank concentrations were subtracted.
The first sample of leachate collected from each stone specimen was excluded from the dataset
because loss of debris, or dust deposited from the atmosphere, could have given rise to biased
concentrations of elements in these aliquots.
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Statistical treatment

Principal component analysis (PCA) was used to simplify the complex dataset generated in the rain-
water leaching experiment by identifying latent variables that captured the maximum variance. This
feature was employed to explore any difference between responses of different stone typologies and
identify the most influential variables in the performance variation. PCA was also able to identify the
presence of outliers within the dataset that, on further investigate, were usually found to be correlated
with technical issues involving the experimental apparatus or procedure such as blockages in the
water distribution. In a few cases, samples that had received exceptionally high volumes of solution
were removed from the dataset. Correlation matrix were used to measure the level of correlation
between variables, such as the volumes of water delivered to the samples and the amount of cations
released by the stone. All statistical analysis were conducted using the open-source R-based soft-
ware CAT (Chemometric Agile Tool), developed by the Italian Group of Chemometrics of the Italian
Society of Chemistry (SCI).

Results

Results from the segmentation of the X-ray CT scan provided information on the relative amounts
and distributions of carbonate and silicate minerals present and stone porosity. These are shown in
Fig. 4., which displays the outcome of the segmentation process conducted with Fiji-ImageJ on the
samples’ cross-sections. As expected from literature, the porosity fraction was found to vary consid-
erably among the three samples. In BN, the total volume occupied by pores was found to correspond
to 13%, while it was observed to be lower in CB (5%), and PT (2.5%).

The three samples also presented significant differences in porosity (Fig.5). BN and CB presented
similar average pore dimension, which were found to be substantially larger compared to PT. How-
ever, differences between BN and CB were noted on the size distribution of individual pores, which
in CB covered a larger range of values. These differences between CB and BN also extended to the
pores level of interconnection, which was found to be much higher in BN, compared to CB.

Some discrepancies with the literature were observed in the relative amounts of carbonate minerals
and porosity. For example, in PT the amount of calcite was found to be higher, corresponding to
19%, compared to the 6% reported in literature. A divergence was also observed in the carbonate
minerals content of BN (18%), which in literature results to be slightly higher (20-30%). These differ-
ences can originate from a natural variation of the stone or be related to the different methodology
employed for the sample characterization.
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Fig. 4. Segmentation of the samples cross-sections from the X-ray CT showing the relative amounts and distribution of porosity, carbonate miner-

als and clastic fraction
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CB
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Fig. 5. Analysis of the pores by Fiji-ImageJ a) cross-section (3 mm diameter) of the sam-
ples b) segmentation of the pores c) discrimination of the pores based on their dimension

The results of the ICP-MS analysis performed on the leachates collected at different points in time
revealed trends in the dissolution of the mineral phases. PT exhibited the best correspondence be-
tween triplicates, while BN and CB showed occasional divergence between the amounts of cations
released by replicate slabs (Fig. 6 shows results for Ca as an example). Comparison between the
concentration of cations measured and the respective volumes of leachate in the collection bottles
at each sampling time indicated that the presence of discrepancies between replicates was caused
by a difference in the amount of water received by each sample. Comparison between the average
concentration in solution of the different cations for each stone type shows that Ca is predominant,
followed by Mg, Na and K (Fig. 7). The overall highest release of Ca was from BN, with an average
rate of dissolution of 2.5 ug/mL of surrogate rainwater. The average amounts of Ca released by CB
and PT were 1.3 and 0.8 ug/mL respectively.
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Fig. 6. Concentrations of Ca released by triplicate specimens of the three stone typologies undergoing leaching with sur-
rogate rainwater a) Bernese sandstone (BN) b) Pitairlie sandstone (PT) c) Cadeby limestone (CB)

The multivariate statistical treatment of the data by PCA showed that the three stone typologies were
well differentiated based on their response to the leaching action of surrogate rainwater. The PCA
score plot displaying the cation concentrations measured in all the leachates collected indicated
three clusters, each relating to a type of stone (Fig. 8). Ca and Mg, originating from the dissolution
of dolomite and calcite, and K, originating from the dissolution of feldspars and clay minerals, were
the variables with the highest discriminatory power. There is an overlap between some of the sam-
ples belonging to different typologies, which may have arisen from the above-mentioned problem
with the water solution delivery system. The relationship between the amount of Ca released and
the volume of surrogate rainwater supplied exhibited a positive trend for the less porous lithotypes,
(PT and CB), while the opposite behaviour was found for the most porous specimen (BN). The pres-
ence of outliers in the dataset was either linked to the malfunction of a nozzle or to the accidental
delivery of exceptionally high volumes of water. These outliers correspond to the collection points
that showed the highest discrepancy in the time trend compared to other replicates and were re-
moved from the dataset. At the end of the test, the different types of stone showed different mass-
loss percentage, and the precision between replicates of the same typology that received compara-
ble amounts of water was good enough for the mass loss of the three materials to be distinguished,
i.e., 0.010 £ 0.005 g for PT, 0.017 + 0.003 g for BN, and 0.042 + 0.001 g for CB.
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Discussion

The trace element analysis was consistent with the hypothesis that carbonate minerals represent
the principal mineral phase involved in the dissolution process for all three stone typologies. BN
revealed the highest release of Ca, despite the relatively lower concentration of calcite in its compo-
sition compared to CB. These initial results suggest the presence of additional factors affecting the
dissolution velocity. The residual moisture contents following drying, but before exposure to the sur-
rogate rainwater, were an average of 1.1 +£ 0.12 % in BN, 0.56 + 0.06 % PT, and 0.09 = 0.02 % in
CB. Moisture content is a function of several intrinsic parameters, such as the pore volume, their
size and distribution, geometry and level of interconnection (Franzen and Mirwald, 2004), all asso-
ciated to the stone durability. Indeed, stone decay can be correlated to moisture transport and re-
tention, as most mechanisms, including chemical weathering, require the presence of water
(McCabe et al., 2013).

Pores dimension has been indicated as the most important pore structure parameter for the stone
deterioration (Benavente, 2011); in this respect, the relative impact of very large pores on the stone
deterioration depends on how these are interconnected (Benavente, 2011). The observation of the
larger pores from the X-ray CT scans of Cadeby limestone showed that, although large pores are
present, they are poorly interconnected or not interconnected at all (Fig. 9).
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Fig. 9. Large pores in CB a) cross-section of CB, with the dashed area highlighting some larger pores
b) the highlighted pores displayed with a scale bar

The potential influence of the stone structural properties on the dissolution progression was also
suggested by the response of BN to the volumes of water delivered compared to the other two sam-
ples. The sample that received the highest amount of solution displayed the lowest release of Ca
among the three replicates. This negative association might indicate an effect of the evaporation
process on the rate of decay in stone types with a highly interconnected pore network. The high
similarity between the responses of PT replicates suggests a limited influence of small variations in
the volume of surrogate rainwater delivered. The same behaviour was not observed in BN and CB,
which displayed divergences in the response of individual replicates to small variations in the volume
of surrogate rainwater. This higher stability of PT may result from the lower concentrations of car-
bonate minerals in its composition and the characteristics of its pore structure. PCA conducted on
the complete dataset showed good discrimination between individual responses to the action of sur-
rogate rainwater. The separation of the stone typologies into three distinct clusters was mainly con-
trolled by the dissolution of the carbonate minerals, confirming their impact in the process of weath-
ering. Comparably, mass-loss was found to follow the concentration of the carbonate minerals con-
tent, with the highest and lowest values reported for CB and PT respectively. PCA also proved that
the scaling of the leachates based on the volumes of water delivered was efficient in reducing the
difference between replicates, so improving repeatability.

Conclusions

The study presents the results of artificial exposure to surrogate rainwater of three typologies of
sedimentary stones containing different amounts of carbonate minerals and porosity. The dissolution
profiles obtained for each sample, based on the concentrations of cations present in the leachates,
outline a trend of dissolution where Ca is predominant, followed by Mg. PCA was able to distinguish
each sample typology based on the mineral dissolution rate indicated by the element concentrations
in the leachate. The separation into three clusters, each referring to a stone type, was mostly led by
Ca, Mg and K, which were the variables with the highest discriminatory power. It was observed that
the rate of dissolution was not strictly regulated by the mineral concentration, as BN displayed a
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relatively high release of Ca compared to CB. The same sample also displayed a negative correlation
between the volume of surrogate rainwater delivered and the release of Ca, which was not observed
in PT and CB. The replicates of each sample typology displayed a good level of precision in the
dissolution trend, with occasional divergence caused by a slight variation in the volumes of surrogate
rainwater delivered to each samples. The three stones experienced different levels of mass loss,
which was found to be consistent between replicates.

Future Work

Future testing will involve the analysis of a wider range of stone typologies with a wider variety of
compositional and microstructural features. The exposure time will be increased to better under-
stand the long-term leaching behaviour of the stones and identify any variations in the performance
profiles. Additional characterization of the samples will be carried out by X-ray diffraction analysis,
to overcome the inability of X-ray CT to accurately discriminate between different types of carbonate
minerals. X-ray CT will also be performed after exposure to determine the presence of changes in
the stone microstructure by the 3D visualization and elaboration of the data.

Degradation of building stone represents a complex subject, due to the impossibility of controlling
the environment and the high number of variables involved the process. Laboratory and field expo-
sure, along with the non-destructive monitoring of existing buildings, should support this resolution,
with the objective of pursuing the fundamental research to mitigate the possible effects of climate
change. The existing literature and the preliminary results obtained in the present study suggest a
significant level of influence of the microstructural and physical features in the stone performance
after interaction with rainwater. The understanding of the relative impact of the stone intrinsic fea-
tures is a difficult but essential task to plan for appropriate conservation and maintenance strategies.
This is especially relevant in a context where degradation rates are expected to increase as a con-
sequence of climate change.

Acknowledgments

We thank Dr. Katherine Dobson, Alexander J. Clunie, and Dr. James Minto (University of Strath-
clyde), for their assistance in the data acquisition and interpretation. We also thank James Francis
(University of Strathclyde) and John Brown (City of Glasgow College) for their support with samples
preparation.

Built Heritage and Climate Change: Performance Evaluation of1l}:L)aturaI Building Stone Exposed to Rainfall through a Combination of

Image Analysis and Laboratory Leaching Tests 15



Built heritage and climate change: performance evaluation of natural building stone
exposed to rainfall through a combination of image analysis and laboratory leaching tests

References

ABDUL, S. & RICHARD, E. B. 1991. Relationship Between Petrographic Characteristics, Engineering Index Properties,
and Mechanical Properties of Selected Sandstones. Environmental and Engineering Geoscience : . xxviii (1).
DOI: 10.1007/s00603-012-0333-z

AL-HAKKANI, M. F. 2019. Guideline of inductively coupled plasma mass spectrometry "ICP-MS": fundamentals, practices,
determination of the limits, quality control, and method validation parameters. SN APPLIED SCIENCES, 1.
DOI: 10.1007/s42452-019-0825-5

ALTINDAG, R., ALYILDIZ, I. S. & ONARGAN, T. 2004. Mechanical property degradation of ignimbrite subjected to
recurrent freeze-thaw cycles. International Journal of Rock Mechanics & Mining Sciences, 41, 1023-1028.
DOI: 10.1016/j.ijrmms.2004.03.005

AMIRKIYAEI V., GHASEMI, E. & FARAMARZI, L. 2021. Estimating uniaxial compressive strength of carbonate building
stones based on some intact stone properties after deterioration by freeze—thaw. Environmental Earth Sciences, 80,
1-11. DOI: 10.1007/s12665-021-09658-8

BAEDECKER, P. A., REDDY, M. M., REIMANN, K. J. & SCIAMMARELLA, C. A. 1992. Effects of acidic deposition on the
erosion of carbonate stone - experimental results from the U.S. National Acid Precipitation Assessment Program
(NAPAP). Atmospheric Environment. Part B, Urban Atmosphere, 26, 147-158. https://doi.org/10.1016/0957-
1272(92)90018-N

BAYRAM, F. 2012. Predicting mechanical strength loss of natural stones after freeze-thaw in cold regions. Cold Regions
Science and Technology, 83-84, 98-102. DOI: 10.1016/j.coldregions.2012.07.003

BENAVENTE, D. 2011. Why pore size is important in the deterioration of porous stones used in the built heritage. Macla,
15,41- 42. Available at:
https://www.researchgate.net/publication/284904276_Why pore_size_is_important_in_the_deterioration_of_porous_
stones_used_in_the_built_heritage

BLAEUER, C. 1985. Weathering of Bernese sandstones. 5th International Congress on Deterioration and Conservation

of Stone, Lausanne, 1985, 381-390. Available at:
https://www.researchgate.net/publication/235330837_Weathering_of_Bernese_sandstones

BONAZZA, A., MESSINA, P., SABBIONI, C., GROSSI, C. M. & BRIMBLECOMBE, P. 2009. Mapping the impact of climate
change on surface recession of carbonate buildings in Europe. Science of the Total Environment, 407, 2039-2050.
DOI: 10.1016/j.scitotenv.2008.10.067

BRIMBLECOMBE, P. & GROSSI, C. M. C. M. 2007. Damage to buildings from future climate and pollution. APT Bulletin
The Journal of Preservation Technology, 38, 13-18. Available at:
https://www.researchgate.net/publication/271846514_Damage_to_Buildings_from_Future_Climate_and_Pollution

CHAROLA, A. E. & WARE, R. 2002. Acid deposition and the deterioration of stone: A brief review of a broad topic.
Geological Society, London, Special Publications, 205, 393-406. DOI: 10.1144/GSL.SP.2002.205.01.28

DI BENEDETTO, C., CAPPELLETTI, P., FAVARO, M., GRAZIANO, S. F., LANGELLA, A., CALCATERRA, D. & COLELLA,
A. 2015. Porosity as key factor in the durability of two historical building stones: Neapolitan Yellow Tuff and Vicenza
Stone. ENGINEERING GEOLOGY, 193, 310-319. DOI: 10.1016/j.engge0.2015.05.006

FRANZEN, C. & MIRWALD, P. W. 2004. Moisture content of natural stone: static and dynamic equilibrium with atmospheric
humidity. Env Geol, 46, 391-401. Available at: https://link.springer.com/article/10.1007/s00254-004-1040-1

FRANZONI, E. & SASSONI, E. 2011. Correlation between microstructural characteristics and weight loss of natural stones
exposed to simulated acid rain. Science of the Total Environment, 412-413, 278-285.
DOI: 10.1016/j.scitotenv.2011.09.080

16


http://dx.doi.org/10.1007/s00603-012-0333-z
https://link.springer.com/article/10.1007/s42452-019-0825-5
http://dx.doi.org/10.1016/j.ijrmms.2004.03.005
https://link.springer.com/article/10.1007/s12665-021-09658-8
https://doi.org/10.1016/0957-1272(92)90018-N
https://doi.org/10.1016/0957-1272(92)90018-N
http://dx.doi.org/10.1016/j.coldregions.2012.07.003
http://dx.doi.org/10.1016/j.scitotenv.2008.10.067
http://dx.doi.org/10.1144/GSL.SP.2002.205.01.28
http://dx.doi.org/10.1016/j.enggeo.2015.05.006
http://dx.doi.org/10.1016/j.scitotenv.2011.09.080

Built heritage and climate change: performance evaluation of natural building stone
exposed to rainfall through a combination of image analysis and laboratory leaching tests

GOKCEOGLU, C., ULUSAY, R. & SONMEZ, H. 2000. Factors affecting the durability of selected weak and clay-bearing
rocks from Turkey, with particular emphasis on the influence of the number of drying and wetting cycles. Engineering
Geology, 57, 215-237. DOI: 10.1016/S0013-7952(00)00031-4

JAMSHIDI, A., NIKUDEL, M. R. & KHAMEHCHIYAN, M. 2015. Estimating the engineering properties of building stones
after freeze-thaw using multiple regression analysis. Iranian Journal of Science and Technology, Transaction A:
Science, 39, 147-163. Available at:
https://www.researchgate.net/publication/281927664_Estimating_the_engineering_properties_of_building_stones_aft
er_freeze-thaw_using_multiple_regression_analysis

KARACA, Z. 2010. Water absorption and dehydration of natural stones versus time. CONSTRUCTION AND BUILDING
MATERIALS, 24, 786-790. DOI: 10.1016/j.conbuildmat.2009.10.029

LIPFERT, F. W. 1989. Atmospheric damage to calcareous stones: Comparison and reconciliation of recent experimental
findings. Atmospheric Environment (1967), 23, 415-429. DOI: https://doi.org/10.1016/0004-6981(89)90587-8

MCCABE, S., BRIMBLECOMBE, P., SMITH, B. J., MCALLISTER, D., SRINIVASAN, S. & BASHEER, P. A. M. 2013. The
use and meanings of time of wetness in understanding building stone decay. Quarterly journal of engineering geology
and hydrogeology, 46, 469-476. DOI: 10.1144/qjegh2012-048

MUTLUTURK, M., ALTINDAG, R. & TURK, G. 2004. A decay function model for the integrity loss of rock when subjected
to recurrent cycles of freezing-thawing and heating-cooling. International Journal of Rock Mechanics and Mining
Sciences, 41, 237-244. DOI: 10.1016/S1365-1609(03)00095-9

OZCELIK, Y. & OZGUVEN, A. 2014. Water absorption and drying features of different natural building stones. Construction
and Building Materials, 63, 257-270. DOI: 10.1016/j.conbuildmat.2014.04.030

SABA, M., QUINONES-BOLANOS, E. E. & BARBOSA LOPEZ, A. L. 2018. A review of the mathematical models used for
simulation of calcareous stone deterioration in historical buildings. Atmospheric Environment, 180, 156-166.
DOI: 10.1016/j.atmosenv.2018.02.043

SABBIONI, C., CASSAR, M., BRIMBLECOMBE, P. & LEFEVRE, R. A. 2009. Vulnerability of cultural heritage to climate
change. Pollution Atmospherique, 157-169. Available at:
https://www.researchgate.net/publication/288707846_Vulnerability_of cultural_heritage_to_climate_change

SCHINDELIN, J., ARGANDA-CARRERAS, |., FRISE, E., KAYNIG, V., LONGAIR, M., PIETZSCH, T., PREIBISCH, S,,
RUEDEN, C., SAALFELD, S., SCHMID, B., TINEVEZ, J.-Y., WHITE, D. J., HARTENSTEIN, V., ELICEIRI, K.,
TOMANCAK, P. & CARDONA, A. 2012. Fiji: An open-source platform for biological-image analysis. Nat Methods, 9,
676-682. DOI: 10.1038/nmeth.2019

SCRIVANO, S., GAGGERO, L. & AGUILAR, J. G. 2018. Micro-porosity and minero-petrographic features influences on
decay: Experimental data from four dimension stones. CONSTRUCTION AND BUILDING MATERIALS, 173, 342-349.
DOI: 10.1016/j.conbuildmat.2018.04.041

SESANA, E., GAGNON, A. S., BONAZZA, A. & HUGHES, J. J. 2020. An integrated approach for assessing the
vulnerability of World Heritage Sites to climate change impacts. Journal of Cultural Heritage, 41, 211-224. DOI:
https://doi.org/10.1016/j.culher.2019.06.013

SESANA, E., GAGNON, A. S., CIANTELLI, C., CASSAR, J. A. & HUGHES, J. J. 2021. Climate change impacts on
cultural heritage: A literature review. Wiley Interdisciplinary Reviews: Climate Change, 12, 1-29. DOI:
https://doi.org/10.1002/wcc.710

STEIGER, MICHAEL AND CHAROLA, A. ELENA. 2011. "Weathering and Deterioration." in Stone in Architecture, edited

by Siegesmund, Siegfried and Snethlage, Rolf., 227-316. Berlin Heidelberg: Springer-Verlag.
https://doi.org/10.1007/978-3-642-14475-2_4

SUMNER, P. D. & LOUBSER, M. J. 2008. Experimental sandstone weathering using different wetting and drying moisture
amplitudes. 990, 985-990. DOI: https://doi.org/10.1002/esp.1586 DOI: https://doi.org/10.1002/esp.1586

VILES, H. A. 2013. Durability and conservation of stone: coping with complexity. Quarterly Journal of Engineering Geology
and Hydrogeology, 46, 367-375. DOI: 10.1144/gjegh2012-053

17


http://dx.doi.org/10.1016/S0013-7952(00)00031-4
http://dx.doi.org/10.1016/j.conbuildmat.2009.10.029
https://doi.org/10.1016/0004-6981(89)90587-8
http://dx.doi.org/10.1144/qjegh2012-048
http://dx.doi.org/10.1016/S1365-1609(03)00095-9
http://dx.doi.org/10.1016/j.conbuildmat.2014.04.030
http://dx.doi.org/10.1016/j.atmosenv.2018.02.043
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.041
https://doi.org/10.1007/978-3-642-14475-2_4
http://dx.doi.org/10.1144/qjegh2012-053

Built heritage and climate change: performance evaluation of natural building stone
exposed to rainfall through a combination of image analysis and laboratory leaching tests

WEBB, A. H., BAWDEN, R. J., BUSBY, A. K. & HOPKINS, J. N. 1992. Studies on the effects of air pollution on limestone
degradation in Great Britain. Atmospheric Environment. Part B, Urban Atmosphere, 26, 165-181. DOI:
https://doi.org/10.1016/0957-1272(92)90020-S

YAVUZ, H., ALTINDAG, R., SARAC, S., UGUR, I. & SENGUN, N. 2006. Estimating the index properties of deteriorated
carbonate rocks due to freeze-thaw and thermal shock weathering. International Journal of Rock Mechanics & Mining
Sciences, 43, 767-775. DOI: https://doi.org/10.1016/}.ijrmms.2005.12.004

Funding

NG is funded by the University of Strathclyde Research Studentship Scheme under a Research
Excellence Award PhD studentship

Conflict of Interests Disclosure
The authors have no conflicts of interest to declare.

Author Contributions

Conceptualization: Noemi Giovelli, Cristina Gonzalez-Longo, Christine M. Davidson
Data curation: Noemi Giovelli, Christine M. Davidson

Formal Analysis: Noemi Giovelli, Christine M. Davidson

Investigation: Noemi Giovelli, Christine M. Davidson

Methodology: Noemi Giovelli, Cristina Gonzalez-Longo, Christine M. Davidson
Project Administration: Noemi Giovelli

Supervision: Cristina Gonzalez-Longo, Christine M. Davidson

Writing — original draft: Noemi Giovelli

Writing — review & editing: Cristina Gonzalez-Longo, Christine M. Davidson

18


https://doi.org/10.1016/j.ijrmms.2005.12.004

	Abstract
	Introduction
	Aims and Objectives

	Materials and Methods
	Sample selection and preparation
	Image Analysis
	Artificial ageing through exposure to surrogate rainwater
	Trace element analysis
	Statistical treatment

	Results
	Discussion
	Conclusions
	Future Work
	Acknowledgments
	References
	Funding
	Conflict of Interests Disclosure
	Author Contributions



