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Abstract

In this PhD thesis, a diagnostic and experimental study was conducted to investigate
the conservation behaviour of gypsum-based replicas used in 19" century heritage
collections. These casts, widely adopted for educational and display purposes in museums,
are often housed in indoor environments lacking environmental control, making them highly
vulnerable to degradation. The first part of the study focuses on selected group of historical
plaster replicas conserved at the Museum of Roman Civilisation, in Rome, combining
microclimatic monitoring with non-invasive and micro-invasive analyses to assess their
composition, state of conservation, and the relationship with the indoor microclimatic
conditions to which they are exposed.

In the second phase, mock-up samples replicating historical formulations were prepared
and subjected to artificial ageing to evaluate the material response and the effectiveness of
protective treatments commonly applied in conservation practice, using a combination of
analytical techniques including Fourier-Transform Infrared spectroscopy, optical
profilometry, scanning electron microscopy, and colourimetric analysis.

The final part of the research investigates the pore structures and their relationship with
environmental factors, using a multi-analytical and multi-scale approach. Techniques such as
nitrogen physisorption, mercury intrusion porosimetry, imaging digital analysis and X-ray
micro-tomography were employed to characterise porosity before and after artificial ageing.
By combining the study of historical case studies with controlled laboratory experiments, this
research provides new insight into the deterioration mechanisms of gypsum materials and
supports the development of preventive conservation strategies that account for their

physical properties and response to indoor environmental stresses.



Sommario

11 progetto di dottorato presenta uno studio diagnostico-sperimentale volto ad indagare
I'evoluzione conservativa dei calchi in gesso realizzati nel XIX secolo, oggi parte integrante
di numerose collezioni storico-artistiche. Questi manufatti, ampiamente impiegati a fini
didattici ed espositivi, sono spesso conservati in ambienti interni privi di climatizzazione e
controllo microclimatico, risultando quindi particolarmente vulnerabili al degrado. La prima
parte della ricerca si concentra su un nucleo di calchi storici conservati al Museo della Civilita
Romana a Roma, esaminati mediante monitoraggio microclimatico 7 situ e tecniche
diagnostiche non invasive e micro-invasive, per valutarne la composizione, lo stato di
conservazione ¢ la relazione con le condizioni microclimatiche di esposizione.

La seconda fase riguarda campioni di laboratorio formulati come analoghi di miscele
storiche, sottoposti a cicli di invecchiamento accelerato per valutare la risposta dei materiali
e lefficacia di trattamenti protettivi correntemente impiegati nella pratica conservativa,
attraverso analisi quali spettroscopia infrarossa, profilometria ottica, microscopia elettronica
a scansione e colorimetria.

L’ultima parte della tesi indaga 'evoluzione della porosita e il suo rapporto con i fattori
ambientali mediante un approccio muli-analitico e multi-scala. Combinando casi studio in
situ e prove controllate in laboratorio, la ricerca chiarisce 1 meccanismi di degrado dei
materiali a base di gesso e sostiene la definizione di strategie di conservazione preventiva

calibrate sulle loro proprieta fisiche e sulla risposta agli stress ambientali in interno.

il



Contents

AADSEIACT vttt 1
SOMMATIO 1.ttt bbb a et i
COMEENES ..ttt bbbttt 1ii
List Of ADDIEVIAIONS c.evviiiiiiiiiiiiiccc s viil
1. INEOAUCHON oo 1
1.1 Properties and transformation of gypsum ..., 2
1.2 Environmental conditions and conservation challenges ..........ccocccccevvricierrinienee. 4
1.3 Research background and ObJeCtiVes.......c.oicueuviiciiiniiciciriccrcceeeeenee 6
1.4 Structure of the thesis ... 8

Part 1: Gypsum replicas in indoor environments: the case of Trajan’s Column

at the Museum Of ROMAN CIVILSAION vevvveieeeieeieeeeee et ettt eeeteeeeeeeeeeeseeeeseeeeeeeesenesenes 8

Part 2: Conservation strategies for plaster replicas: insight into gypsum

MIXtures and ProtECtiVE COATINZS ...vuurumiuuerriiaererriieeieseitseseseasisesesssessesessesssssesessssssesessssesens 8

Part 3: Inside porosity: effects of artificial ageing on the decay of heritage

GYPSUM MALETIALS ..ottt 9
R EIEIICES vttt ettt sa b s at e at e s bt e sab e s bt esatesasesssesrsesasesasas 11
2. Matetials and MEthOdS....oiiiiiiiiiiiiiiiieeeeee ettt ettt r e st s ae s a e 15

Part 1: Gypsum replicas in indoor environments: the case of Trajan’s Column at

the Museum Of ROMAN CIVIHSAtION cuvvtiiuveiiriieetieeeereeeeeeeireeeeeteeerteeearesesaeessseessssesennesesseessseesnee 15

Part 2: Conservation strategies for plaster replicas: insight into gypsum mixtures

AN PLOLECHVE COAUNZS wevuvurererrrriererriieetetseeaeseseeeaesesseseae s eseaesesseseeesessesesesesssssaesesssssesesssseses 16

Part 3: Inside porosity: effects of artificial ageing on the decay of heritage gypsum

materials 16

3. Part 1: Gypsum replicas in indoor environments: the case of Trajan’s Column at

the Museum Of ROMAN CIVIIISAtION ..cccutiieieeeeeeieeeeeee ettt et et eeeeeeeereeseaeeseseesesesesseessseessssessnnes 18

3.1 ItEOAUCTION «tteteeeeeeeee ettt et et e et e et e et e et eeeeeeneeeneeeseeaseeeneeaseeeseeaneesreesseeaneeas 19

il



3.1.1 Indoor microclimate and the preservation of gypsum replicas.................... 19
3.1.2 Representativeness of the Trajan’s Column plaster replicas ........cccevvvvenceee. 20
3.1.3 Historical background of the plaster replicas of Trajan’s Column............... 21

3.1.4 Room LI: Trajan’s Column replicas at the Museum of Roman Civilisation22

3.2 MAterialS .oviiiiiiiiii s 23
3.3 MEthOAS .ot 26
3.3.1 Microclimatic MONILOIING ....cucuiviiriiiiiiiciiiccri s 26
3.3.2 10 SItU SULVEY cevviviiniiiiieiciiiieteteiett sttt sne 27
3.3.3 Microchemical and mineralogical characterisation ...........ceceeeeveviccurrreeane 28
3.3 RESUILS .t 30
3.3.1 Microclimatic MONItOIING ....c.cviviiiiiiiiiiiiciiiicce s 30
3.3.1.1 First phase: November 2022-May 2024..........cccocovviviiiniiniiniiiicininnns 30
3.2.1.2 Thermal survey and identification of critical areas.........ccoeveeuevveeecrennnes 32
3.3.1.3 Second phase: May 2024-May 2025 ......c.ccocoeuemvniemerriniciniriieenrieenennaes 33
3.3.1.4 Monthly mean indoof tEMPErature .........ooceuevviiruriiiieieinineeisserennnes 36
3.3.2 Case study: plaster replica MCR_3052 ........ccccoevviviminniniiiiniiceicceiienens 36
3.3.2.1 On-site survey and degradation Mapping.........ccccevvevveevevviricreiiirneneninnns 36
3.3.2.2 Spectrophotometric analysiS........ccccvvirivinininininininiiiccccceeeeeenes 40
3.3.2.3 Active infrared thermography .........cccccevniceininicierninieereeereeeneenes 42
3.3.3 Microchemical and mineralogical characterisation ..........ccccoeevviviecnriiinnen. 43
3.3.3.1 XRPD .ottt s 43
3332 FESEM-EDS ..o 44
3.3.3.3 u-Raman SPeCctroSCOPY ..ot 46
3.3.3.4 ATR-FTIR ..ot 48
3335 TGA-DSC ..ot 50
3.3.3.0 HIS oo 51

3.4 DISCUSSION ..ttt bbbt 55
3.4.1 Microclimatic MONILOLING ....vvviiriiiiiiiiciccceeieeere et 55



3.4.2 ON-SILE SULVEY ovviiiiiiiiiiciiiiisieieci et 57

3.4.3 Microchemical and mineralogical characterisation .........ccceevvvivicciniiinnnne. 58

3.5 CONCIUSION . ...cuiiiiitieiciet ettt ettt 60
RELCIEIICES ettt ettt sttt 62
ANNEX — PALT 1ottt 68

PLOTECTIVE COAINZS covvvivirririiiiitititititie sttt bsa bbb nenes 86
4.1 INErOAUCHON coeiiiieiii bbb 87
4.2 MALELIALS ..o 90

4.2.1 Technical specifications of raw materials ..o, 95
4.3 MEhOAS .ttt 97
4.3.1 Analytical teChNIQUES .....cceviieeiciiicieicere e eaeene 97
4.3.2 Accelerated AZEING ....c.ovvueueuiiiiiiriieieiieee e 99
A4 RESULLS .o 102
4.4.1 Chemical and mineralogical characterisation..........ccccovvvviicrriniicnniiienennnn. 102
4.4.2 Hygrothermal ageing .........cccvuviiuiiiiiiiiiiiniiiiiicirsicsssesesssssesnes 104
4.4.2.1 Macroscopic evaluation after ageing .........ccocceeueueueeieriinininininininsisiinn. 104
4.4.2.2 FTIR SPECLIOSCOPY .evvrviiiiiiiisisisiisisicisicisieieiesesesssesssssssssssessssssssssssens 105
4.4.2.3 Optical light profillometry ..o 107
4.4.2.4 COLOUIIMELLY c..vvvriiriieiieii e bes et s s 110

4.4.3 TAGNt AZEING ..cvviiiiiiiiic s 112
4.4.3.1 FTIR SPECLIOSCOPY .vvviiiiiiinisisisiicisicisicisieeieseiesesessssssssssse s sssssssssssns 112
4.4.3.2 Optical light profilometry ..o, 112
4.4.3.3 COlOULIMELIY ....cuviiieiiiiiieicicst e 114

4.5 DISCUSSION 1.ttt 115
4.5.1 Chemical and mineralogical characterisation...........ccceeuvevivivininiiniiicccnnes 115
4.5.2 Hygrothermal ageing ..........ccccviiiiiiiiiiiiiiiiiiiiiinissisccscceeenes 118
4.5.2.1 Macroscopic evaluation after ageing .........ccccceeeueueuerrinineninininisininisinenn. 118



4.5.2.1 FTIR SPECLLOSCOPY evuvrvririiiiiisisisisiisieicieieieienenesesesesesesesssssesesesesssssssssens 119

4.5.2.2 Optical light profillometry .........ccooceviviiiiiiiices 121
4.5.2.3 COlOULIMELIY ....cuvviieiiiiiiicicicc s 125
4.5.3 Light QZEINg ...cvivviiiiiiiiiiiiicc e 128
4.5.3.1 FTIR SPECLIOSCOPY .vvviiiiiiiiinisiiciincisicisiciesesesessssssssssssssss s 128
4.5.3.2 Optical light profillometry ........ccccoveeiviiiiiiiiicees 129
4.5.3.3 COlOULIMELLY ...ovviiiiiiiiisicc bbb 131
4.5.4 Summary Of the OULCOMES.....cccviuiiuiriuireieieieieieieieieies e 133
4.6 CoNCIUSION ...t 135
RELEIEIICES o 136

5. Part 3: Inside porosity: effects of artificial ageing on the decay of heritage gypsum

MALEIIALS oottt 141
5.1 INIOAUCHON .ottt 142
5.2 MAterIalS ..ottt 145
5.3 MEthOS ..ottt 147

5.3.1 Analytical procedure........cccviiiiiiiiiiiiiniiinii e 147
5.3.1.1 POLOSILY ..ottt 148
5.3.1.2 Accelerated ageing.......ccoeueururiiueuriniiieiririeeieisieesenseee e 152
5.3.1.3 Hygroscopic water adSOrPtOn ......cccevviireiiriiiiiiniiiiieneiicesssscseneninns 152

5.4 RESUILS o 153

5.4.1 Nitrogen physisorption (NP) .......cccceiiiiiiiiiiiiiiieeens 153

542 MIP it s 154

5.2.3 2D Image Processing ...t 155

5.2.3 3D MICLO-CT ..ttt 158

5.4.5 Hygroscopic sorption behaviour ... 162

5.5 DISCUSSION w.voviiiiiiiiiiiiiiciii st 163
5.5.1 Nitrogen physisorption (NP) .......cccoeviiiiiiiiiiiiiicces 163
5.5.2 MIP it s 166

vi



5.5.3 2D ImMage ProCessSINg......ccccvcuiiiniiiiiiiiiiiiiiccie s 169

5.5.4 3D MICLO-CT vttt se s esesese s esesesenenaes 172
5.5.5 Correlation between porosity and hygroscopic sorption behaviour .......... 176

5.0 CONCIUSION ...ttt s 177
RELCIEIICES ottt 178

6. OVELall CONCIUSIONS vttt ettt ettt es 183
6.1 Future developments ... s 185
RELCIEIICE ittt bbbt 186
Supplementary MaterialS........cccoiiiiiiiiiiiii s 187
ACKNOWIEAZEMENLS ...t 206

vii



ATR
BET
BJH
BSE
CPR
DIA
DSC
EDS
ER
FESEM
FTIR
HIS
MCR
micro-CT
MIP
NIR
PCA
PVA
RH

Sa
SAM
SEM
Sq
SWIR
T
Tb.Th
TGA
TPR
XRPD
XRF

List of Abbreviations

Attenuated Total Reflectance
Brunauer-Emmett-Teller
Barrett-Joyner-Halenda

Backscatter Electron

Critical Pore Radius

Digital Image Analysis

Differential Scanning Calorimetry
Energy-Dispersive X-ray Spectroscopy
External Reflection (FTIR mode)

Field Emission Scanning Electron Microscopy
Fourier Transform Infrared Spectroscopy
Hyperspectral Imaging

Museum of Roman Civilasion

X-ray Microtomography

Mercury Intrusion Porosimetry

Near-Infrared

Principal Component Analysis

Polyvinyl Alcohol

Relative Humidity

Arithmetical Mean Height (surface parameter)
Spectral Angle Mapper

Scanning Electron Microscopy

Root Mean Square Height (surface parameter)
Short-Wave Infrared

Temperature

Trabecular Thickness

Thermogravimetric Analysis

Threshold Pore Radius

X-ray Powder Diffraction

X-ray Fluorescence

viii



1. Introduction

Gypsum has a long tradition of use in the arts, owing to its low cost, wide availability,
and suitability for moulding. Since antiquity, calcium sulphate-based materials have been
employed in a variety of context, from Egyptian funerary architecture to Roman stucco and
the plaster decorations of Islamic and Renaissance buildings [1-3].

Between the 18" and 19" centuries, plaster became increasingly important for the
reproduction of ancient sculpture. The development of public museums and the growing
interest in antiquity encouraged the production of casts as teaching and documentary tools,
widely disseminated across European academies and institutions [4].

Due to its workability, rapid setting, and ability to retain fine details, gypsum was
particularly suited to the large-scale production. At the same time, historical recipe books
document a wide range of additives, both organic and inorganic, introduced to adjust
workability, setting time, cohesion, or appearance [4-7]. This resulted in mixtures with
notably different porosity, strength, and long-term durability.

Despite their historical and educational significance, 19" century plaster casts are often
among the most fragile and challenging objects to conserve in museum collections. Their
softness, high porosity, and sensitivity to moisture make them particularly vulnerable to
fluctuating indoor climates. Repeated cycles of water absorption, drying, and temperature
variation may induce swelling, cracking, salt migration, and surface powdering, effects that
can be exacerbated by incompatible past conservation materials [8].

Although research on the conservation of gypsum materials has expanded in recent
years, several critical aspects remain insufficiently investigated. In particular, the long-term
behaviour of historical formulations under fluctuating indoor conditions is still pootly
documented, as is the stability of protective treatments over extended periods.

This research originates from the study of the 19™ century plaster replicas of Trajan’s
Column, currently housed in Room LI of the Museum of Roman Civilisation in Rome. This
case provided a representative example of gypsum artefacts exposed to unsuitable indoor
environments. From this context, the investigation expanded to explore the properties and
conservation behaviour of gypsum-based materials through analytical characterisation and

artificial ageing experiments.



1.1 Properties and transformation of gypsum

Gypsum, or calcium sulphate dihydrate (CaSO4:2H,0), is a widely available mineral that
has been employed since antiquity in a broad range of applications, appreciated for its ease
of extraction, affordability and ability to capture fine details through moulding and casting
processes [4,9].

Upon heating, gypsum undergoes a thermal dehydration process. Between
approximately 100 and 200 °C, it releases part of its structural water and transforms into
calcium sulphate hemihydrate (CaSOy-2H,0O), commonly known as Paris gypsum. This
transformation, known as calcination, forms the basis of traditional plaster production and

can be summarised by the following reaction [10]:

Calcination (dehydration):
CaSO42H,0 (s) — CaSO,4 2H,O (s) + 1.5H,0 (g)

When combined with water, the hemihydrate rapidly rehydrates and recrystallises into
gypsum [11]. This exothermic reaction leads to the formation of an intergrown network of
crystals, whose morphology depends on the type of hemihydrate, additives, and setting
conditions [12,13]. Once hardened, it forms a cohesive and rigid structure, whose mechanical

behaviour depends on the formulation and setting process:

Setting (hydration):
CaSO42H20 (s) + 1.5H,O (I) — CaSO4-2H,0O (s) + ~ 137 kJ

Two main forms of hemihydrate can be produced depending on the calcination
environment:
B-hemihydrate, obtained through dry calcination in open vessels and commonly

referred to as Paris gypsum;

a-hemihydrate, produced under pressure in a saturated steam atmosphere, often

associated with alabaster gypsum.
Although they share the same chemical composition, these two forms differ in
morphology and behaviour. The B-form typically results in a more porous, less cohesive
material, while the a-form leads to denser, more homogeneous network, characterised by

improved mechanical properties and lower water absorption [14,15].



In traditional production settings, particularly in pre-industrial kilns, temperature
control during calcination was limited, and some areas could locally rise to 600-800 °C. As a
result, historical gypsum-based materials often consist of a mixture of calcium sulphate
phases: unreacted dihydrate, hemihydrate, and various forms of anhydrite (CaSO,), including
anhydrite II [13]. This multiphase composition has a direct impact on the setting behaviour
and mechanical properties of the final product. For instance, the presence of anhydrite 11
may improve mechanical resistance, but also slow down the hydration process. Residual
dihydrate, on the other hand, can act as a filler, conversely, compromise material’s cohesion
[12].

Moreover, recent researches on thermodynamics and phase diagrams have shown that
gypsum dehydrates to anhydrite at temperature above approximately 42 °C under
equilibrium conditions. However, the transformation is kinetically slow, and metastable
intermediates such as bassanite and soluble anhydrite are typically formed [11]. These
metastable phases are particularly relevant in heritage materials, where they can persist over
time and affect both moisture interaction and reactivity [11].

Historical gypsum formulations were often modified through the addition of organic
and inorganic additives, aimed at enhancing specific characteristics such as plasticity, setting
time, surface finish, or durability. Animal glue, for instance, was frequently employed to
improve workability and internal cohesion, although its hygroscopicity and biodegradable
nature increased the material’s vulnerability to biological activity and water retention [9].
Additionally, high concentration of organic additives has also been found to stabilise
metastable phases such as bassanite [10].

Inorganic components such as marble powder, kaolin, or lime were frequently added to
improve surface appearance or reduce shrinkage. Marble powder, which is fine and
chemically inert, functions as a pore-filling agent that enhances density and whiteness.
Meanwhile, kaolin can improve plasticity and minimise drying cracks, although it may also
increase the material’s sensitivity to moisture [17].

From a conservation perspective, porosity represents a critical parameter, as it controls
moisture transport, mechanical stability, and the material’s response to environmental
fluctuations. The rapid setting of hemihydrate-based formulations results in a heterogeneous
pore network, whose morphology depends on both the intrinsic characteristics of the raw
material and the processing conditions. Capillary water uptake, dissolution-recrystallisation
cycles, and dehydration phenomena are all directly related to the geometry, size, and

distribution of these pores.



Compared to other heritage materials, such as lime-based mortars, gypsum exhibits
significantly higher solubility and water sensitivity, which makes it particularly susceptible to
damage in unstable indoor environments. Understanding its physical and chemical
transformations, as well as its textural properties, is therefore essential not only to assess
degradation mechanisms, but also to develop conservation strategies that are both effective

and sustainable.

1.2 Environmental conditions and conservation challenges

Although gypsum has historically been employed in indoor settings, where direct
exposure to weathering agents is reduced, it remains highly vulnerable to fluctuations in
temperature and relative humidity. Its porous and hygroscopic nature makes it particularly
sensitive to variations in temperature (T) and relative humidity (RH). In the absence of
adequate environmental control systems, which are often lacking in historic buildings and
museum contexts, fluctuations of T and RH can lead to progressive and cumulative damage
over time [18,19].

Microclimatic variations may occur on different spatial and temporal scales, with
variable intensity depending on material properties, architectural layout, and the specific
location within the room. Even within the indootr environment, factors such as solar
exposure, air circulation, and the proximity of objects to external walls or windows can
generate significant hygrothermal gradients. In gypsum-based artefacts, these fluctuations
can promote the absorption and desorption of water vapour, phase transitions, and facilitate
the mobilisation and crystallisation of soluble salts, resulting in cracking, surface powdering,
delamination, and loss of cohesion [4].

Water can accumulate within the pore network through vapour adsorption or capillary
condensation when RH exceeds critical thresholds. If these humid conditions are followed
by rapid drying, crystallisation and shrinkage processes may occur, generating internal stress
and promoting micro-fracturing of the matrix. When repeated over time, wet-dry cycles
gradually weaken the internal cohesion of the material and accelerate surface degradation
[20]. Under particularly dry conditions, characterised by low RH and elevated temperatures,
partial dehydration may induce the transformation of gypsum into bassanite, resulting in a
loss of mechanical integrity and cohesion. Although this phase change is theoretically
reversible, extended dehydration can lead to structural instability and irreversible damage

[19].



At the same time, prolonged exposure to high RH, typically above 80 %, can promote
salt solubilisation and recrystallisation cycles, as well as microbial proliferation, particularly
in areas affected by condensation or water infiltration. Moisture also acts as a catalyst for
redox and hydrolytic reactions, further contributing to chemical degradation [18]. In such
conditions, gypsum itself may partially dissolve, leading to the formation of secondary
mineral phases and significant alterations in surface texture and porosity [21,22].

In this context, long-term microclimatic monitoring is essential for preventive
conservation. According to European standard UNI EN 15757 (2010), environmental
monitoring in indoor heritage settings should be carried out for a minimum duration of one
year to reliably assess seasonal variations and confirm the stability of temperature and
humidity conditions over time [23]. It enables for the identification of seasonal and daily
cycles, spatial variability, and critical risk thresholds, thus supporting the development of site-
specific conservation strategies. Although international standards such as UNI 10829:1999
[24] suggest optimal conservation parameters for gypsum artefacts (typically 45-60 % RH
and 15-25 °C), recent researches have questioned the validity of fixed thresholds, highlighting
the importance of assessing the so-called Jistoric climate, i.e., the environmental conditions to
which artefacts have gradually adapted over time [25].

The long-term stability of gypsum replicas depends on a complex interaction between
material composition, microclimatic variability, and architectural features. Material
heterogeneities, such as metal reinforcements, coatings, or restoration compounds, can
create localised weathering phenomena with formation of secondary products of alteration
or mechanical discontinuities, causing internal cracks or detachments, e.g., due to moisture
transport or thermal stress, which may exacerbate localised decay phenomena [4,19].

Although less common in indoor settings, freeze-thaw mechanisms may still be relevant
in unheated buildings during winter months, especially when temperature fluctuations fall
below 0 °C. In these cases, the formation of ice crystals within the pore network can promote
microcracking and material detachment over time [26].

Opverall, the environmental response of gypsum-based materials is governed by the
equilibrium between thermal and hygroscopic processes. Ensuring their long-term
preservation requires a clear understanding of both their intrinsic fragility and the complexity
of the surrounding microclimate. In this context, integrated monitoring strategies campaigns
and material-specific risk assessments represent essential tools for site-specific conservation
strategies [21,27]. Given the environmental vulnerabilities, a more in-depth investigation into

the behaviour of historical gypsum materials was needed.



1.3 Research background and objectives

While many studies have addressed the properties of historic plasters and mortars
[19,28-31], with a focus on aspects such as mechanical properties [9,20,32,33] and
mineralogical composition [13,34,35], specific studies addressing the conservation of plaster
replicas are still relatively scarce.

One of the main challenges in preserving historical casts is the lack of sufficient
documentation regarding the variability in their composition and microstructure. As
discussed in several historical manuals [6,7], these materials were not standardised;
formulations were often modified by incorporating organic and inorganic components such
as animal glue, marble powder, and kaolin, aimed at improving cohesion, workability, or
surface finish [9]. These modifications, combined with the lack of strict control over
traditional calcination processes, meant that the physical, mechanical and microstructural
properties of the final product could not be guaranteed, leading to wide variability. As a
result, plaster casts not only differ from modern industrial gypsum materials, but also
significantly from one another, with their degradation patterns strongly linked to this
heterogeneity. Nonetheless, many conservation studies are still based on simplified
formulations. Tests are often carried out on pure forms of gypsum, failing to reproduce the
more complex and heterogenous mixtures typically found in historical casts. These variables
influence setting behaviour, porosity, and long-term durability, and should be carefully
considered when evaluating conservation options.

Another aspect that is still not well understood is how gypsum replicas respond to
changes in indoor climate. Due to its partial solubility and high hygroscopicity, gypsum is
very sensitive to variations in temperature and humidity. These conditions can lead to
processes such as surface erosion, pulverisation, cracking and dissolution of the material.
This is further complicated by the presence of metastable phases, such as bassanite, which
can rehydrate over time and weaken the structure.

Previous conservation treatments could also add complexity to their preservation
process. Traditional coatings such as wax, shellac (a natural resinous varnish), and kaolin
were often applied to reduce porosity and protect the surface [4,5]. In more recent years,
synthetic materials like acrylic resins or polyvinyl alcohol have been tested as consolidants or
reversible protective layers. However, their long-term stability under fluctuating
environmental conditions is still not fully understood. Some coatings may block moisture
exchange or promote salt crystallisation behind the treated layer, while others can change the

surface appearance or react incompatibly with the underlying material.



Understanding how historical gypsum materials behave under environmental stress
required a comprehensive analytical approach. This study combined 77 situ observations,
laboratory analysis, and artificial ageing to investigate the conservation behaviour of 19®
century plaster casts, with a particular focus on how composition, porosity, and
environmental conditions influenced their stability over time. A wide range of
complementary techniques was employed to characterise the materials and monitor their
changes, including X-Ray Powder Diffraction (XRPD) for phase identification, Field
Emission Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy
(FESEM-EDS) for microstructural and elemental analysis, Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopy (ATR-FTIR) and p-Raman spectroscopy for
detecting organic and inorganic components, and Thermogravimetric Analysis coupled with
Differential Scanning Calorimetry (TGA-DSC) for investigating dehydration behaviour.
Porosity was assessed using Nitrogen Physisorption (NP), Mercury Intrusion Porosimetry
(MIP), and Digital Image Analysis (DIA), while X-ray Microtomography (micro-CT)
provided insights into the internal structure before and after ageing.

To reproduce the variability observed in historical casts, mock-up samples were
prepared based on traditional recipes using both alabaster and Paris gypsum, mixed with
traditional additives such as marble powder, kaolin, animal glue, and wood powder. Selected
samples were coated with protective coatings, including PVA, acrylic resin and kaolin
suspensions, and then subjected to artificial ageing cycles simulating temperature, humidity
and UV fluctuations.

This multidisciplinary approach was developed to reach the following research
objectives:

Assess conservation state of original casts through in situ measurements;

Characterise the composition, and microstructure of historical samples;
Replicate historical formulations and monitor their response under controlled
hygrothermal and photo-induced ageing, focusing on both surface and bulk
porosity changes;

Evaluate the stability and long-term behaviour of protective coatings;

Better understand the main degradation mechanisms and identify conservation
strategies that consider the specific features of the materials and the

environments.



By improving the understanding of how material composition, porosity, and
environmental exposure interact, this research provides a solid foundation of the

development of more effective and tailored conservation strategies.

1.4 Structure of the thesis

The structure of the thesis reflects the interdisciplinary approach adopted in this
research, combining on-site surveys, laboratory experiments, and multi-analytical
investigations. The thesis is divided into three parts, each addressing a different aspect of the
research while contributing to a cohesive investigation of gypsum-based replicas.

The overall structure of the thesis and the contribution of each part to the research is

presented in Figure 1. Below is a brief presentation of the main goals for each part.

Part 1: Gypsum replicas in indoor environments: the case of Trajan’s Column

at the Museum of Roman Civilisation
This part focuses on the 19" century plaster replicas of Trajan’s Column preserved in
Room LI of the Museum of Roman Civilisation in Rome, currently housed in an
environment without climate control. A two-year microclimatic monitoring campaign was
conducted to analyse temperature, relative humidity, and dew point trends. These data were
integrated with a diagnostic survey of 35 casts and a multi-analytical investigation of selected
samples using colourimetry, infrared thermography, FESEM, XRPD, ATR-FTIR, u-Raman
spectroscopy, hyperspectral imaging, and TGA-DSC. The results provide insight into the
relationship between environmental conditions and material degradation, supporting
preventive conservation strategies. This work further develops the findings presented in

Bubola et al., (2024) [36].

Part 2: Conservation strategies for plaster replicas: insight into gypsum
mixtures and protective coatings

The second part investigates the formulation of historical gypsum mixtures and the

effectiveness of protective coatings under fluctuating environmental conditions. Mock-up

samples, prepared using traditional additives and gypsum types, were treated with historical

and modern coatings and subjected to artificial ageing through controlled hygrothermal

cycles and light exposure. Analytical methods, including optical profilometry, ER-FTIR, and

colourimetry, were used to monitor surface and chemical changes over time. The results



contribute to understand the interaction between materials, coatings, and environmental

stress, providing a basis for selecting compatible conservation treatments.

Part 3: Inside porosity: effects of artificial ageing on the decay of heritage
gypsum materials
Porosity plays a central role in the deterioration of gypsum-based artefacts, influencing
moisture transport and mechanical stability. This part presents the results of an ageing
experiment on mock-up samples made from different gypsum types and additives, analysed
before and after cyclic hygrothermal ageing. A multi-analytical approach was applied,
including nitrogen physisorption, MIP, FESEM with image analysis, micro-CT, and
hygroscopic tests. The comparative analysis of pore characteristics highlights how
formulation influences porosity and its evolution, offering insight into degradation

mechanisms and material vulnerability.



Part1

Plaster replicas of
Trajan’s Column

Microclimatic
monitoring Room LI

Nov. 2022 - May2025

On-site survey

Photographic campaign

Degradation survey and
mapping

Infrared thermography

Spectrophotometric
measurements

Analytical
techniques

XRPD
FESEM-EDS
AT-FTIR
micro-Raman
TGA-DSC

HSI

THESIS
STRUCTURE

Part 2

Mock-up samples

Hygrothermal ageing

150 cycles: 87 days and
12 hours

lcycle: 26 h

12 h:10°C - 90 % RH
(Winter conditions)

12h: 30°C - 30 % RH
(Summer conditions)

2 h: 1 h transition before each step to reach target
temperature and humidity

Light ageing

3cycles: 1512 h 1cycle: 504 h

Part 3

Mock-up samples

Nitrogen Physisorption

Analytical (BET and BJH
techniques methods)
XRPD Mercury intrusion
porosimetry (MIP)
XRF
3D microtomographic
ER-FTIR analysis (micro-CT)

Spectrophotometric 2D Image processing

measurements

Optical profilometry

Xenon-arc lamp and indoor filter
Irradiance: 500 Wm?
Black Standard Temperature: 65 °C

Hygrothermal ageing

Same of Chapter 2

Hygroscopic water sorption

Adsorption and
desorption curves

Figure 1. Overview of the thesis structure and methodology. The diagram illustrated the methodological workflow and analytical procedure of each part.
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2. Materials and methods

Understanding how gypsum-based materials interact with environmental variables and
conservation treatments requires a multi-analytical and multidisciplinary approach. Due to
the compositional heterogeneity, structural complexity, and environmental sensitivity of
historical plaster replicas, a single technique cannot fully capture their behaviour over time.
For this reason, this research combines diagnostic surveys, laboratory characterisation, and
accelerated ageing tests, integrating complementary methods across different analytical
scales.

The selection of analytical techniques was defined by the specific objectives of each
phase of the research. Non-invasive and on-site surveys, such as photographic
documentation, infrared thermography, colourimetry, were employed to assess the state of
conservation and surface alteration in the Museum context.

Laboratory-based analysis, including optical profilometry, XRPD, FESEM-EDS, ATR-
FTIR, ER-FTIR, p-Raman spectroscopy, Hyperspectral Imaging, and TGA-DSC, were used
to investigate the composition and microstructure of historical samples and mock-ups. A
particular focus was placed on the study of porosity, investigated through nitrogen
physisorption, MIP, FESEM with image analysis, and micro-CT, in order to evaluate how
different formulations, respond to environmental stress.

This combination of techniques was selected to gather complementary information,
allowing for a more complete understanding of material composition, surface alterations, and
internal structure.

Further methodological details, including sampling procedures, analytical settings, and

processing protocols, are discussed in the corresponding part.

Part 1: Gypsum replicas in indoor environments: the case of Trajan’s Column
at the Museum of Roman Civilisation
The materials examined in Part 1 consist of a selection of 35 plaster replicas conserved
in Room LI of the Museum of Roman Civilisation in Rome, reproducing the reliefs of
Trajan’s Column. Their selection was based on degradation class (as defined in a 2012
Museum survey), spatial distribution within the gallery, and conservation priorities. A detailed
description of the collection, the criteria adopted for sample selection, and the cast layout is
provided in Section 3.2 of the chapter.

The methods adopted in this study include:
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Microclimatic monitoring, based on the use of dataloggers and infrared
thermography to characterise thermal and humidity fluctuations within the
gallery space (section 3.3.1, Part 1);

In situ diagnostic survey, including photographic documentation, infrared
thermography, and colourimetric analysis to assess chromatic alterations and

surface changes across the casts (section 3.3.2, Part 1);

Microchemical and mineralogical characterisation of two micro-samples from
cast MCR_3045, using a combination of XRPD, ATR-FTIR, p-Raman,
FESEM-EDS, TGA-DSC, and Hyperspectral Imaging (section 3.3.3, Part 1).

Part 2: Conservation strategies for plaster replicas: insight into gypsum
mixtures and protective coatings

The experimental activities described in Part 2 were designed to explore the behaviour
of historical gypsum formulations and the effectiveness of selected protective coatings under
artificial ageing conditions. The mock-ups were prepared using alabaster and Paris gypsum,
in combination with additives historically documented in recipe books, and then treated with
different coatings. The preparation process is described in section 4.2 of Part 2.

These specimens were subjected to two distinct artificial ageing protocols: cyclic
hygrothermal ageing in a climatic chamber, and light ageing in a Solarbox system. The design
of the environmental cycles is presented in section 4.3.2 of Part 2.

To assess the impact of ageing on chemical composition and surface morphology, a
multi-analytical approach was adopted. The analytical techniques included XRPD, FESEM,
XRF, FTIR in external reflection mode (ER-FTIR), optical profilometry, and
spectrophotometric colour measurements. The methodological details of these techniques

are provided in section 4.3.1 of Part 2.

Part 3: Inside porosity: effects of artificial ageing on the decay of heritage
gypsum materials
The methodologies employed in Part 3 focus on the role of porosity in gypsum-based
formulations subjected to environmental stress. Six mock-ups were prepared using the same
materials described in Part 2, and the full composition of the mixtures are reported in section
5.2 of Part 3.
A multi-analytical approach was adopted to assess porosity before and after artificial

ageing. This included nitrogen physisorption, MIP, 2D digital image analysis of SEM-BSE
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images, and 3D micro-CT. These complementary techniques allowed for the characterisation
of pore size distribution, connectivity, sphericity, and surface area across different scales.
Details on sample preparation and analytical procedures are provided in section 5.3.1.1 of
Part 3.

The samples were subjected to the same accelerated hygrothermal ageing cycles
described in Part 2. The ageing protocol is summarised in section 5.3.1.2 of Part 3.

To complement the porosity analysis, sorption tests were conducted to evaluate the
moisture uptake and release behaviour of each formulation. Adsorption and desorption
isotherms were obtained under controlled RH conditions and are discussed in section 5.3.1.3

of Part 3.
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3. Part 1: Gypsum replicas in indoor environments: the case

of Trajan’s Column at the Museum of Roman Civilisation

This manuscript is currently in preparation for publication. FB, EB, CC and CM designed the study and
developed the methodology. The in-situ survey campaign was conducted by FB, CC, and EB. XRPD analyses
were performed by Marco Favero, and FESEM analysis and Jacopo Nava (non-author contributors); in both

cases the data were processed and interpreted by FB. ATR-FTIR measurements were carried out by EB,

while p-Raman analyses were conducted by FB and CM. TGA-DSC measurements were performed by EB,
and Hyperspectral Imaging by FB and Bruno Casarotto. All datasets were processed and interpreted by FB.

All authors discussed the results and agreed on their interpretation. FB wrote the manuscript, with all co-
authors contributing to the final revision. This chapter expands on the results previously published in Bubola

etal,, (2024) [1].

Federica Bubola', Eleonora Balliana? Chiara Coletti', Claudio Parisi Presicce’, Claudia

Cecamore’, Claudio Mazzoli!

! Department of Geosciences, University of Padova, via Giovanni Gradenigo 6, 35131 Padova, Italy
2 Department of Environmental Sciences, Informatic and Statistics, Ca’ Foscari University, Via Torino 155,
30172 Mestre, Italy

3 Sovrintendenza Capitolina ai Beni Culturali, Piazza Lovatelli 35, Rome, Italy

Abstract

The conservation of gypsum-based materials is highly dependent on environmental
conditions, due to their hygroscopic nature and limited mechanical strength. This study
focuses on the 19" century plaster replicas of Trajan’s Column preserved in Room LI of the
Museum of Roman Civilisation in Rome, a large-scale collection currently housed in an
uncontrolled indoor environment. In preparation for the museum’s reopening, a
microclimatic monitoring campaign was conducted over a two-year period to evaluate trends
in temperature, relative humidity, and dew point. To assess the relationship between
environmental conditions and material degradation, the monitoring was combined with a
diagnostic survey of 35 casts and a multi-analytical investigation of representative samples.
Analytical methods included colourimetric measurements, thermographic analysis, Scanning
Electron Microscopy (SEM), X-ray Powder Diffraction (XRPD), Attenuated Total
Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR), u-Raman spectroscopy,
Hyperspectral Imaging and Thermogravimetric-Differential Scanning Calorimetry (TGA-

DCS). The correlation between environmental parameters and material properties provided
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insights into the impact of indoor microclimatic conditions on the casts and supported
conservation planning. This chapter further develops the findings presented in Bubola et al.,

(2024) [1].

3.1 Introduction
3.1.1 Indoor microclimate and the preservation of gypsum replicas

The stability of indoor environmental conditions strongly influences the conservation
of cultural heritage. Variations in temperature (T) and relative humidity (RH) are key factors
affecting the behaviour of porous and hygroscopic materials [2]. These conditions are
common in historical buildings and museums, where climate control systems are often absent
or inadequate. Seasonal cycles, restricted ventilation, and thermal exchange with the outdoor
environment can cause significant hygrothermal fluctuations, accelerating degradation and
compromising long-term preservation [2].

Among the materials commonly found in heritage contexts, those based on gypsum are
particularly prone to alteration when exposed to environmental variations. Their porous
microstructure, developed during the setting and drying phases, promotes moisture exchange
with the surrounding atmosphere. An increase in RH can lead to water absorption within the
pore system, resulting in swelling, mineral dissolution, and reduced cohesion. Conversely,
when RH decreases, the rapid evaporation of moisture can induce shrinkage and connected
internal stress, cracking, and surface powdering [3]. Repeated wetting-drying cycles
exacerbate these phenomena, potentially resulting in structural damage. In parallel,
condensation events or prolonged exposure to high RH levels may promote salt migration
and crystallisation, and favour biological colonisation [4].

19% century plaster replicas, typically composed of gypsum and a range of additives such
as clays, marble powder, gums, or resins, in order to improve mechanical behaviour or
modify setting times are particularly susceptible to the above-mentioned forms of
degradation [3-6]. In addition, structural reinforcements in wood or iron were frequently
incorporated during casting, or added in later restoration campaigns [3,0]. These components
respond differently to environmental changes: gypsum is highly hygroscopic, wood may swell
or shrink, and metal elements can corrode. The resulting internal stresses and
incompatibilities, may lead to localised deformation, mechanical detachment, and loss of
structural cohesion.

Although these replicas are historically significant, they have not always received

sufficient attention in conservation [7]. Often seen as simple copies with limited artistic or

19



material worth, they have actually played a vital role as educational tools and as recreations
of lost or damaged artworks. Many of these casts now serve as valuable records of sculptures
that have since decayed or become inaccessible [3,6]. Effective conservation strategies must
therefore assess not only their physical state but also the historical and cultural contexts in
which they were made, used, and displayed.

In terms of environmental management, the traditional approach has often involved
applying standard thresholds for temperature and humidity, typically defined by international
guidelines. However, this method may not fully consider the specific environmental history
of each object. In recent years, the concept of the Alistoric climate has gained increasing
relevance. As proposed by Fabbri (2022), conservation strategies should account for the
conditions to which an object has adapted over time, rather than applying predefined climate
parameters [8]. Understanding this equilibrium is particularly important in contexts where
environmental regulation is not possible, such as in many archaeological museums and
historic buildings. In these cases, analysing long-term trends, seasonal fluctuations and
extreme values becomes essential for defining realistic conservation parameters and for
developing sustainable strategies.

While many studies have addressed the properties of historic plasters and mortars [4,9-
12], focusing on aspects such as mechanical behaviour [13-16] or mineralogical composition
[17-19], research specifically focused on the conservation of plaster replicas remains limited.
Few works have examined the environmental impact on gypsum casts, particularly those with
complex formulations, internal reinforcements, and surface coatings [3].

This chapter addresses the conservation of the Trajan’s Column plaster replicas
conserved at the Museum of Roman Civilisation (Rome), with a focus on the impact of
environmental conditions on the stability of gypsum-based materials. The results support
further investigation and contribute to the planning of the conservation strategies in
preparation for the Museum’s reopening. This chapter presents an analysis of the
conservation conditions of the casts in Room LI, combining environmental monitoring and

material characterisation to support preventive interventions.

3.1.2 Representativeness of the Trajan’s Column plaster replicas
The plaster replicas of the Trajan’s Column constitute a particularly meaningful case
study within the broader context of gypsum-based heritage objects preserved in historic
indoor environments. Form a technical standpoint, they are fully aligned with 19" century

casting practices, which commonly relied on alabaster gypsum and clay- or carbonate-based
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additives to reproduce sculptural reliefs with high fidelity. Typologically, they exemplified a
widespread tradition of large-scale didactic and museum replicas, and thus provide insights
that extend beyond the specific monument. From a conservation perspective, their long-
term exposure to an indoor environment characterised by limited ventilation, marked
thermal gradients and persisted RH fluctuations mirrors the conditions found in many
historic museums and monumental building lacking climate control. For these reasons, the
casts may be considered representative not only of their own production context, but also of
the environmental challenges affecting numerous gypsum artefacts preserved in similarly

unstable settings.

3.1.3 Historical background of the plaster replicas of Trajan’s Column

Casts of Trajan’s Columns were first produced in 1540 at the request of King Francis I
of France, who commissioned the painter Francesco Primaticcio to mould the reliefs of the
lower section of the monument. A second phase followed between 1640 and 1642, when
Fréart brothers created approximately seventy additional casts intended for the decoration
of the Grande Galerie of the Palais du Louvre, at that time still a royal residence rather than
a museum. Over the following decades, the collection expanded to nearly 450 pieces,
although only very few have survived to the present day [20].

A second campaign was carried out during the 17" century under Louis XIV, to
reproduce the full sequence of reliefs. However, only a few fragments from this series have
survived.

The Exposition Universelle held in Paris in 1867 marked a turning point in the use of
plaster casts, confirming their transition from educational tools used in art academies to
central exhibits in major European museums. The casts of Trajan’s Column exemplify this
transformation and role, given the size and complexity of the project. Between 1861 and
1862, Napoleon III promoted a large-scale casting campaign in Rome, which resulted in a
complete set of moulds of the monument. From these moulds, three full series of casts were
later produced.

The first set was donated to the Lateran Museum in Rome and remained there until
1953, when it was transferred by Pope Pius XII to the Museum of Roman Civilisation which
was founded in 1939. The second set was used as a model for producing a metal version of
the Column, created using the galvanoplastic process. This metal reproduction was first

displayed in July 1864 in a ground-floor gallery of the Louvre Museum. Subsequently, the
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original casts from Rome were divided between the Fcole des Beaux-Arts and the rooms of
the Chateau de Saint-Germain-en-Laye in Paris.

Due to their monumental scale, the galvanoplastic casts were eventually removed from
the Louvre’s storage spaces and transferred to Saint-Germain, where they reappeared, at least
partially, in 1887, displayed in the castle’s moat. The first five sections of the spiral relief,
assembled in their original sequence, are still visible today in the moat of the Chateau.

The third series of the plaster casts, derived from the French moulds, was produced for
the South Kensington Museum in London (now the Victoria and Albert Museum), where
the casts are displayed as two separate cylindrical structures [21].

Although the historical accounts describe the chronology of the casting phases, the
available archival sources provide only limited insight into the technical aspects of
production, and the specific formulations used for the plaster replicas are not documented.
19" century casting manuals indicate that alabaster gypsum was widely employed for high-
quality sculptural and architectural replicas, and the analytical results obtained in this study
align well with these historical practices. Considered together, these elements suggest that
the original casts were likely produced using mixtures consistent with those commonly

adopted at that time.

3.1.4 Room LI: Trajan’s Column replicas at the Museum of Roman
Civilisation

The Museum of Roman Civilisation (Figure 2), founded in 1939 and housing the first
set of casts made between 1861 and 1862, commissioned by Napoleon I1I, has been closed
since 2014, and has remained inaccessible to the public for over ten years. This prolonged
closure provided an opportunity to study the casts in a stable, though uncontrolled
environment, free from the unpredictable environmental variations caused by visitor flow. It
also highlights the importance of continuous environmental monitoring in the absence of
visitors, particularly in light of the museum’s planned reopening. This gallery houses the
complete series of 125 plaster casts of the reliefs, except for four panels, located in another
room.

Originally conceived as a permanent display, the gallery was arranged to reproduce the
narrative sequence of the relief along four rows, two along the walls and two in the central
lines, allowing visitors to follow the unfolding of the campaigns in chronological order.
Although currently not accessible to the public, the casts remain in place, mounted on metal

structures designed to support them.
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Figure 2. Plan of the Museum of Roman Civilisation showing the location of Room LI, where the
plaster replicas of Trajan’s Column are preserved (highlighted in purple). The arrow and the letter “N”
indicate the north. The image on the right shows an interior view of the gallery, with the casts aligned along
both sides of the room. Room LI measures 73.55 m in length, 5.12 m in width, and 3.35 m in height. Scale
bar: 73 m.

3.2 Materials

The complete set of plaster replicas reproducing the reliefs of Trajan’s Column has been
housed in Room LI of the museum since the mid-20" century. The collection comprises 125
panels made primarily of alabaster gypsum, and placed on metallic frames. The casts are
arranged in chronological order along the two lateral walls and the central corridor of the
gallery. Despite their historical and documentary value, the casts have been exposed for an
extended period to uncontrolled environmental conditions, and limited documentation is
available regarding past conservation treatments.

In 2012, the museum conducted a large-scale conservation survey to assess the overall
condition of the entire collection (wmpublished internal repor). Based on visual inspection and
photographic documentation, each cast was assigned to one of four degradation categories,
mediocre, discreet, poor, or bad depending on the type, extent, and severity of the observed
alterations. This classification has served as an essential reference point for subsequent
conservation planning and to this study, providing insight into the current conservation state
and deterioration rate of the casts by comparison with the 2012 survey. In particular, the
comparison revealed a general worsening of their conditions, with more widespread
powdering and increased loss of cohesion, leading several replicas to shift to more severe

conservation categories and to display more extensive degradation features.
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For this study, 35 plaster casts were selected to allow for a representative and

comparative analysis. The selection criteria included:

The inclusion of neatly equal number of casts per class, as defined in the 2012

survey;

The addition of four unclassified casts exhibiting distinctive or complex patterns

of decay;

The spatial distribution of the casts within Room LI, covering both the lateral

walls and central structures;

The presence of different surface alterations, such as chromatic changes,

pulverisation, erosion, and cracking;

And finally, the museum’s internal priorities, favouring casts either planned for

imminent restoration or already subjected to recent conservation treatments.

Table 1 presents the plaster replicas under study, grouped according to the conservation

categories defined, alongside with the corresponding inventory number.

Table 1. Plaster replicas under study, grouped by conservation condition as defined in the 2012 visual
survey. The classification includes four main categories: mediocre, discreet, poot, and bad, alongside a small
number of unclassified or recently restored casts.

Plaster replicas under study

Mediocre Discreet Poor Bad Not classified Restored
MCR_3023 MCR_3024 MCR_3026 MCR_3051 MCR_3028 MCR_3135
MCR_3029 MCR_3025 MCR_3038 MCR_3033

MCR_3031 MCR_3027 MCR_3039 MCR_3724

MCR_3042 MCR_3030 MCR_3045

MCR_3053 MCR_3032 MCR_3050

MCR_3059 MCR_3034 MCR_3052

MCR_3064 MCR_3035 MCR_3058

MCR_3083 MCR_3043 MCR_3072

MCR_3102 MCR_3097 MCR_3125

MCR_3105 MCR_3113

MCR_3110

The spatial distribution of the selected casts within Room LI is shown in Figure 3. The

image illustrates the layout of the gallery and highlights the position of each analysed cast,

colour-coded according to the 2012 conservation classification. This visual overview

confirms that the selection includes casts from both lateral walls and different sectors of the

gallery, ensuring an adequate representation of diverse microenvironmental conditions and

exposure contexts.
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m Mediocre B Not classified
B Discreet
10m “ Poor

Figure 3. Location of the analysed replicas in Room LI at the Museum of Roman Civilisation. Colours
indicate the 2012 conservation class: green = mediocre; blue = discreet, yellow = poor; grey = not classified. The bad
category is not represented here, as the only cast classified as bad (MCR_3051) is located in another room.
Scale bar = 10 m.

As shown in Figure 3, 31 of the selected casts are located within Room LI, while four
additional casts (MCR_ 3045, MCR_3051, MCR_3135, and MCR_3724) are positioned in
other rooms of the museum. These replicas were included upon the museum’s request:
MCR_3045, MCR_3051, MCR_3724 are scheduled for imminent restoration, whereas
MCR_3135 was chosen as an example of a cast that has already undergone conservation

treatment (Figure 4).

Figure 4. Plaster cast MCR_3135, recently restored and without evident alterations at the time of the
survey.

To support material characterisation, two micro-samples (1-2 cm in size), referred to as
sample A and sample B (Figure 5), were collected from the back side of the cast MCR_3045,
selected as a representative case due to the presence of multiple degradation patterns. The

samples were extracted from an area with missing fracments, thus avoiding any further
P g Iragm > g any
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damage. Sample A was taken from the inner bulk, while sample B was collected from the
surface layer. Both samples were analysed to investigate the material composition and assess

the stratigraphic differences between the bulk and the surface of the cast.

Sample A Sample A Sample B Sample B
Front Back Front Back

j\lii/ i,

} y

5mm

Figure 5. Front and back view of the micro-samples collected from plaster cast MCR_3045. Sample A was
taken from the inner bulk, while sample B corresponds to the surface layer. The image was previously
published in Bubola et al., 2024 [1].

Among the casts investigated, MCR_3052 was selected as a representative case study
for an in-depth presentation of the degradation phenomena observed during the on-site
survey. This cast was previously classified in the poor conservation category, and it exemplifies
a wide range of decay forms, such as fractures, erosion, and pulverisation, which were also
observed, to varying degrees, in several other casts. The results presented here should
therefore be considered as illustrative of broader trends affecting the entire set of replicas

conserved in Room LI

3.3 Methods
3.3.1 Microclimatic monitoring

The present microclimatic investigation aimed to compare the current environmental
conditions of Room LI at the Museum of Roman Civilisation with those recorded during a
previous conservation assessment conducted in 2012 by the Museum. This comparison
provides insight into the evolution of the indoor climate and its potential impact on the
preservation state of the plaster casts.

Microclimate environmental data were collected using an OM-EL-USB-2-LCD
datalogger (OMEGA®), initially placed at the centre of the gallery. The first monitoring
phase, conducted from 23 November 2022 to 14 May 2024, involved a single sensor
recording temperature and relative humidity every 30 minutes. At that stage, only one
datalogger was available for installation, and although this configuration did not capture the
full spatial variability of the environment, it provided a preliminary overview of the room’s
microclimatic behaviour and seasonal trends, forming the basis for planning a more extensive

monitoring campaign.
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To complement and guide the second phase of the monitoring campaign, infrared
thermography was employed to analyse the thermal behaviour of the architectural envelope
surrounding the gallery. The aim was to identify critical areas where environmental sensors
could be strategically placed. A single thermographic campaign was conducted approximately
one month before installing the additional dataloggers. This survey provided an overview of
thermal anomalies and moisture-prone areas, which guided the positioning of the additional
dataloggers. Infrared analyses were carried out inside Room LI, with particular attention to
the upper sections of the two vertical walls and the ceiling. Thermal distribution and
anomalies were assessed using a FLIR infrared camera, with thermal images processed via
FLIR ResearchIR 4 Max + HSDR® software. The thermograms were saved as false-colour
images using the GF White Hot palette, within a thermal range of 25-33 °C, and enhanced
through the Digital Detail Enhancement (DDE) algorithm to highlight fine temperature
gradients.

A second monitoring campaign started on 14 May 2024 and continued until 28 May
2025, involving a network of 8 dataloggers distributed at different points within Room LI to
obtain a more detailed overview of the environmental conditions in different areas of the
gallery.

To monitor critical environmental changes more effectively, the sensors were
configured with an active alarm system based on predefined thresholds. Alarm triggers were
setat 50 °C for the maximum temperature and -1 °C for the minimum. For relative humidity,
threshold values were defined at 80 % RH (maximum) and 19.5 % RH (minimum), allowing
for the detection of significant fluctuations.

According to European guidelines UNI EN 15757 (2010), the environmental
monitoring programme in an indoor environment must be conducted over a period of at
least one year in order to identify seasonal variations in temperature and relative humidity

and to evaluate the impact of short-term fluctuations on the indoor environment [22].

3.3.2 In situ survey
High-resolution visible photographs were taken using a Canon EOS 2000D digital
camera under controlled lighting conditions provided by 230 V, 750 W halogen lamps. The
white balance was set directly on-site using the camera settings to ensure accurate colour
rendering.
Colourimetric analysis was performed on the plaster replicas to detect and quantify

potential chromatic alterations. Measurements were acquired using a Konica Minolta CM-

27



700d spectrophotometer, operating in the CIELab colour space. This system defines colour
using three coordinates: lightness (L. from 0 = black to +100 = white), red-green ("), and
yellow-blue (b") [23]. Measurements were conducted under standard CIE D65 illumination
(simulating daylight at 6504 K), using SCI/SCE acquisition modes in the 400-700 nm
wavelength range.

Active infrared thermography was employed to investigate both surface and subsurface
characteristics of the plaster casts and to assess their thermal behaviour. The technique
involved irradiating the surface with halogen lamps (via a heating plate) for 20 minutes,
followed by the acquisition of infrared images using a FLIR camera placed at a distance of 1
m. Thermographic images were recorded in time-lapse mode every 30 seconds (41 frames in
total). Thermal diffusion patterns were analysed using FLIR ResearchIR 4 Max + HSDR®
software. Images were saved in false colour (GIF White Hot palette), within a thermal range
of 11-35°C, and enhanced using the Digital Detail Enhancement (DDE) algorithm to

improve contrast and highlight thermal gradients.

3.3.3 Microchemical and mineralogical characterisation

X-ray powder diffraction (XRPD) analysis was performed to identify the mineralogical
composition of the samples. Data were collected with a PANalytical X’Pert PRO
diffractometer, operating in Brage-Brentano reflection geometry with CoKa radiation (40
kV, 40 mA) and an X’Celerator detector. Phase identification was carried out using X’Pert
HighScore Plus® software and the PDF-2 database.

p-Raman spectroscopy was applied to investigate both the bulk composition and surface
features of the samples, including targeted analysis of specific inclusions. Measurements were
performed using a Thermo Scientific DXR Raman Microscope with a 532 nm laser source,
a 50x long-working distance objective, ~2.5 cm™ spectral resolution, and ~1 um pinhole,
operating at 3 mW. Each spectrum was recorded 30 times with a 1 s exposure. Data were
collected in the 100-3500 cm™ range and processed using Thermo Scientific OMNIC Spectra
software.

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) was employed
to identify both inorganic and organic compounds. Spectra were acquired using a Bruker
ALPHA II FTIR spectrometer equipped with a synthetic diamond ATR crystal. Each sample
and background were scanned 48 times with a resolution of 4 cm™ in the 4000-400 cm'
range. Spectra were processed using OMNIC Spectra Software (v9) and further analysed
with OriginPRO 2018b. A Nicolet iS20 FT-IR spectrometer coupled with a Nicolet iN5
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microscope, equipped with a cooled MCT/A detector and a germanium pATR crystal was
also used to confirm and identify the organic matter possibly present. Spectra were collected
in the 4000-650 cm™ range, with a resolution of 4 cm™ and 32 background scans.

Morphological and microchemical characterisation was conducted using a Tescan
Solaris Field Emission Scanning Electron Microscopy (FESEM). Mineralogical phases were
analysed via EDS with an Oxford Instruments Ultim Max 65 Silicon Drift Detector,
operating at 15 kV, 3 nA, and a 5 mm working distance. High-resolution BSE images were
acquired at 5 kV and 300 pA, with a working distance of 4 mm, to enhance image clarity.

Thermogravimetric Analysis - Differential Scanning Calorimetry (TGA-DSC) was
performed to investigate the thermal behaviour and compositional characteristics of the
samples. A Netzsch 409/C system was used, with a heating rate of 10 °C/min from 25 °C to
1000 °C. Analyses were conducted under a mixed flow of air and nitrogen (40 mL/min), with
alumina as the calibration standard.

Hyperspectral imaging (HIS) was conducted on the bulk and surface areas of samples
A and B from MCR_3045, using two acquisition modules covering the Visible-Near Infrared
(VNIR 400-1000 nm), and the Short-Wave Infrared (SWIR, 1000-2500 nm) spectral ranges
using two different setups:

Nano-Hyperspec (VNIR, 400-1000 nm): 270 spectral bands, 640 spatial pixels,
spatial resolution ~0.15 mm.
Micro-Hyperspec (SWIR, 900-2500 nm): 166 spectral bands, 384 spatial pixels,
spatial resolution ~0.35 mm.

The objective was to investigate the spectral variability, map potential material
differences, and identify specific hydrated phases or surface treatments. Data processing was
carried out using the Principal Component Analysis (PCA) and Spectral Angle Mapping
(SAM), implemented in the ENVI® software environment, to generate distribution maps of
the detected materials across the samples. For each acquisition, regions of interest (ROIs)
were selected to extract representative spectra. These spectra were used to generate
distribution maps, allowing for visual correlation between spectral classes and macroscopic

features on the sample surface.

29



3.3 Results
3.3.1 Microclimatic monitoring

3.3.1.1 First phase: November 2022-May 2024

The first phase of the microclimatic monitoring was conducted in Room LI of the
museum between 23 November 2022 and 14 May 2024, using a single datalogger positioned
at the centre of the gallery. The device recorded temperature and relative humidity,
calculating the relative dew point at regular intervals.

Temperature values followed a seasonal pattern, with lower values during the winter
months and a gradual increase towards the summer. The lowest temperature (8.0 °C) was
recorded on 10 February 2023, while the highest (34.0 °C) occurred in July of the same year.
The overall average value calculated over the entire period was approximately 18.8 °C (Figure
0A).

Relative humidity exhibited wide and persistent fluctuations, frequently exceeding the
80 % upper threshold defined during sensor configuration. Peaks above this value were
particularly frequent in the colder season. The recorded RH ranged from a minimum of 34.5
% to a maximum of 86 %, with an average value of 64.7 % (Figure 6B).

The dew point followed the temperature trend, with values ranging from -3.0 °C in
February 2023, to 25.2 °C in August 2023 (Figure 6 C).

These values are summarised in Table 2, which reported the minimum, maximum and

average parameters recorded during this first monitoring phase.
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Figure 6. Trends of microclimatic parameters recorded in Room LI from November 2314, 2022, to May 14, 2024: (A) temperature (°C), (B) relative humidity (%), and (C) dew point (°C). High
and low alarm thresholds are shown in red and blue, respectively. Data were acquired using a single datalogger positioned at the centre of the gallery.

Table 2. Summary of microclimatic parameters recorded in Room LI during the first phase of the campaign (November 2022-May 2024), including minimum, maximum and average values, with
corresponding time periods.

Parameter Minimum Maximum Average
Temperature (°C) 8.0 (Feb 2023) 34.0 (Jul 2023) 18.8
Relative humidity (%o) 34.5 (Nov 2023) 86.0 (Jan 2023) 64.7
Dew point (°C) -3.0 (Feb 2023) 25.2 (Jul 2023) -
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3.2.1.2 Thermal survey and identification of critical areas

In parallel with the ongoing microclimatic monitoring, a thermographic survey was conducted
inside Room LI, to identify zones affected by thermal anomalies and residual moisture.

The gallery was subdivided into two sectors: Sector A on the eastern side and Sector B on the
western side. Six critical areas were identified (Figure 7) based on visible moisture stains, evidence
of water infiltration, and surface temperature differentials (Figure 8A-D). These include ceiling
sections showing traces of previous infiltration, as well as upper wall portions affected by moisture

accumulation. The observations were used to define the most appropriate positions for the

additional dataloggers installed during the second phase of the monitoring campaign.
ROOM LI

73.55 m

® Critical point sector «A»
® Critical point sectotr «B»

Figure 7. Schematic plan of Room LI showing the position of the six critical points identified through infrared
thermographic survey. Points in blue refer to critical zones in Sector A (eastern side of the gallery), while points in
green correspond to Sector B (western side of the gallery).

|

Figure 8. Visible and infrared thermographic documentation of two critical points identified in Room LI. A-B:
detail of critical point 3A (sector A) on the ceiling, showing material degradation and bio-colonisation (A) and
corresponding thermal image (B). C-D: critical point 2B (sector B) on the upper wall, showing surface detachment
(A), with thermal evidence of moistute retention.
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3.3.1.3 Second phase: May 2024-May 2025

During the second phase of microclimatic monitoring, conducted between 14 May 2024, and
28 May 2025, eight dataloggers were installed at selected locations corresponding to some of the
critical points previously identified. This configuration was designed to provide a more
comprehensive understanding of the microclimatic variations within Room LI. The positions of

the eight dataloggers (labelled A-H) are shown in Figure 9.

Positions of the datalogger in Room LI

5,12 m

73.55 m

Figure 9. Plan view of Room LI showing the positions of the eight dataloggers (A-H) installed for the second
phase of the microclimatic monitoring campaign (May 2024-May 2025).

The temperature curves recorded by the eight sensors show a clear seasonal pattern, with the
lowest values observed during winter months and the highest during the summer (Figure 10). Daily
fluctuations were evident throughout the monitoring period, with more pronounced variations
occurring between late spring and early autumn. Across all devices, temperature values range
approximately between 8.5 °C and 34.5 °C.

Relative humidity also showed seasonal trends, with higher values recorded during colder
months and lower values during the warmer season. Measured RH values ranged from
approximately 34.0 % to 86.0 %, with short-term variations and daily oscillations observed in all
locations.

The dew point followed the general trend of temperature, but remained consistently about 7-
8 °C lower, both in terms of minimum and maximum values. In some periods, particularly during
the winter, the dew point approached the air temperature curve across all logger positions.

This distributed dataset provided a more detailed representation of the environmental
conditions inside Room LI over the one-year monitoring period.

A summary of the minimum, maximum, and average values recorded by each datalogger is

presented in Table 3.
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Table 3. Minimum, maximum and average values of temperature (°C), relative humidity (%), and dew point (°C)

recorded by each datalogger during the second monitoring phase (May, 2024-May, 2025).

Datalogger Parameter Minimum Maximum Average

Temperature (°C) 10.0 (Jan 2025) 34.0 (Jul 2024) 20.6

A Relative humidity (%) 35.0 (Sep 2024) 82.5 (Jan 2025 61.4
Dew point (°C) -2.1 (Dec 2024) 23.1 (Mar 2025) -

Temperature (°C) 10.0 (Jan 2025) 34.5 (Jul 2024) 20.9

B Relative humidity (%) 34.0 (Sep 2024) 82.0 (Jan 2025 59.0
Dew point (°C) -2.1 (Dec 2024) 23.4 (Mar 2025) -

Temperature (°C) 9.5 (Jan 2025) 34.5 (Jul 2024) 20.6

C Relative humidity (%) 38.0 (Sep 2024) 83.5 (Jan 2025 61.2
Dew point (°C) -1.7 (Dec 2024) 23.7 (Mar 2025) -

Temperature (°C) 9.5 (Jan 2025) 34.0 (Jul 2024) 20.5

D Relative humidity (%) 36.0 (Sep 2024) 83.5 (Jan 2025 61.1
Dew point (°C) -1.9 (Dec 2024) 23.7 (Mar 2025) -

Temperature (°C) 9.0 (Jan 2025) 34.0 (Jul 2024) 20.4

E Relative humidity (%) 37.0 (Sep 2024) 83.0 (Jan 2025 61.0
Dew point (°C) -1.8 (Dec 2024) 23.6 (Mar 2025) -

Temperature (°C) 9.0 (Jan 2025) 33.5 (Jul 2024) 20.2

F Relative humidity (%) 36.5 (Sep 2024) 85.0 (Jan 2025 61.5
Dew point (°C) -2.3 (Dec 2024) 23.7 (Mar 2025) -

Temperature (°C) 9.0 (Jan 2025) 33.0 (Jul 2024) 20.2

G Relative humidity (%) 36.5 (Sep 2024) 85.5 (Jan 2025 62.8
Dew point (°C) -1.9 (Dec 2024) 23.9 (Mar 2025) -

Temperature (°C) 8.5 (Jan 2025) 33.0 (Jul 2024) 20.0

H Relative humidity (%) 35.5 (Sep 2024) 86.0 (Jan 2025) 62.8

Dew point (°C)

2.3 (Dec 2024)

25.3 (Mar 2025)

Temperature values across the eight monitoring points ranged from 8.5 °C (H, January 2025)
to 34.5 °C (B and C, July 2024), with average values between 20.0 and 20.9 °C. Relative humidity
showed greater variability, ranging from 34.0 % (B, September 2024) to 86.0 % (H, January 2025),
with average RH values between 59.0 % (B) and 62.8 % (G and H). Dew point values followed a
similar seasonal trend, ranging from -2.3 °C (F and H, December 2024), to 25.3 °C (H, March
2025).
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Figure 10. Temperature (°C, red curves), relative humidity (%, black curves), and dew point (°C, blue curves) trends recorded by the eight data loggers (A-H) placed in Room LI during the

second phase of the microclimatic monitoring campaign (May 14t, 2024-May 28, 2025).
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3.3.1.4 Monthly mean indoor temperature

Table 4 shows the monthly means indoor temperature (°C) from Room LI from
November 2022 to May 2025. During the second monitoring phase (May 2024-May 2025),
monthly mean indoor temperatures were obtained by first computing, for each datalogger
(A-H), the monthly mean and then using the arithmetic mean across the eight loggers for
each month. The table is organised by month and year; blank cells indicate months not
covered by the monitoring.

Over the reported period, monthly means range between 11.19 °C (February 2023) and
31.93 °C (August 2024). Within the first phase (November 2022-May 2024), values range
from 11.19 °C (February 2023) to 30.66 °C (July 2023); within the second phase, from 11.54
°C (January 2025) to 31.93 °C (August 2024).

Table 4. Monthly mean indoor temperature (°C) for Room LI (November 2022-May 2025).

Month Mean T indoor Mean T indoor Mean T indoor Mean T indoor

2022 2023 2024 2025

January 11.91 13.20 11.54

February 11.19 13.49 12.16

March 14.40 15.42 14.61

April 16.43 18.58 17.75

May 20.55 22.90 21.44
June 25.88 24.15
July 30.66 30.82
August 29.90 31.93
September 27.20 26.49
October 24.40 21.87
November 14.97 18.53 16.38
December 13.73 14.25 11.58

3.3.2 Case study: plaster replica MCR_3052

3.3.2.1 On-site survey and degradation mapping

The plaster cast MCR_3052 (Figure 11), part of the complete series reproducing the
reliefs of Trajan’s Column, was selected for a detailed description and subjected to a
comprehensive visual and instrumental diagnostic survey. Additional casts representing each
conservation class were included in the annex, with three examples per category. The cast,
measuring approximately 1.15 m in height and 1.50 m in length, reproduces Scene 37,
portraying Trajan receiving a group of Dacian prisoners and, on the right, a Roman military
hospital [24]. Although access to the back of the cast was limited due to its position near the
wall, the visible portion of the rear structure was consistent and did not show significant

irregularities.
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Figure 11. Plaster replica MCR_3052, reproducing scene 37 of Trajan’s Column, conserved in Room LI
of the Museum of Roman Civilisation (Rome). The relief shows Emperor Trajan receiving a group of Dacian
prisoners, with a Roman military hospital depicted on the right. This cast was selected as a representative case

study for on-site diagnostic investigations due to its complex degradation condition and classification in the
poor conservation category.

The artefact is composed of two sections, supported by a wooden and metal structure
on the back, which was partially visible during the survey. Rust stains were detected in the
lower-left area of the rear side (Figure 12A). The wooden structure, consisting of two curved,
horizontal ribs, is covered with an irregular layer of gypsum. On the front of the cast, a small
metal plate located in the bottom right-hand corner, bears the museum's inventory number:

MCR_3052 (Figure 12B).
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Figure 12. Photographic documentation of plaster cast MCR_3052. A: partial view of the reverse side of
the cast, showing the supporting structure and traces of gypsum application; access to the back was limited
due to the cast’s position near the wall. B: detail of the lower right edge of the cast, displaying the
identification label “MCR 3052” embedded in the surface.

A detailed degradation map was produced (Figure 13) based on visual inspection,
photographic documentation, and contact microscopy. Several forms of deterioration were
identified and are listed below, with corresponding photographic evidence in Figure 14:

A major vertical fracture extends nearly the full height of the cast on the left side. A
restoration mortar fill is clearly visible within the fracture (Figure 14D-E);

Several micro-cracks are visible, especially near the bottom and lateral margins,
associated with surface fillings of variable thickness (Figure 14D-E);

Coherent surface deposits are present, particularly in the more exposed areas (Figure
14B);

Tonal alterations in yellow and pink hues are visible across the surface (Figure 14F);
Pencil marks and engraved lines can be observed in multiple areas (Figure 14F);
Surface scratches are widespread (Figure 14F);

The left side of the cast shows areas of erosion and pulverisation (Figure 14B-C);

Possible biological colonisation is present at the lower edge, where greenish surface

patterns were observed;
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Multiple dark and reddish stains are visible on the right side, along with visible

residues of maltina (plaster mixture) (Figure 14F).

Missing parts Stains - Abrasion E Biological attack
Surface scratches l:] Pencil marks Erosion : Clay/Malt residues

Fillings E Fractures and cracks Engravings — — = Two sections

Figure 13. Outline of the MCR_3052 plaster cast drawn in CorelDRAW with: missing parts (light blue),
surface scratches (blue), fillings (light purple), stains (light green stripes), pencil marks (yellow), fractures and
cracks (fuchsia), abrasion (red), erosion (orange), engravings (blue stripes), biological attack (green dots),
clay/malt residues (pink). The cast is divided into two sections (dashed black line).
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Figure 14. Comparative documentation of the plaster replica MCR_3052, reproducing Scene 37 of
Trajan’s column. A: archival photograph from the 2012 sutrvey, showing the left portion of the cast in a
relatively preserved condition; B: current photograph taken during the 2023 on-site diagnostic campaign,
where visible surface erosion is now evident in the same area (circled in red); C: detail of the eroded edge,
showing granular loss and deterioration of the surface profile (also published in Bubola et al., 2024); D-E.:
details of structural fractures and areas filled during previous restorations, measuring tape included for scale;
F: area displaying surface alterations, including tonal variations, dark stains, and pencil marks.

3.3.2.2 Spectrophotometric analysis

Colourimetric measurements were carried out using a portable spectrophotometer
operating in the CIELab" colour space. A total of 20 points was acquired on representative
areas of the surface to evaluate chromatic alterations (Figure 15). The a” and b values,
describing the red-green and yellow-blue chromatic components, ranged from 0.489 to

1.999, and from 8.526 to 14.612, respectively. Chroma (C") values ranged from 8.540 (T_041)
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to 14.71 (T_051). The highest chroma values were recorded at points T_051 (14.710), T_050
(14.310), and T_044 (13.950), and the lowest at T_041 (8.540), T_060 (9.489), and T053
(10.680). These results are consistent with the variations in L', indicating differences in

surface reflectance and chromatic saturation.

Figure 15. Colourimetric measurement points (IT_041 to T_060) on the surface of plaster replica
MCR_3052, acquired in the CIELab" colour space. The distribution of points was designed to sample areas
with varying surface conditions to assess chromatic alterations.

Table 5. Colourimetric measurements acquired on plaster replicas MCR_3052 in the CIELab" colour space.
The table reports values of lightness (L"), red-green (a") and yellow-blue (b*) components, chroma (C*), and hue
angle (h°) for each of the 20 analysis points (T_041 to T_060). Values in bold cortespond to the darkest areas
of the surface (lower L"), which were visually associated with greater accumulation of surface deposits.

Colourimetric measurements MCR_3052

Analysis point L a* b* C* h®
T_041 84.592 0.489 8.526 8.540 86.715
T_042 78.176 1.376 11.498 11.580 83.177
T_043 81.513 1.245 13.342 13.400 84.667
T_044 82.592 0.846 13.924 13.950 86.521
T_045 78.676 0.836 11.076 11.108 85.684
T_046 69.218 1.209 10.078 10.151 83.157
T_047 83.142 0.743 12.182 12.204 86.511
T_048 75.608 0.756 11.767 11.791 86.325
T_049 79.394 1.229 12.459 12.519 84.368
T_050 73.922 1.616 14.221 14.312 83.516
T_051 76.707 1.691 14.612 14.710 83.400
T_052 77.441 1.212 13.505 13.559 84.871
T_053 60.918 1.730 10.538 10.679 80.679
T_054 63.448 1.999 10.669 10.854 79.387
T_055 68.579 1.483 10.512 10.616 81.969
T_056 84.702 0.707 10.413 10.437 86.116
T_057 76.394 1.147 11.817 11.873 84.455
T_058 81.996 0.759 12.281 12.305 86.464
T_059 82.238 0.908 10.381 10.421 84.999
T_060 65.921 1.424 9.382 9.489 81.370
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3.3.2.3 Active infrared thermography

Active infrared thermography was performed to assess the presence of subsurface
features, including fractures, detachments, and areas with varying thermal responses. The
surface of the cast was uniformly irradiated using halogen lamps as a controlled heat source.
Thermograms were acquired in time-laps mode, recording the cast’s cooling behaviour. One
significant result is shown in Figure 16, where a vertical fracture on the left side is clearly
visible as a yellow band with higher thermal response. Other areas exhibited delayed cooling

or greater thermal retention, associated with past restoration interventions.

Figure 16. Overlay of the plaster replica MCR_3052 with the active infrared thermographic acquisition.
The thermogram, obtained during a time-lapse cooling phase, reveals thermal patterns in the central area of
the cast. The vertical zone with higher thermal response (yellow-orange tones) corresponds to a known
fracture, as indicated by the white arrow, while other variations in thermal behaviour may indicate material
inconsistencies or prior restorations not visible in standard imagery.
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3.3.3 Microchemical and mineralogical characterisation
3.3.3.1 XRPD
XRPD analyses were carried out on sample A (bulk) and sample B (surface) to
investigate the mineralogical composition of the replica MCR_3045. As shown in Figure 17,
both diffractograms are dominated by intense gypsum (Gp, CaSO42H,O) peaks, consistent
with its characteristic diffraction pattern, marked by the most intense peak at 20 = 13.50 °

[25,26].
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Figure 17. XRPD patterns of sample A (bulk) and sample B (surface) collected from plaster replica
MCR_3045. Gypsum (Gp) is the main mineral phase in both samples. Additional reflections of calcite (Cal),
quartz (%), and kaolinite (K/z) are visible in the bulk (sample A), while the surface (sample B) shows mainly
gypsum, and quartz with traces of kaolinite. Patterns correspond to improved data representations of those

previously published in Bubola et al, 2024 [1]. Mineral abbreviation from Warr (2021) [26].
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In sample A, taken from the inner portion of the cast, additional reflections of calcite
(Caly [27], quartz (%) and kaolinite (K/z) were detected alongside gypsum. In contrast, the
diffractogram of sample B, corresponding to the surface layer, exhibited only gypsum and

quartz peaks, with calcite and kaolinite barely detectable.

3.3.3.2 FESEM-EDS

High-resolution FESEM analysis was used to investigate the texture and microstructure
of both the bulk and surface layers, as well as their chemical composition. The matrix of
sample A, taken from the inner portion of the cast, was characterised by high porosity, with
large tubular and needle-like gypsum crystals.

In contrast, the surface of sample B exhibited a different texture, composed of smaller
mineral grains and a denser, more compact arrangement, forming a continuous outer layer
with an estimated thickness of approximately 150-200 um. Point EDS analysis performed
in this outer (Figure 18) revealed a composition dominated by Ca, S, O and S7 consistent
with a gypsum-based matrix. Minor peaks of .4/, K, Mgand Fe were also detected, along with
distinct 17 signals, which are absent in the bulk.

Elemental distribution maps further confirm this elemental composition. The EDS
maps (Figure 19) show a Ca- and S-rich matrix, while the outer layer is enriched in A/ S7
and K, in agreement with the presence of a kaolinite-based coating. Oxygen is

homogeneously distributed across the section, and Fe occurs only in trace amounts.

Surface

IIIIlllIIIIlIlI[IIIIlII|I|!|I|[ll!l]lliIlllll|lll||

/ -
< K s Kev

Figure 18. EDS spectrum acquired on sample B (surface) from plaster cast MCR_3045. The main elements
detected are Ca, S, O, and 7, consistent with a gypsum-based matrix. Minor peaks of A/ K, Mgand Fe are
present, along with detectable T7 signals.

44



50 um 50 pm 50 um
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Figure 19. FESEM-BSE image (top left) and EDS elemental maps of sample B (surface layer from plaster cast MCR_3045). A/ aluminium; Ca: calcium; Fe: iron; K: potassium; O:
oxygen; S: sulphur; 87 silicon. Scale bar: 50 um.
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3.3.3.3 p-Raman spectroscopy

The p-Raman spectra were acquired from different areas of the samples: the bulk, the
surface, and a black inclusion visible on sample A (Figure 20C). All spectra displayed the
characteristic bands of gypsum (CaSO,-2H,O) at approximately 1140, 1008, 673, 492, and
414 cm, corresponding to the vibrational modes of the sulphate group (SO4*) [28-35]. In
addition, O-H stretching bands of water molecules were observed around 3490 and 3450
cm™ in all three spectra [31,33]. The spectrum acquired on the black inclusion presented

additional features:

Peaks at 1170, 1026, 675, 630 and 606 cm’, attributed to anhydrite (CaSOs)
[31,33,35];
Broad bands between 1600-1300 cm™, associated to amorphous carbon [32,36];
CH stretching vibrations at 3054, 2897, and 2734 cm’, indicative of the presence of
organic compounds.
The main Raman bands identified in the spectra of the bulk, surface and black inclusion
are summarised in Table 6, along with their vibrational assignments and corresponding

compounds.

Table 6. Raman shift values (cm!), vibrational mode assignments, and corresponding compounds detected
in the spectra acquired on the bulk, surface, and black inclusion of samples from plaster replica MCR_3045.

Raman shift (cm™) Vibrational Compound
Black inclusion in the Bulk Surface assignment

Bulk

3495 3491 3495 v OH H,O

3407 3405 3407 v OH H,O

3054 v CH Organic matter

2897 v CH Organic matter

2734 v CH Organic matter

1568 Wide bands Amorphous carbon

1333 Wide bands Amorphous carbon

1170 v SO, Anhydrite CaSOy4

1142 1137 1139 VSO, Gypsum CaSO42H:0

1026 v SO, Anhydrite CaSOy4

1008 1008 1008 VSO Gypsum CaSO42H;0
675 v SO, Anhydrite CaSOy4

673 674 v SOy Gypsum CaSO42H,0

630 v SO4 Anhydrite CaSOy4
623 624 v SOy Gypsum CaSO42H,0

606 v SOy Anhydrite CaSOy4
493 498 498 v SOy Gypsum CaSO42H,0
414 418 414 v SOy Gypsum CaSO42H,0
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Figure 20. u-Raman spectra acquired on samples A and B from plaster cast MCR_3045. The spectra show
the characteristic bands of gypsum (Gp) in all measurements. The signal from the black inclusion (C), shows

additional peaks corresponding to anhydrite (A#h), amorphous carbon (C), and an organic component. The
inset in (A) shows the optical image of the analysed spot.
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3.3.34ATR-FTIR
ATR-FTIR analysis was performed on both samples collected from plaster cast
MCR_3045. An additional spectrum was acquired directly on the organic matter observed

on the surface of sample B. The spectra are shown in Figure 21A (bulk and surface) and

Figure 21B (organic surface material).
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Figure 21. A: ATR-FTIR spectra of the bulk (red) and surface (black) samples from plaster cast
MCR_3045. Characteristic bands of gypsum (Gp), calcite (Cal) and silicates (57) are observed in both spectra.
The surface spectrum additionally showed bands associated with an organic component (highlighted in red
circles). B: ATR-FTIR spectrum acquired from the organic layer on the surface of sample B. The spectrum
showed absorption bands consistent with those of polyvinyl alcohol (PVA). The inset in red provides an
enlarged view of the diagnostic region, allowing clearer visualisation of the characteristic PVA absorptions.

The spectra of both bulk and surface samples displayed a broad absorption band in the
range of 3517-3240 cm™', assigned to O-H stretching vibrations of water molecules associated
with gypsum (CaSO42H:0). Bending vibrations of O-H are present at 1683 cm™ and 1621
cm’ in both spectra. The most intense bands related to sulphate groups (SO4*) were detected

at 1261, 1114, 868, 672, 604, and 451 cm™ [37-40]. The surface spectrum exhibited additional
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absorption bands, including 2965 cm™ and 2912 em™ (C-H stretching), 1320 em™, (C-H
bending), and a group of bands in the 1447-1420 cm™ and 1230-1260 cm™ ranges. These
bands are absent in the bulk spectrum. Calcite-related absorptions are observed at 1443,
1093, and 870 cm™ in the bulk sample, and at 1447, 1420, and 1093 cm™ in the surface sample
[9,39-43]. Weak bands associated with silicate components are detected at 1005 cm™ (bulk)
and 792 cm™ (surface).

The ATR-FTIR spectrum acquired from the surface organic layer (Figure 21B) showed
a broad O-H stretching band at 3300 cm™, C-H stretching bands between 2960 and 2916
cm’, a prominent carbonyl (C=0O) absorption at ~1730 cm™', and multiple featutes in the
1460-1230 cm™ range [44,45]. Additional peaks between 1100 and 900 cm™ are associated
with C-O and C-C vibrations. The main absorption bands identified in the spectra of the
bulk, surface, and organic matter, along with their vibrational assignments and associated

compounds, are summarised in Table 7.

Table 7. Main ATR-FTIR absorption bands detected in the spectra of the bulk, surface, and organic matter
of plaster cast MCR_3045, with respective vibrational assignment and associated compounds.

Peak wavenumber (cm™) Vibrational Compound
Bulk Surface Organic matter assignment
3517 3525 v OH Gypsum CaSO42H,0
3398 3398 3390 v OH Gypsum CaSO42H,0
3240 3244 v OH H2O
2965 2960 v CH PVA
2912 2916 v CH PVA
1731 Residual acetate group PVA
1683 1683 6 OH Gypsum CaSO42H,0
1621 1621 6 OH Gypsum CaSO42H,0
1443 1447 v CO Calcite
1425 8 CH PVA
1420 v CO Calcite
1364 8 CH PVA
1320 1319 8 CH PVA
1261 1260 v SO+ Gypsum CaSO4-2H,0
1230 v CO PVA
1114 1116 A% 5042’ Gypsum CaSO4~2H20
1093 v CO Calcite
1005 1007 1010 v SiO Silicates
914 v C=C PVA
874 v CO Calcite
868 A% SO42‘ Gypsum CZLSO4‘2HQO
845 v C=C PVA
792 v SiO Silicates
737 PVA
670 672 673 v SO4* Gypsum CaSO4-2H>0
600 604 v SO4* Gypsum CaSO4-2H,O
453 451 v SO4* Gypsum CaSO42H,0
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3.3.3.5 TGA-DSC

The TGA curve (Figure 22) showed a major weight loss of 19.03 % occurring between
approximately 100 °C and 180 °C, with a corresponding endothermic peak in the DSC curve
centred at 149.3 °C. This thermal event is attributed to the dehydration of gypsum
(CaSO4 2H20), resulting in the formation of bassanite (CaSO42H,O). A second
endothermic peak is visible around 354.3 °C, without an associated significant mass loss.
Finally, a minor mass loss of 2.61 % is observed above 650 °C, with an inflection point near

665.3 °C, which can be attributed to organic components and minor carbonate phases.
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Figure 22. TGA (red) and DSC (blue) curves of the plaster sample from cast MCR_3045. The analysis
was cartied out from 25 °C to 1000 °C at 10 °C/min under a mixed ait/nitrogen atmosphere. Major thermal
events include the dehydration of gypsum at ca. 149 °C and a minor mass loss above 650 °C.
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3.3.3.6 HIS

Hyperspectral imaging was conducted on the bulk and surface areas of both sample A
and sample B, using two spectral acquisition modules, one covering the VNIR (400-1000
nm) and the other the SWIR (1000-2500 nm).

In the VNIR range, all samples showed variations in spectral reflectance, though
without clearly defined absorption features. Nevertheless, the analysis allowed for the
identification of surface heterogeneities based on differences in overall reflectance and
spectral slope. Higher reflectance was generally observed in lighter areas (white and grey
classes). At the same time darker zones (brown and dark brown) showed lower reflectance
values and reduced intensity in the red-NIR region. These differences were particularly
evident in the surface of sample A, where VNIR classification maps revealed subtle surface
differences that were not clearly visible in standard photographs.

In the SWIR range, additional chemically informative spectral features were detected
(Table 8). Across all samples, the spectra exhibited absorption bands typical of minerals
containing structural water, particularly gypsum (CaSO4-2H>0) [46,47].

Notable bands included:

A weak band near 1000 nm, corresponding to the first overtone of O-H stretching
and H-O-H bending;

A distinct absorption at ~1200 nm, assigned to the combination of H-O-H bending
and the overtone of O-H stretching;

A broad absorption between 1400 and 1600 nm, with shoulders at 1450, 1490, and
1545 nm, associated with O-H stretching of bound water;

Bands at ~1750, 1945, 2210, and 2270 nm, attributed to a combination of O-H, H-
O-H, and sulphate (S-O) vibrational modes, respectively.

For sample A (surface), five spectral classes were identified in SWIR: white, brown,
brown_2, dark brown and grey. These classes were defined based on variations in the depth and
position of the main absorption features (Figure 23).

In sample B, both bulk and surface areas showed similar spectral trends, though with
generally lower contrast and less pronounced absorptions.

The extracted spectra were processed using continuum removal to allow comparison.
False colour classification maps were generated for each acquisition to visualise the spatial

distribution of the identified spectral classes (Figure 24).
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Table 8. Main absorption bands identified in the SWIR spectra (1000-2500 nm) of both samples. The table
includes the corresponding vibrational assignments and associated compounds, primarily related to hydrated

sulphate phases.

SWIR
Wavelength (nm) Assignment Compound
1200 Combination of 15t overtone of v H,O/CaSO42H,0O
O-H and 8 H-O-H
1450 v O-H bound water H,O/CaSO42H,O
1490 v O-H variation of 1450 H,O/CaSO42H,0
1545 v O-H overlapping hydration H,0O/CaS0O42H,0
band
1750 Combination band of 8 O-H and HO
6 H-O-H
1945 S H-O-H Water of crystallisation
2210 SO4* combination (8 S-O and CaSO4-2H,0
OH)
2270 4 O-H, 6 S-O CaSO4-2H,0

52



0.5

0.4

0.3

Data Value

0.2

0.1

0.0

0.9

0.8

0.7

Continuum Removed

0.6

0.5

Figure 23. Hyperspectral imaging results for sample A, showing representative spectra and classification maps derived from VNIR (A, B) and SWIR (C, D) acquisition. A, B: VNIR reflectance
spectra and classification map of the surface and bulk, respectively; C, D: SWIR continuum-removed reflectance spectra and classification map of the surface and bulk, respectively. Spectral classes

Wavelength (nm)

T L o B L B B S
E E 06
A 3
F ettt 05
: o E
C ,/‘“”ﬂ 1
r o =
C W . 04
7\,,'}-‘&‘\‘ E »
i ]
E . 3
; ; g 03
F VNIR ] e
= 3 Sample A: Surface o
= B E -
e i ]
E i ]
E t % . ]
E - & White E
C R I ] 0.1
E L Brown E
a A, 3
: T ~ Dark grey ]
3 B 0.0
T TR T N T T PR T T Ny

500 600 700 800 900 000

Wavelength (nm)

e e e — e
Fram= o - 1.0
- C \j
F \ /7
: \/ |
: v ] 0
: ;
i SWIR ] %’
~ Sample A: Surface = H
- ] 5
F _. ]
E ] :;.,'l =
r b White ]
F s ~+~ Dark brown
F I %. Brown E 04
- . v Brown_2 3
F - Grey i
. L ] . . A B B
1000 1200 T400 1600 1800 2000 2200 2400

were defined using SAM.
53

T T T

B

LA L N e e e

TEEFTTT

-\ iy W™

[RARARRRAN R R R LR R

RN RTRRa

T T T T T

L LI B B B B B

Lo Lo b b s o 1y

VNIR
Sample A: Bulk

White
Brown
Grey

< Dark erey

500

600 800 900

700
Wavelength (nm)

1000

~e— \ '/,' ]
"D \/ \

- \

f SWIR -
# Sample A: Bulk |
|

White 4
‘ Dark grey |
Brown

| Light grey
1 Grey J
/

1800
Wavelength (nm)



Wavelength (nm)

R R R R R R R R AR L e L B B B
- A . . B i
06 _ F ]
08 —
i 1 06 [\ er et M‘va‘MM —
04— — - Ty
s VNIR 1 s [ ]
& Sample B: Surface 1 o4 VNIR 7
i | _ Sample B: Bulk
02 — — L ]
L _ 0.2 — —
Whi L White ]
r B m? L Light brown
rown | 7~ Dark grey
i Grey 7 .
00 — —
00 — e e L
o L g ] 500 1000
500 700 800 900 1000 Wavelength (nm)
Wavelength (nm)
FT T T T T T T T T T T T T T T ™ F T 1™ 1 r 17 L L I B L | T T LA B B AL B R
0 e N/ E MR TN AN
C E [ [ \ b
F E /N f
E C \ /A F D {0 AN "[ ‘ é
09 | /{ 09 - | \ / /;
E \\ \/ E F If M .
E E F f ) ]
E ] F I \J B
08 - ! 3 08 |- f .
£ ] E I .
3 f SWIR - 3 f ;: :
3 E 3 3 E | =
§ ;= Sample B: Surface 3 orf I =
£ E 7 £ - [ 3
= ; Pl ‘J SWIR ]
£ F ] £ F | 3
Sosk = S 08 /“ Sample B: Bulk -
0s - White 3 05 f— ; —f
£ 3 E White 3
E Y Dark brown 7 F Grcy ]
£ “ Grev . F ' E
. Bre} E E | ~ Dark grey ]
04 :_ TOWI _: 04 — V| “r Tiok :, —]
C -~y Brown_2 E E | . 1ght grey ]
£l el e ‘ — 4 E ! A T N B R -
1000 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400

‘Wavelength (nm)

Figure 24. Hyperspectral imaging results for sample A, showing representative spectra and classification maps derived from VNIR (A, B) and SWIR (C, D) acquisition. A, B: VNIR reflectance
spectra and classification map of the surface and bulk, respectively; C, D: SWIR continuum-removed reflectance spectra and classification map of the surface and bulk, respectively. Spectral classes
were defined using SAM.
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3.4 Discussion
3.4.1 Microclimatic monitoring

The long-term microclimatic monitoring campaign conducted in Room LI of the
Museum of Roman Civilisation highlighted the unstable and highly variable indoor climate,
particularly in terms of RH, confirming the lack of environmental stability in the absence of
any control system. These findings are consistent with the condition of many historic
museum buildings, which often lack controlled environmental systems and require site-
specific evaluations based on the so-called historic climate to which artefacts have gradually
adapted over time [8].

During the first phase of monitoring (November 2022-May 2024), a single datalogger
positioned at the centre of the gallery recorded a distinct seasonal trend in temperature and
persistent fluctuations in RH. The temperature ranged between 8.0 °C and 34.0 °C, with an
average of 18.8 °C, while RH values ranged between 34.5 % and 86.0 %, with an average of
64.7 % (Table 2). In particular, RH values frequently exceeded the critical 80 % threshold,
especially during winter months, falling outside the ideal conservation range of 45-60 % RH
and 15-25 °C suggested by UNI 10829:1999 and other standards for gypsum-based artefacts
[2,48]. These conditions are known to promote dissolution and recrystallisation of salts,
which can result in surface deformations, cracking, and mechanical detachment, thus
accelerating existing decay phenomena or initiating new damage patterns [4,7]. In addition
to absolute values, the short-term variability of the indoor environment is equally relevant
for conservation. According to UNI 10829:1999, the daily excursions of temperature and
RH represent a critical indicator for assessing the suitability of museum climates, as rapid
changes can influence the moisture content and internal stress conditions of hygroscopic
materials [48]. Although the standard is primarily intended as a methodological guideline
rather than a strict prescriptive threshold, the microclimatic data collected in Room LI
showed that pronounced daily variations are frequent throughout the year. These short-term
fluctuations can modify the moisture content of gypsum-based materials and promote
repeated wetting-drying conditions at the microstructural level, which are known to favour
microcracking, powdering, and the mobilisation of soluble salts. Over time, these processes
may contribute to the progressive deterioration of plaster casts in unstable environments.
Although the presence of moisture and high RH was frequently recorded, the observed
temperature fluctuations are not compatible with freeze-thaw cycles, which typically require

repeated transitions below 0 °C. Therefore, deterioration mechanisms in the studied casts
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are unlikely to be attributed to freezing effects, which may affect open pore systems in colder
conditions [4,7,49].

The thermographic survey conducted in 2023 was fundamental in defining the second
monitoring campaign (May 2024-May 2025). The thermographic results highlighted specific
critical points, such as the upper wall junctions, ceiling corners, and areas previously effected
by infiltration and condensation, which were selected for the installation of eight dataloggers
(A-H). Positioning the sensors in these moisture-prone and thermally unstable areas ensured
that the monitoring network provided a more targeted and spatially comprehensive
assessment of the indoor climate.

The second monitoring phase confirmed a coherent seasonal pattern across all the 8
logger positions. Temperature values ranged from 8.5 °C to 34.5 °C, with average
temperatures spanning from 20.0 °C to 20.9 °C. RH values fluctuated between 34.0 % and
86.0 %, with mean values from 59.0 % to 62.8 %. Dew point values followed a consistent
seasonal curve (-2.3 °C to 25.3 °C) (Table 3).

While some minor spatial differences were observed, such as marginally higher thermal
amplitude in loggers A, B, and F or increased RH variability in logger A during winter, the
overall indoor environment remained spatially homogeneous. This may be partially attributed
to prior waterproofing and structural repairs conducted in the most affected zones.
Systematic differences between critical and non-critical zones in terms of RH behaviour, dew
point proximity, or temperature trends were not observed.

Although dew point curves remained consistently below air temperature values,
occasional convergence during colder months suggests that sporadic condensation events
may have occurred on colder surfaces (Figure 10). However, these were not frequent or
widespread in the monitored sections.

The monthly mean indoor temperatures (Table 4) confirm a regular seasonal cycle, with
winter levels around 11-12 °C and late-summer peaks above 30 °C (minimum 11.19 °C in
February 2023; maximum 31.93 °C in August 2024). Monthly differences between years are
evident, but a consistent warming signal is not apparent in this record. For conservation, the
data highlighted two recurring risk periods: cold months with elevated RH, when threshold
exceedances are more frequent and moisture-driven processes are favoured; and late
summer, when higher temperatures can intensify drying stresses. These observations support
targeted preventive measures and confirm the need for continued monitoring.

In summary, the integration long-term monitoring and spatially distributed sensors

provided detailed information of the environmental dynamics in Room LI. The current
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microclimatic conditions are not suitable for the long-term conservation of gypsum-based
materials, which are highly sensitive to RH and temperature fluctuations [50]. The findings
emphasise the need for a preventive conservation strategy, based on environmental
stabilisation through the introduction of an active system and continuous monitoring. These
actions are essential to preserve the plaster replicas in view of the museum’s imminent

reopening.

3.4.2 On-site survey

The visual and instrumental survey of plaster cast MCR_3052 provided valuable insights
into the complex degradation phenomena affecting the replicas conserved in Room LI. The
artefact (Figure 11), reproducing Scene 37 of Trajan’s Column, was selected as a
representative case due to its advanced state of deterioration and its location within the
gallery, close to datalogger A. As such, it offers a meaningful contribution to the
understanding of the degradation dynamics affecting the wider collection.

The internal support system, composed of a wooden and metal structure partially
embedded within the gypsum matrix, not only reflects historical casting techniques, but also
represents a critical point of structural vulnerability. Rust stains visible on the rear side of the
cast (Figure 12A), confirm the onset of corrosion in the metallic framework, likely caused by
the high and fluctuating relative humidity recorded during environmental monitoring. These
conditions are known to promote oxidation and volumetric expansion of iron-based
elements, exacerbating surface deformation, and detachment in gypsum-based artefacts [4,7].

The degradation map (Figure 13) produced during the survey revealed a wide range of
alteration features, highlighted significant structural instability with a large vertical fracture
extending nearly the full height of the cast. The presence of restoration binders within the
fracture indicates prior interventions, and the current propagation of cracks suggests ongoing
mechanical stress. Micro-cracks, uneven fillings, and areas of erosion or pulverisation were
primarily concentrated along the lower and lateral zones, which are more exposed to external
factors such as humidity accumulation, dust deposition, and mechanical stress.

Surface observations also revealed coherent deposits, chromatic alterations, and residual
casting materials. Dust accumulation, particularly evident in the more exposed sections, is
consistent with the porous and hygroscopic nature of gypsum, which favours retention of
particles, especially in the presence of high humidity [51-54]|. Although the museum has
remained closed to the public for several years, external factors such as urban pollution or

road traffic are still likely to contribute to the internal dust load. Diffuse yellow and pink
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tonal variations were observed on the surface, which may correspond to historical patinas or
aged coatings historically applied to enhance legibility [4,7]. Pencil marks and engraved lines
were also documented, alongside widespread scratches and abrasions that may have resulted
from handling, transportation, or cleaning. Additionally dark reddish stains and residual
traces of maltina (plaster mixture) are visible in several areas, especially on the right portion
of the cast, and may be linked to the original moulding and assembly process.

Colourimetric analysis supported the visual observations, confirming variations in
lightness and chromatic saturation across the surface. Lower L" values were associated with
areas showing greater surface degradation (e.g., T_046, T_053 and T_069) (Table 5), while
higher chroma (C") values were found in better preserved or possibly retouched areas,
indicating heterogeneity in surface conditions. These results reflect the combined impact of
ageing, environmental stress, and restoration history.

The application of active infrared thermography (Figure 16) further reinforced these
findings. The large vertical fracture was clearly identified as an area of increased thermal
response, confirming the sensitivity of this method in detecting subsurface discontinuities.
Areas with delayed cooling or greater thermal retention were also highlighted, potentially
corresponding to dense mortar fillings, voids, or areas with higher moisture content. These
thermographic responses provide important diagnostic data, always visible under standard
fllumination conditions, and confirm the technique’s value in non-invasive structural
assessment [55].

These observations highlighted the complexity of the degradation phenomena affecting
the gypsum replicas, which result from the interaction between material vulnerabilities, such
as porosity, hygroscopic behaviour, and heterogeneous internal structures, and
environmental stress factors, including RH fluctuations, temperature variations, and dust
deposition. The combined use of visual inspection, spectrophotometry, and infrared
thermography provided a comprehensive understanding of both surface and subsurface
alterations, offering insight into ongoing deterioration processes as well as traces of previous
restoration. This diagnostic approach proved particularly effective in identifying degradation

patterns and supporting future conservation planning.

3.4.3 Microchemical and mineralogical characterisation
The combined application of XRPD, FESEM-EDS, u-Raman, ATR-FTIR, TGA-DSC
and Hyperspectral Imaging allowed for a comprehensive characterisation of the materials

composing the plaster cast MCR_3045. This multi-analytical strategy enabled the
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identification of both inorganic and organic components, as well as the observation of
stratigraphic heterogeneities between the bulk and the surface of the artefact.

XRPD analysis revealed that gypsum is the main mineral phase in both bulk (sample A)
and the surface (sample B) (Figure 17), as indicated by the strong diffraction peaks, especially
the one associated with the (020) crystal plane [25]. In addition to gypsum, the bulk sample
revealed minor peaks of calcite, quartz and kaolinite [27], suggesting the presence of either
natural impurities or additives, in line with historical plaster formulations consistent with
historical gypsum-based casting practices [56]. The absence of calcite and only weak traces
of kaolinite in the surface sample support the hypothesis of a finishing layer with a different
composition, possibly applied to enhance aesthetic qualities by giving the surface a more
marble-like appearance.

High-resolution FESEM analysis confirmed the distinction between the porous bulk
matrix and the denser surface layer. The bulk sample displayed large tabular and needle-like
gypsum crystals, while the surface is characterised by a fine-grained, compact texture forming
a continuous layer approximately 150-200 um thick. EDS elemental maps (Figure 19) showed
that the matrix is rich in Ca, 5, and O, consistent with gypsum (CaSO4-2H,O), while the
surface layer is enriched in .4/ 87 and K, indicating the presence of a clay-based finish. The
presence of titanium and magnesium in the surface layer may be due to natural impurities in
the clay or to the addition of small amounts of other materials during production or
restoration treatments.

pu-Raman spectroscopy further confirmed the material composition. Spectra collected
from the bulk and surface (Figure 20) showed characteristic bands of gypsum at ~1140, 1008,
673, 492, and 414 cm™' [28-35], as well as O-H stretching vibrations around 3405 and 3490
cm™ [31,33]. A black inclusion observed in the bulk sample revealed additional spectral
features, including peaks attributed to anhydrite (1170, 1026, 675 cm™) [29,31,35], broad
bands between 1600 and 1300 cm™ associated with amorphous carbon [32,36], and C-H
stretching bands between 3054 and 2734 cm™. These results suggest the presence of an
organic matter used either during production or a previous conservation campaign [45,46].

ATR-FTIR spectra (Figure 21) supported the Raman results, confirming the main
presence of gypsum through strong absorption bands related to O-H and SO4* vibrations,
with additional signals for calcite at ~1447-1420 and 870 cm™ [9,39,41-43]. A notable peak
at 3340 cm™ suggests the presence of bound water molecules. The sutface spectrum also

revealed bands associated with organic functional groups including C-H stretching, C=0O
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and C-C, along with CH bending bands [44,45] related to the presence of PVA, probably
added as a finishing treatment during restoration interventions.

TGA-DSC analysis provided thermal evidence supporting the mineralogical and
chemical data. The major mass loss of 19.03 % between 100 °C and 180 °C, with an
endothermic peak at 149.3 °C, corresponds to the dehydration of gypsum to hemihydrate
[9,57,58]. A minor mass loss at 354.3 °C and additional weak losses above 650 °C may be
attributed to the decomposition of organic components and minor carbonate phases (Figure
22).

Hyperspectral imaging added spatial information about the surface composition and
state of preservation. In the VNIR range, variations in reflectance correlated with chromatic
differences, while in the SWIR range, characteristic absorption bands related to bound water
and sulphates were consistent with gypsum (Table 8) [39]. Classification maps revealed subtle
heterogeneities on the surface of sample A that were not visible through traditional imaging,
reinforcing the hypothesis of different surface treatments or localised degradation.

Overall, the results confirm the heterogeneous nature of the replica, reflecting both its
original manufacture and subsequent alteration processes. The presence of a distinct surface
layer composed of clay materials, differing from the bulk, suggests that a finishing layer was
applied during production to modify the surface texture and appearance. Additionally, the
identification of polyvinyl alcohol provides valuable evidence of the materials used in past
conservation treatments. This information is particularly valuable in absence of written
reports, and is essential for planning appropriate cleaning methods and ensuring

compatibility and reversibility of future conservation interventions.

3.5 Conclusion

The diagnostic investigation conducted on the plaster replicas of Trajan’s Column,
conserved in Room LI of the Museum of Roman Civilisation, has demonstrated the
relevance of an integrated, multi-analytical approach for the assessment and long-term
conservation of complex gypsum-based artefacts. Through the combination of
environmental monitoring, zz-sitn visual and thermographic surveys, and laboratory-based
characterisation, it was possible to reconstruct not only the material composition of the casts,
but also the main deterioration processes and the impact of long-term environmental
exposure.

Microclimatic monitoring revealed the absence of a controlled indoor environment and

recorded significant thermo-hygrometric fluctuations, with relative humidity levels
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frequently exceeding 80 %, especially during the winter months. Although substantial spatial
variability was not observed, the values consistently fell outside the recommended
conservation range for gypsum-based materials. The current environmental data revealed a
trend of increasing temperatures and persistent humidity fluctuations, suggesting a
progressive alteration of the indoor climate. These conditions have likely contributed to the
development and acceleration of deterioration phenomena such as cracking, erosion,
pulverisation, and chromatic alterations.

The 7n-sitn analysis of selected casts, particularly the representative example MCR_3052,
confirmed the presence of both surface and structural damage. Fractures, micro-cracks,
coherent deposits, tonal variations, and signs of previous restorations were documented,
along with possible traces of biological colonisation. The application of active infrared
thermography proved especially valuable in identifying subsurface anomalies such as hidden
detachments, previous interventions, or areas with altered thermal behaviour that are not
visible through standard inspection.

Laboratory analyses on samples from cast MCR_3045 provided a detailed
characterisation of the materials. XRPD, FESEM-EDS, p-Raman, and ATR-FTIR
confirmed that gypsum (CaSO,4 2H>O) is the main constituent of both bulk and surface
layers, but with clear stratigraphic differentiation. The surface displayed a compact
microstructure enriched in kaolinite and magnesium, associated with the original formulation
of the casts. Conversely, the detection of titanium, probably in the form of TiO,, a pigment
not used in the mid-19"-century, may indicate the presence of later restoration products or
protective surface treatments. The identification of organic compounds, such as polyvinyl
alcohol, further supports the hypothesis of recent interventions. These findings highlight the
importance of characterising the surface layers before planning cleaning or consolidation
procedures.

Thermal and spectroscopic analyses supported the mineralogical findings, while
hyperspectral imaging provided a non-invasive visualisation of subtle surface heterogeneities
and material differences. Colourimetric measurements further captured tonal variations
across the surface, supporting and complementing the visual assessment. Overall, the results
confirmed the complex and stratified nature of the casts, reflecting a combination of original
features and later modifications, both structural and superficial.

This study highlighted how the condition of the casts is influenced by their material

properties, an unstable environment, and previous restoration treatments. Combining visual,
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analytical and environmental data has been important for understanding their current state
and planning conservation measures that address their specific needs.

In view of the planned reopening of the museum, it will be essential to stabilise
environmental conditions within Room LI, and to improve environmental monitoring.
Future studies should focus on developing suitable restoration methods, choosing cleaning
techniques based on surface characteristics, and ensuring the long-term preservation of these

valuable plaster casts.
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Annex — Part 1

Photographs and degradation maps — conservation class: mediocre MCR_3029

Annex — Figure 1: Photographic documentation of plaster cast MCR_3029, classified as mediocre in the 2012 survey.
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Annex — Figure 2: Degradation map of plaster cast MCR_3029, classified as mediocre in the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.
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Photographs and degradation maps — conservation class: mediocre MCR_3031

Annex — Figure 3: Photographic documentation of plaster cast MCR_3031, classified as medjocre in the 2012 survey.
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Annex — Figure 4: Degradation map of plaster cast MCR_3031, classified as mediocre in the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.
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Photographs and degradation maps — conservation class: mediocre MCR_3064

Annex — Figure 5: Photographic documentation of plaster cast MCR_3064, classified as mediocre in the 2012 survey.




Annex — Figure 6: Degradation map of plaster cast MCR_30064, classified as wediocre in the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.
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Photographs and degradation maps — conservation class: discreet MCR_3027

Annex — Figure 7: Photographic documentation of plaster cast MCR_3027, classified as discreet in the 2012 survey.

74



~~nt --/"‘"_\
Map legend
g Fractures/Cracks Srains
E Missing Parts Fillings
- Engravings/Scratches Vandalism: Pencil Marks

Annex — Figure 8: Degradation map of plaster cast MCR_3027, classified as discreet in the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.
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Photographs and degradation maps — conservation class: discreet MCR_3030

Annex — Figure 9: Photographic documentation of plaster cast MCR_3030, classified as discreet in the 2012 survey.
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Annex — Figure 10: Degradation map of plaster cast MCR_3030, classified as discreet in the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.



Photographs and degradation maps — conservation class: discreet MCR_3050

Annex — Figure 11: Photographic documentation of plaster cast MCR_3050, classified as discreet in the 2012 sutvey.
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Annex — Figure 12: Degradation map of plaster cast MCR_3050, classified as diserees in the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.
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Photographs and degradation maps — conservation class: poor MCR_3045

Annex — Figure 13: Photographic documentation of plaster cast MCR_3045, classified as poorin the 2012 survey.
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Annex — Figure 14: Degradation map of plaster cast MCR_3045, classified as poorin the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.
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Photographs and degradation maps — conservation class: poor MCR_3058

Annex — Figure 15: Photographic documentation of plaster cast MCR_3058, classified as poor in the 2012 survey.
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Annex — Figure 16: Degradation map of plaster cast MCR_3058, classified as poorin the 2012 survey. The map legend indicates the colours used to identify each degradation pattern.
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Photographs and degradation maps — conservation class: poor MCR_3125

Annex — Figure 15: Photographic documentation of plaster cast MCR_3125, classified as poor in the 2012 survey.
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Supplementary materials — Figure 16: Degradation map of plaster cast MCR_3125, classified as poor in the 2012 survey. The map legend indicates the colours used to identify each degradation

pattern.
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4. Part 2: Conservation strategies for plaster replicas:

insight into sum mixtures and protective coatings
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Abstract

Plaster replicas of ancient sculptures, widely produced and collected in the 19" century for
educational and documentary purposes, are particularly vulnerable to deterioration. The
porous and hygroscopic nature of gypsum makes them highly sensitive to fluctuations in
temperature and humidity, conditions commonly found in historical buildings lacking climate
control systems. Protective coatings are therefore essential for mitigating degradation
processes and ensuring the long-term stability of these artefacts. This research investigates
historical gypsum mixtures and their interaction with environmental conditions, identifying
key constituent materials and testing protective coatings. Mock-up samples were coated with
finishes used in 19" century moulding processes and later restoration treatments to assess
their protective effectiveness. The samples underwent accelerated ageing through sun-box
exposure and controlled temperature and humidity cycles, simulating museum environments.
Periodic monitoring included surface colour changes, roughness analysis via profilometry,

and ER-FTIR for chemical characterization. This study aims to improve understanding of
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material deterioration and to evaluate conservation methods for the long-term preservation

of plaster casts.

4.1 Introduction

In the second half of the 19" century, plaster casts became widely used by museums
and academic institutions to support the study and dissemination of artworks from different
cultures and periods. As highlighted by Payne (2020) [1], they offered a practical and
affordable solution for reproducing sculptures that were difficult to transport or preserve.
Their ability to capture fine details made them ideal for educational and artistic purposes,
while their wide availability enabled large-scale cast production [1]. This use responded to a
growing interest in archaeology and antiquity, as well as the ambition to make ancient
sculpture accessible to a wider audience.

However, the porous and hygroscopic nature of gypsum makes it particularly vulnerable
to fluctuations in humidity and temperature, often resulting in both structural and aesthetic
degradation [1,2]. Because of their educational value and the delicate nature of gypsum,
protective coatings were introduced to prevent damage and help preserve the casts over time.

Gypsum (CaSO42H,O) is a widely available and versatile material that has been
employed since antiquity, and over time, various types of gypsum mixtures and processing
techniques have been developed for specific functional and aesthetic requirements [1,3,4].

From a chemical and physical perspective, the mineralogical composition,
microstructure, and behaviour of gypsum-based materials are strongly influenced by the
calcination process and the temperature applied during production [5]. When heated, gypsum
undergoes dehydration and recrystallisation, resulting in hemihydrate forms [6]. Two main
types of hemihydrates are commonly obtained: 3-hemihydrate, or Paris gypsum, produced
by dry calcination, and a-hemihydrate, or alabaster gypsum, typically produced in humid
conditions under pressure [7-9].

These two forms differ significantly in terms of porosity, mechanical properties, and
suitability for specific uses. Paris gypsum, being more porous and less dense, is generally
employed in building applications, temporary moulds, and low-detail casting. In contrast,
alabaster gypsum exhibits lower porosity, better cohesion, and smoother workability, making
it more suitable for artistic and detailed moulding processes, such as those used in the
production of finer plaster casts [10,11].

When mixed with water, hemihydrate gypsum reacts exothermically to form calcium
sulphate dihydrate, leading to a stable crystalline structure under controlled conditions [7]:

CaSO42H,O + 1.5 H;O — CaSO42H,O + ~ 137 k]
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Upon rehydration, both hemihydrate forms develop a crystalline network ensuring a
stable structure under suitable and controlled conditions.

Over time, and especially in the 19" century, different plaster recipes were developed
by adding materials like fibres, binders, or fillers (such as animal glue, marble powder, or
kaolin) to enhance specific characteristics of the final product, such as setting time and
texture [2,12-15]. These formulations were used to improve strength, surface quality, or
workability, and played a crucial role in the production of cast collections. Many of these
mixtures remain relevant today for conservation practices [3,4].

Marble powder, for instance, was widely added to give the mixture a more compact
structure and achieve a bright white finish. Being chemically inert and extremely fine, it filled
micro-voids within the plaster matrix, increasing density and long-term stability. Studies
confirm that adding limestone or marble powder improves compressive strength by filling
voids and enhancing cohesion [2]. Arabic gum, a natural resin mainly derived from Acacia
Senegal and Acacia Seyal, was commonly employed as a plasticiser and binder. It improved the
workability of the mixture and slowed down the setting time, ensuring better control during
the reproduction of large or finely detailed elements [12]. However, its organic nature makes
it susceptible to biological growth and degradation in humid environments. Similarly, animal
glue was added to enhance cohesion and regulate the setting process [15], although it remains
particularly vulnerable to high temperatures and moisture. Kaolin, a fine clay, was often
incorporated to reduce shrinkage and enhance surface finish, although its water-absorption
capacity could increase the mixture’s sensitivity to moisture [16]. Finally, wood powder,
sometimes used for textural purposes or as a lightweight filler, introduced additional organic
content that could compromise long-term stability [17]. Due to the wide variability in
historical mixtures and the lack of systematic documentation, the behaviour of 19"-century
plaster casts under environmental stress is difficult to predict. Each object presents a unique
combination of materials and physical conditions, which may react differently to the same
conservation treatments or storage environments. This complexity underscores the
importance of studying historical formulations under controlled conditions in order to assess
their long-term behaviour and support the development of more effective conservation
methods.

Most historical buildings, where these casts are collected, lack the environmental
conditions necessary for proper conservation and require specific climate control systems
based on the historic climates [18]. Environmental control is often limited or absent, and

plaster objects remain exposed to significant microclimatic variations. Under these
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conditions, degradation phenomena such as cracking, chromatic alterations, erosion, material
pulverisation, and even fragmentation are frequently observed. In addition, previous
restoration interventions and the use of different surface coatings have often introduced
further variables, adding complexity to the conservation process [1].

In recent years, the conservation of gypsum-based artefacts has gained increasing
attention within the field of heritage science. New approaches combine historical research
with experimental analysis under controlled conditions to better understand degradation
mechanisms and evaluate the effectiveness of protective coatings [19]. Artificial ageing
procedures are used to accelerate natural ageing and observe material behaviour within a
limited testing period.

The research presented in this thesis investigates the behaviour of historical gypsum
mixtures and surface coatings through a multi-analytical study conducted on artificially aged
mock-up samples. These mock-ups were prepared according to historical recipes using two
types of gypsum (alabaster and Paris gypsum), combined with three additives: marble
powder, Arabic gum, and a kaolin—wood powder mix. Each mixture was tested in its
uncoated state and in combination with three surface treatments: polyvinyl alcohol (PVA), a
modern acrylic resin (Acryl-EM 33), and kaolin.

Samples were subjected to two distinct artificial ageing processes. The first involved
thermo-hygrometric cycles in a climate chamber designed to replicate the environmental
conditions observed at the Museum of Roman Civilisation (Part 1), where a significant
collection of plaster casts, such as the replicas of Trajan’s Column, is preserved. The second
process involved light ageing using a Solarbox equipped with a xenon lamp to simulate solar
radiation indoors. These conditions were selected to reflect real exposure scenarios typically
encountered by plaster casts in historical buildings. By subjecting mock-up samples to
specific temperature, humidity and light conditions, it is possible to assess how different
materials change over time [20]. This approach is particularly valuable for identifying which
combinations of additives and coatings offer the best protection against environmental
stressofs.

To monitor the effects of ageing, External Reflection FTIR spectroscopy (ER-FTIR)
was used to investigate chemical changes in the matrix and coatings. Surface roughness was
analysed with 3D optical profilometry. Colour variations were recorded through
spectrophotometric analysis in the CIELab" colour space, following standardised protocols.
Mineralogical and microstructural characteristics were further evaluated through X-ray

Powder Diffraction (XRPD) and Scanning Electron Microscopy (SEM) before ageing. This
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research aims to provide new insight into the interaction between gypsum-based materials
and environmental factors, and to identify which material combinations and treatments offer
greater stability over time. The results can support more effective conservation strategies,

especially for gypsum-based casts with complex composition.

4.2 Materials

To assess the response of the material to its surrounding environment, six types of
gypsum mixtures were prepared based on materials and technologies mentioned in recipe
books [3,4]. These mixtures included alabaster gypsum (A) and Paris gypsum (P), both
combined with various additives, such as marble powder (M, Bianco Zandobbio, a fine
dolomitic marble powder originating from the quarries of Zandobbio in the Val Cavallina
district, northern Italy), Arabic gum (AG), and a mixture of kaolin and wood powder (KW)
(Table 9). The preparation of the mock-ups was guided by the observations and analytical
data obtained from the casts of Trajan’s Column presented in Part 1. Although historical
accounts describe different phases of the 19" century campaigns, the available archival
sources provide only limited information on the technical aspects of the mixture used. For
this reason, the formulations adopted in this study were developed by combining historical
casting manuals with the mineralogical evidence obtained through XRPD on the casts. These
analyses consistently revealed the presence of alabaster gypsum together with minor
components, in line with mixtures commonly described in the recipes. The mock-ups were
therefore prepared using alabaster and Paris gypsum, together with additives that reflect the
materials either identified on the casts or documented for similar historical moulding
practices, with the aim not only of reflecting as closely as possible the materials identified in
the casts of Trajan’s Column, but also of extending the investigation to a broader range of
gypsum formulations commonly found in 19" century cast collections.

Alabaster gypsum is a calcined form obtained by firing ground gypsum dihydrate
(CaSO4:2H20). Due to its fine texture and workability, it is widely used for making moulds,
plastering and ceramic restoration. The preparation involves gradual mixing of plaster with
water until a homogeneous, aggregate-free mixture is obtained. Paris gypsum, a hemihydrate
of calcium sulphate (CaSO,-"2H,0), is known for its high purity and fine grinding, making
it suitable for artistic moulding and casting applications [4].

The workability of the gypsum was optimised by gradually adding it to water to prevent

the formation of aggregates. The mixture was left to stand to ensure uniform wetting and air
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release, and was then stirred until a uniform consistent texture was achieved. The optimal
water temperature for mixing ranged from 16 °C to 22 °C [4].

In addition to gypsum, specific additives were incorporated. Traditional recipes suggest
the use of liquid animal glue, which remains in a liquid state at room temperature without
requiring continuous heating [2]. For this reason, a diluted solution of animal glue was added
to each mixture to ensure a slow-setting composition and facilitate better manipulation

before complete hardening.

Table 9. Materials used in the preparation of the samples.

Gypsum Glue Additives Coatings
Alabaster gypsum Animal glue Marble powder (Bianco Zandobbio) Kaolin
Paris gypsum Arabic gum PVA
Kaolin Acryl-EM 33
Wood powder

The preparation of the samples required multiple preliminary tests to refine the
formulations and adapt them to the specific characteristics of the materials used. One of the
main challenges was determining the correct water-to-gypsum ratio. Excessive water led to
cracking and structural weaknesses, while insufficient water compromised workability and
uniformity. The compositions were adjusted based on the appropriate quantity of water,

which allowed for proper handling (Table 10) and will be described in detail below.

Table 10. Proportions of components (in parts) used for creating the mixtures.

Mixture Gypsum Demineralised Animal glue  Marble Kaolin Wood Arabic

(parts) Water (parts) powder (parts) powder gum
(parts) (parts) (parts) (parts)
1 50 28 15 - 25 1 -
100 30 30 25 - - -
3 1000 500 20 - - - 20

Variations in the absorption properties of the additives, particularly Arabic gum and
kaolin, influenced the setting process, requiring adjustments to the based proportions. The
initial formulations resulted in inconsistent textures, requiring repeated adjustments to
stabilise the mixtures and improve their mechanical performance. Through successive trials,
the water content was carefully regulated to strike a balance between workability and
structural integrity. The final formulations ensured that the samples remained free of cracks
while maintaining the necessary cohesion for subsequent analyses. These refinements were

essential to guarantee reproducibility and comparability across all test specimens.
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The animal glue was prepared at a 1:15 ratio (10 g of glue in 150 g of water), allowing it
to swell before being heated to a maximum temperature of 90° C.

The specific formulations varied depending on the type of gypsum and additives used.
Three different formulations were prepared, each tested using both Paris gypsum (P) and
alabaster gypsum (A) as the base binder. These mixtures, referred to as M1, M2, and M3,
differ in the type of additive incorporated, while the binder-additive rations were maintained
across both gypsum types.

Mixture M1: gypsum + animal glue+ kaolin + wood powder
P_M1: 365 g Paris gypsum, 190 g animal glue, 270 g kaolin, 4.5 g wood
powder, 385 g water;
A_M1: same dry components, with 360 g water;
Each mixture yielded 7 moulds.
Mixture M2: gypsum + animal glue+ marble powder
P_M2: 720 g Paris gypsum, 240 g animal glue, 270 g kaolin, 340 g marble
powder, 170 g water;
A_M2: same dry components, with 125 g water;
Each mixture yielded 6 moulds.
Mixture M3: gypsum + animal glue+ Arabic gum
P_M3: 1140 g Paris gypsum, 32 g animal glue, 32 g Arabic gum, 730 g water;
A_M3: same dry components, with 700 g water;
Each mixture yielded 10 moulds.

Arabic gum was dissolved prior to addition using a 1:3 ratio (e.g., 10 g gum in 30 g
water).

These precise measurements were essential to achieve consistent and reproducible
results across all experimental samples.

The selected coatings included materials that have historically been used as protective
layers and modern conservation products. The coatings consisted of:

a 5% kaolin-water solution (K)
a 5% polyvinyl alcohol (PVA) solution, prepared by dissolving PVA powder in
water with constant stirring
a 10% Acryl-EM 33 (Ac) solution
The selection of these coatings was guided by both historical evidence and the analytical

results from Part 1. Kaolin-based finishes were chosen because thin clay films were identified
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on the casts in Room LI, consistent with 19™ century moulding practices. PVA was included
because traces were detected on the casts, suggesting its use during past restoration campaign.
Acryl-EM 33, although more recent, represents a widely employed conservation product and
was selected to provide a comparative reference between traditional and modern surface
treatments.

A total of 24 distinct sample types were prepared, each measuring 5X5%5 cm, resulting
in 72 specimens. Four replicas were created for each sample, with one left untreated and the
others coated with different treatments. Of these, 48 specimens (two replicas per type) were
subjected to hygrothermal ageing in a climate chamber, while the remaining 24 (one replica
per type) underwent artificial light ageing. Periodic analyses were conducted to monitor and
assess the chemical and morphological variations induced by environmental stressors.

The prepared gypsum samples were categorised based on the type of gypsum used
(alabaster gypsum or Paris gypsum), the additives incorporated (marble powder, Arabic gum,
or a kaolin-wood powder mix), and the surface coatings applied (kaolin, Acryl-EM 33, or
PVA). Table 11 presents the acronyms assigned to each sample, along with the

corresponding materials used in their preparation.
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Table 11. Acronyms and composition of the samples.

Sample Gypsum Additives Coatings
(acronym)
A_M Alabaster Marble powder -
A_M K Alabaster Marble powder Kaolin (K)
A_M_Ac Alabaster Marble powder Acryl-EM 33
A_M_PVA Alabaster Marble powder PVA
P M Paris Marble powder -
P_M_K Paris Marble powder Kaolin
P_M_Ac Paris Marble powder Acryl-EM 33
P_M_PVA Paris Marble powder PVA
A_AG Alabaster Arabic Gum -
A_AG_K Alabaster Arabic Gum Kaolin
A_AG_Ac Alabaster Arabic Gum Acryl-EM 33
A_AG_PVA Alabaster Arabic Gum PVA
P_AG Paris Arabic Gum -
P_AG_K Paris Arabic Gum Kaolin
P_AG_Ac Paris Arabic Gum Actyl-EM 33
P_AG_PVA Paris Arabic Gum PVA
A_KW Alabaster Kaolin / Wood powdet -
A_KW_K Alabaster Kaolin / Wood powder Kaolin
A_KW_Ac Alabaster Kaolin / Wood powder Acryl-EM 33
A_KW_PVA Alabaster Kaolin / Wood powder PVA
P_KW Paris Kaolin / Wood powder -
P_KW_K Paris Kaolin / Wood powder Kaolin
P_KW_Ac Paris Kaolin / Wood powder Acryl-EM 33
P_KW_PVA Paris Kaolin / Wood powdet PVA
Legend:

A: Alabaster gypsum

P: Paris gypsum
M: Marble powder
AG: Arabic gum

KW: Kaolin and wood powder

K: Kaolin
Ac: Acryl-EM 33
PVA: Polyvinyl alcohol

This classification ensures clarity in analysing the effects of different additives and

coatings on the material properties.
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4.2.1 Technical specifications of raw materials

To better characterise the commercial materials employed in the preparation of the

mock-ups, the specifications provided by the manufacturers were examined. The data

offered useful reference information when interpreting the XRF results and identifying the

origin of minor elemental components (Table 12).

Table 12. Commercial raw materials employed in the preparation of the gypsum mixtures, with indication
of brand and specifications derived from manufacturer technical sheets.

Product

Brand

Specifications

Alabaster gypsum

Paris gypsum

Marble powder (Bianco
Zandobbio)

Kaolin

Wood powder

Animal glue

Polyvinyl alcohol (PVA)

Acryl-EM 33

Axton®

Weber® - Saint
Gobain

Valli Granulati®

ANTA.RES®

Hendi®

ANTA.RES®

ANTA.RES®

ANTA.RES®

Calcinated calcium sulphate dihydrate with high
whiteness and fine granulometry. Although detailed
chemical composition is not provided by the
manufacturer, the product is intended for decorative
moulting and includes naturally occutring mineral
impurities typically associated with gypsum deposits.

The plitre fin de Paris consists mainly of calcium sulphate
hemihydrate obtained through calcination. As reported
for similar commercial products, minor silicate
impurities may be present due to the geological

provenance of the raw material.

The material is predominantly composed of calcite
(CaCO;3 55.61 %) and dolomite (MgCO3 44.20 %), with
very low levels of silica (SiO2 0.12 %) and iron oxides
(Fe203 0.0016 %).

The white micronised kaolin is characterised by a high
content of aluminosilicates, with SiO, = 49 %, Al,O3 =
36.5 %, and minor quantities of FeO3 /0.5 %), TiO:
(0.15 %) and CaO (0.1 %).

The beech smoking dust consists of fine lignocellulosic

particles derived from natural beech wood.

Rabbit-skin glue consists of proteinaceous collagen
extracts, essentially inorganic-free apart from traces of

mineral salts.

The PVA is supplied as a partially hydrolysed polymer

without any relevant inorganic content.

The acrylic dispersion contains 45-47 % of acrylic
copolymer and does not include inorganic fillers

according to the technical specifications.
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Figure 25. Visual comparison of gypsum-based samples before ageing. The samples are arranged by additive type and coating treatment. Each column represents a different formulation: A
(alabaster gypsum) or P (Paris gypsum) combined with AG (Arabic gum), KW (kaolin + wood powder), or M (marble powder); while each row shows untreated, kaolin-treated, acrylic treated and
PVA-treated specimens. All samples measure 5x5x5 cm. Scale: 1 cm.
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4.3 Methods
4.3.1 Analytical techniques

The selected gypsum samples were analysed through a comprehensive characterisation,
including X-Ray Powder Diffraction (XRPD), Field Emission Scanning Electron
Microscopy (FESEM), and X-Ray Fluorescence (XRF). Additionally, optical light
profilometry, colourimetric measurements, and External Reflection FTIR (ER-FTIR)
spectroscopy were performed at different ageing intervals, starting from to and periodically
after each ageing cycle, to monitor any chemical and morphological changes over time. Each
sample underwent three ageing cycles under a single ageing protocol, either in the climatic
chamber or under light exposure. The two protocols were applied to separate sets of samples.

Table 13 presents the analytical techniques employed to characterise the materials at
different stages. In this study, to always indicates the condition of the samples before any
artificial ageing. For cyclic ageing the timepoints ti, t2, an t; in optical profilometry and ER-
FTIR refer to the end of each individual ageing cycle, while colourimetric measurements
were only taken at to and t3, corresponding respectively to the initial condition and the end
of the last cycle. In the case of light ageing, colourimetric data were collected at to, ti, t> and
t;, reflecting the end of each phase. However, for both profilometry and ER-FTIR under
light ageing, only two timepoints were considered: ty, before the beginning of the exposure,

and ts, at the end of the complete ageing process.

Table 13. Overview of the ageing protocols, analytical techniques and acquisition times used in the study.

Ageing protocol Analytical technique Acquisition time
Optical light profilometry to, t1, t2, t3
Cycle ageing ER-FTIR to, t1, t2, t3
Colourimetric measurements to, t3
Optical light profilometry to, t3
Light ageing ER-FTIR to, t3
Colourimetric measurements to, t1, t2, t3

The following description outlines the applied methods and specifies the number of
specimens tested for each gypsum formulation in the technical analyses.

Mineralogical analyses by XRPD were conducted using a PANalytical X’Pert PRO
diffractometer operating in Bragg-Brentano reflection geometry with CoKa radiation, 40 kV
voltage, and 40 mA filament current, and equipped with an X’Celerator detector. Qualitative
diffraction data analysis was performed using X’Pert HighScore Plus® software (PANalytical)
in combination with the PDF-2 database.

The mineralogy and morphology of the samples were further examined using a FESEM

Tescan Solaris. Microchemical analysis of the mineral phases, as observed under FESEM
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was performed with an Oxford Instrument Ultim Max 65 Silicon drift detector (EDS)
operating at 15 keV, 3 nA, and a working distance of 5 mm. Backscattered electron (BSE)
imaging was carried out at enhanced resolution, using a lower voltage and current setting (5
keV, 300 pA) at a working distance of 4 mm.

Elemental analyses by XRF were performed using a Minipal PW4025/00 spectrometer
(Philips Analytical, Almelo, Netherlands) at 20 kV and 70 pA. Analyses were carried out in
open air, with a Kapton filter employed. XRF analyses were performed in semiquantitative
mode, which allows the detections of elements with atomic number > 11 (Na). The
technique is particularly suitable for identifying minor and trace inorganic components within
commercial gypsum preparations and additives, complementing the information provided
by the manufacturer’s technical sheets.

A Bruker Alpha FTIR spectrometer, equipped with an external reflection module
(20°/20° geometry) and a coaxial visual camera, was used for chemical analysis. The
instrument was calibrated weekly with a polystyrene film at room temperature. Prior to each
scan, a 3-minute background recording was performed using a gold coated mirror to correct
each spectrum for atmospheric absorption during the scan. ER-FTIR spectra were recorded
over a range from 7500 to 400 cm™, with a resolution of 4 cm™ and an acquisition time of 3
min. The acquisition and processing of the spectra were managed using a Bruker OPUS 6.0
software package, and then further processed with OriginPRO 2018b.

For surface topography analysis, a NANOVEA Jr-25 non-contact 3D profilometer was
used. This equipment enables the study of surface topography with submicrometric
precision, graphically represented using False Colour Height maps, 3D profiles, and surface
changes according to the standard normative ISO 25178 (Geometrical Product
Specifications — Surface Texture). The arithmetical mean height (Sa) and root mean square
height (Sq) were considered for the evaluation of surface texture.

A Konica-Minolta CM-700d spectrophotometer equipped with a pulsed xenon lamps
and diffuse reflectance geometry was used to record reflectance spectra, collected in the
wavelength range from 360 to 740 nm with s resolution of 20 nm. The measurements were
taken using a D065 standard illuminant, 10° observer, and SCI mode with an 8 mm
measurement area. Five measurements were performed per sample, and the colour difference
(AE") was calculated according to the CIELab 1976 system, and the 1. (lightness, from 0 to
100), a, related to the red — green component, and b’, related to the yellow — blue component,
(chromatism, from -60 to +60) parameters were calculated, following the UNI-EN 15886
(2010) standard [21,22]:
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AE* = /(L] = L3)? + (aj — a3)? + (b; — b3)?

where L', 2’1 and b'; are the parameters at to, while I3, 2 and b'; are the parameters after

each ageing cycle. For each sample, 5 measurements were carried out.

4.3.2 Accelerated ageing

The accelerated ageing protocols were developed based on of empirical observations
collected from gypsum casts displayed in uncontrolled museum conditions (see Part 1). The
degradation phenomena identified, such as abrasion, pulverisation, and material leaching,
were attributed to prolonged exposure to unsuitable hygrothermal conditions and served as
reference for simulating comparable deterioration in the laboratory. The environmental
cycles applied to the mock-ups aimed to reproduce the microclimatic fluctuations recorded
at the Museum of Roman Civilisation, using controlled temperature-humidity changes and
light exposure to test the long-term stability of different formulations.

An FDM Series C Environmental chamber, capable of controlling temperature and
relative humidity, was employed to subject 48 samples to controlled ageing. The
environmental chamber operates within a temperature range of -25 °C to +70 °C, and a
humidity range of 10 % to 98 %. The ageing process comprised 150 cycles of 12 hours each,
simulating the extreme environmental fluctuations corresponding to roughly 150 years of
natural exposure. Each cycle consisted of 6 hours at a temperature (T) of 30 °C and relative
humidity (RH %) of 30 %, representing summer conditions, followed by 6 hours at T of 10
°C and a RH of 90 %, representing winter conditions (see Part 1) Additionally, an extra hour
was allocated for each parameter transition to allow the system to reach the designed
temperature and humidity levels gradually. As a result, each cycle lasted 14 hours instead of
12, leading to a total ageing duration of approximately 87 days and 12 hours (Figure 20).
Samples were analysed at different stages: before the ageing process began (t) and

subsequently after every 50 (1), 100 (t2), and 150 (t3) cycles.
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Figure 26. Thermo-hygrometric cycle used for artificial ageing in the climate chamber. The cycle simulates
alternating seasonal conditions, consisting of 6 hours at 30 °C and 30 % RH (summert), followed by 6 hours
at 10 °C and 90 % RH (winter). An additional 2 hours were included for the gradual transition between the

two phases, resulting in a total cycle duration of 14 hours.

One set of 24 samples, each corresponding to a distinct material formulation, was
exposed to artificial solar radiation using a Solarbox 1500, equipped with a 1500-W xenon-
arc lamp to simulate the solar spectrum, leaving out wet cycles to simulate an indoor
environment. Ageing was carried out for a total of 1512 hours (three cycles of 504 hours
each), under an irradiance of 550 W/m? and a Black Standard Temperature (BST) of 65 °C.
The samples were monitored at the end of each cycle.

The following table summarizes the conditions for both the cycle ageing and light ageing
processes applied to the gypsum samples (Table 14). These processes were designed to
simulate long-term degradation caused by environmental factors including humidity,

temperature variations, and solar radiation exposure.
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Table 14. Comparison of cycle ageing and light ageing conditions, outlining the specific environmental
parameters and total duration of each process.

Condition Ageing process Total duration
150 thermo-hygrometric cycles, each lasting 14 87 days and 12 hours, including an
hours, simulating 150 years of natural ageing: extra hour per cycle for transition
Cycle ageing . 6 hours at 30 °C and 30 % RH (summer between temperature and humidity
conditions; parameters.
6 hours at 10 °C and 90 % RH (winter
conditions);

2 hours for parameter transition, to
allow the system to reach the designated
T and RH levels gradually.
Exposure to artificial solar radiation using a 1512 hours, divided into three
Solarbox 1500 with a 1500 W xenon-arc lamp and  cycles of 504 hours each.
Light ageing  indoor filter, leaving out wet cycle to simulate the

indoor environment.
Irradiance of 550 W/m?2 with a Black Standard
Temperature (BST) of 65 °C.

All samples were analysed to assess potential chemical, morphological, and
colourimetric variations induced by the ageing processes. Chemical composition was
evaluated using FTIR spectroscopy, while surface morphology was characterized with a 3D
non-contact profilometer. Colourimetric variations were measured according to standardised
protocols [21]. These complementary analytical techniques provided a comprehensive

evaluation of the samples' responses to the simulated ageing conditions.
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4.4 Results
4.4.1 Chemical and mineralogical characterisation
The chemical composition of the mock-up formulations was determined by X-ray
fluorescence (XRF). The results, summarised in Table 15, show the presence of calcium- and
sulphate-based compounds in all specimens, consistent with the gypsum-based nature of the
matrix. The most abundant oxides detected in each sample are CaO, SO3 and SiO..

Table 15. Chemical composition of major elements expressed in wt % of oxides for the mock-up
formulations.

Compound A_AG A M A_KW P_AG P M P_KW
Al>O; 2.04 5.79 217 2.14 5.36 2.04
SiO; 21.68 28.49 22.56 22.08 32.01 21.99
Fe;0s3 0.10 0.43 0.09 0.08 0.34 0.04
MgO 0.51 0.26 0.59 0.63 0.61 0.65
KO 0.11 0.09 0.07 0.05 0.04 0.01
CaO 53.08 52.49 55.69 53.08 51.08 54.98
SO; 22.48 12.45 18.83 21.94 10.57 20.29

The mineralogical composition of the mock-up samples was investigated by X-ray
powder diffraction (XRPD), to identify crystalline phases and assess potential variations

associated with the type of gypsum and the presence of additives. The results are summarised

in Table 16.

Table 16. Mineralogical characterisation of all the formulations according to XRPD data. Mineral
abbreviation from Warr (2021) [23]: Gp = gypsum; Bss = bassanite; Anh = anhydrite; Do/ = dolomite; Ca/ =

calcite; K/n = kaolinite; Oz = quartz; C/f = celestine. * = present; - = absent.

Sample Gp Bss Anh Dol Cal Kin Qz Clt
A_AG * * * * * _ _ *
A M * * * * _ _ _ *
A_KW * * * * * * * *
P_AG * * - - - - - _
P_M % ES _ * B B * ~
P_KW * * * - * * * _

All samples showed gypsum as the main crystalline phase. Bassanite is also present in
every sample, and anhydrite was detected in most cases. Additional phases varied depending
on the formulation. Dolomite was observed in A_AG, A_M, A_KW and P_M, consistent
with the dolomitic nature of the marble powder and with minor impurities in the alabaster
gypsum. Calcite was identified in A_AG, A_KW and P_KW, indicating its occurrence in
both alabaster gypsum and in kaolin-containing formulations, but it was not detected in the
marble powder samples. Quartz was observed in kaolin-wood samples (A_KW, P_KW),
reflecting the siliceous fraction of the additive. Celestine was consistently detected in

alabaster gypsum formulations, but was absent in those made with Paris gypsum. Since the
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analyses were carried out before artificial ageing, the occurrence of these additional phases
should be interpreted as mineral impurities naturally present in the commercial gypsum and
additives employed. In particular, the relatively high silica content is accounted for by quartz
and kaolinite, reflecting the composition of the raw materials.

The microstructural characteristics of the samples were examined by Scanning Electron
Microscopy (SEM) in backscattered electron mode (BSE).

Figure 27 shows the microstructure of sample P_M (Paris gypsum with marble powder)
at 327 x magnification. The matrix resulted porous and heterogeneous, with visible carbonate
inclusions surrounded by voids. Two distinct inclusions are enlarged in Figure 27 B, where
dimensional measurements are provided: the upper inclusion measures approximately
764.00 pm in height (segment 1-2) and 548.20 um in width (segment 3—4), while the lower
one is 433.70 um in height (segment 5-6) and 450.00 um in width (segment 7-8). The
gypsum matrix surrounding these inclusions displays irregular boundaries with gaps at the

interface.

327 x 1.71 mm 4.39 mm

Mid-Angle BSE 15 keV

Figure 27. FESEM-BSE images: (A) Sample P_M at 327 x magnification. The overview shows two
carbonates’ inclusions within a porous gypsum matrix. The red rectangle indicates the area enlarged in (B);
(B) Sample P_M, detail of image with dimensional measurements of the calcite grains. White lines represent

maximum height and width: (1-2) and (3-4) for the upper inclusion, (5-6) and (7-8) for the lower one.

In sample A_KW (alabaster gypsum with kaolin and wood powder), the matrix resulted
denser. Figure 28 A shows wood fibres and kaolin particles dispersed within the gypsum
matrix. The wood inclusions are fibrous and elongated, ranging in height from approximately

20 to 70 pm in height and up to 500 pm. Kaolin particles appear as flat, plate-like structures
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measuring about 2—5 um. Figure 28 B provides a detailed view of the wood fibres, which
exhibit a porous internal morphology with longitudinal channels. Small gaps are present at

the interface between the inclusions and the surrounding matrix.

e

612 pm

Mid-Angle BSE 10 keV : Mid-Angle BSE 10 ke

Figure 28. FESEM-BSE images: (A) Sample A_KW at 912 x magnification. The overview highlights the
composite structure of the matrix, showing dispersed wood fibres within the gypsum framework. The red
rectangle indicates the region enlarged in (B), where the internal structure of the wood inclusion is further

detailed. (B) Higher magnification of the selected area (2.01 kx). The elongated fibre exhibits a porous
internal morphology.

4.4.2 Hygrothermal ageing

4.4.2.1 Macroscopic evaluation after ageing

After artificial ageing, the surface condition of the mock-up samples was assessed
through visual inspection. Representative photographs were taken under consistent lighting
conditions, using a fixed camera setup and a 2 cm scale reference for comparison (Figure
29). The samples in Figure 29 are examples selected to illustrate the most recurring types of
surface alterations observed across the different formulations.

The samples exhibited a range of macroscopic changes, including rounding edges,
pulverisation, detachment of outer layers, and general loss of cohesion. Several recurring
patterns were identified:

Samples based on alabaster gypsum frequently exhibited mechanical damage at
the edges and corners, especially in the absence of surface coatings or when
treated with kaolin. In these cases, visible fractures and material losses were

concentrated along the margins;
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Paris gypsum-based samples showed more evident surface-level degradation, such
as powdering, while edge deterioration was less frequently observed;
Formulations containing kaolin and wood powder, particularly without coatings,
showed an irregular surface and pulverisation;

Several uncoated samples showed more severe surface erosion, including
superficial material loss;

Samples treated with PVA or acrylic resin generally preserved smoother and more
cohesive surface. However, some differences were observed depending on the
formulation. In particular, the PVA-coated samples containing kaolin and wood
powder (KW) showed more advanced surface alteration than the PVA-coated

samples containing Arabic gum (AG).

2cm

P_AG_PVA

Figure 29. Visual comparison of some gypsum-based samples after ageing. The image shows differences
in surface condition across various formulations, highlighting the combined effects of gypsum type, additives,

and protective coatings.

4.4.2.2 FTIR spectroscopy

FTIR spectroscopy was employed to investigate the chemical evolution of mock-up

samples before and after hygrothermal ageing, conducted under controlled conditions of

temperature and relative humidity. The analysis aimed to assess the chemical stability of the
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materials and their interaction with the environmental conditions simulated during the ageing
cycles.

In all spectra, the characteristic bands of gypsum were clearly identified, confirming its
presence as the main constituent across all samples. These included the O-H stretching
vibrations of non-bonding water at 3548 and 3407 cm”, the sulphate stretching bands at
1110 and 670 cm’, and the SO4* bending vibrations at 605 and 470 cm™ [24-32]. These
signals remained detectable after ageing.

A summary of the main characteristic peaks associated with each material, whether used

as an additive or as a surface coating, is provided below to support the interpretation of the

FTIR spectra (Table 17).

Table 17. Characteristic wavenumbers (cm™') and associated vibrational assignments identified in the ER-
FTIR spectra of the materials used as additives and coatings in the mock-up samples. The table reports the
main functional groups or lattice vibrations observed for Arabic gum, kaolin, PVA, Acrylic resin, and marble
powder.

Material Wavenumber (cm™) and Vibration Assignment
Animal glue 1632 (v C=0O Amide I)
Arabic Gum 1660 (v C=C), 1621 (8 OH)
Kaolin as 3690, 3670, 3645 (v OH), 1065, 1010 (v Si-O-Si), 940, 912 (6 Al-OH), 796, 793
additive/coating (Si-O-Al and Al-O), 570, 470, 430 (lattice vibrations involving Al-O and Si-O-
Al bonds)
PVA 2980, 2976, 2940, 2860, 2850 (v CH), 1780, 1700 (residual acetate groups), 950-
850 (v C-O combined with skeletal vibrations of the polymer backbone)
Actrylic resin 3000, 2965, 2870, 2850 (v CH aliphatic chains), 1716, 1710 (v C=0 carbonyl
group of actylic esters), 1450, 1430, 1380 (& CH), 1150, 1050 (v CO of estet
groups)
Marble powder 3534, 3407 (v OH), 1790 (v COs? overtone), 1450, 1400 (v CO5?)

Samples containing Arabic gum (AG) showed distinct organic signals at 1660 cm™ (C=C
stretching) and 1621 cm™ (O-H bending), which remained visible after ageing [33].

Samples with marble powder exhibited the characteristic carbonate signals at 1790,
1450, 1400 cm™, together with broad bands at 3534, 3407 cm™. The latter are attributable to
O-H stretching vibrations, likely related to adsorbed water or moisture associated with the
carbonate filler. These features remained stable after ageing.

Before ageing, the spectra of samples containing kaolin and wood powder displayed
clear kaolin signals, including intense O-H stretching at 3690, 3670, and 3645 cm™, Si-O-Si
bands at 1065 and 1010 cm™, and Al-O and OH bending modes between 940 and 430 cm™
[34]. After ageing, many of these bands were either significantly reduced or completely

absent.
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The PVA-coated samples (PVA) showed the characteristic C-H stretching bands (2980
— 2850 cm™) and signals attributed to residual acetate groups (1780 and 1700 cm™) both
before and after ageing, as visible in the spectra reported in the discussion (Section 4.5.2.1).
Similarly, samples coated with acrylic resin displayed the typical markers of acrylate-based
polymers, including aliphatic C-H stretches (3000-2850 cm™), strong carbonyl absorptions
of the ester groups at 1716 and 1710 cm™', CH bending modes at 1450, 1430, and 1380 cm®
!, and C-O stretching vibrations at 1150 and 1050 cm™.

Regarding the samples coated with kaolin, the characteristic peaks detectable before

ageing, had almost entirely disappeared after ageing.

4.4.2.3 Optical light profilometry

The surface roughness analysis was assessed on all samples using Sq (root mean square
height) and Sa (arithmetical mean height) parameters. The measurements were collected at
four ageing stages (to-t;) to monitor surface evolution under controlled environmental
conditions.

Across the dataset, samples based on plaster of Paris generally showed higher Sq and Sa
values with respect to alabaster gypsum samples. For example, the uncoated sample P_M
recorded Sq values ranging from 9.11 um at ty to 36.13 um at t3, and Sa values from 7.08 pm
to 29.38 um (Table 18). In contrast, A_KW exhibited Sq values between 14.09 um at to and
15.48 um at t; and Sa values between 11.70 um at to and 10.88 um at ts.

Samples treated with PVA displayed lower roughness values. A_AG_PVA showed Sq
values from 25.59 um at to to 9.85 um at t3, and Sa values from 21.63 um to 7.91 um. A
similar trend was observed in P_M_PVA, with Sq ranging from 14.06 pm to 6.94 um, and
Sa from 11.03 pm to 4.48 pum. Regarding samples coated with acrylic resin, P_AG_Ac
registered Sq values from 23.50 um at toto 8.14 um at t;, and Sa values from 19.13 um to
6.21 um. In A_KW_Ac, Sq values ranged from 17.66 um to 33.94 um and Sa from 14.13 um
to 28.13 um over the same interval. A_M_Ac showed Sq from 6.21 um to 8.28 um and Sa
from 4.82 um to 6.45 um. Samples treated with kaolin coatings showed differing results
depending on the gypsum type. In the Paris gypsum-based sample P_KW_K, Sq values
ranged from 7.33 pm to 34.90 pm, and Sa from 5.58 pm to 28.12 pm. In contrast, A_ AG_K
showed Sq values between 5.38 um and 3.91 um, and Sa between 4.17 um and 3.12 um
across the ageing cycle. Through the uncoated samples, A_M showed Sq values ranging from

11.71 pm to 9.16 pm and Sa values from 9.68 um to 7.19 um, while P_AG ranged from Sq
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values of 19.41 um to 21.77 pm and Sa values from 15.38 um to 17.98 um. The full dataset

is summarised in Table 18.
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Table 18. Surface roughness parameters (Sq and Sa, in um) measured for all mock-up samples at four ageing
stages (to-t3), as determined by optical light profilometry. Each sample is identified by its gypsum type and
formulation (additive and/or coating).

Sample Time Sq (um) Sa (um) Sample Time Sq (um) Sa (um)
A_AG to 8.53 6.67 P_AG to 19.41 15.38
ty 10.58 7.97 t 23.57 19.60
t2 15.93 12.29 t 2213 18.31
t3 10.26 7.83 t3 21.77 17.98
A_AG_Ac to 8,83 7.12 P_AG_Ac to 23.50 19.13
ti 5.12 3.94 t1 8.08 6.03
t2 4.16 3.20 t 7.85 5.92
t3 4.92 3.72 t3 8.14 6.21
A_AG K to 5.38 417 P_AG K to 7.38 5.55
ty 5.82 4.79 t 16.25 13.57
t 6.17 5.09 t 16.40 13.79
t3 3.91 3.12 t3 15.86 13.20
A_AG_PVA to 25.59 21.63 P_AG_PVA to 15.72 12.58
t1 11.42 8.95 t1 10.62 8.93
t 9.79 7.77 t 11.29 9.50
t3 9.85 7.91 t3 21.32 10.42
A_KW to 14.09 11.70 P_KW to 12.46 8.82
t 21.80 15.86 t 23.36 18.50
t2 14.41 10.03 t 24.73 19.37
t3 15.48 10.88 t3 24.60 19.30
A_KW_Ac to 17.66 14.13 P_KW_Ac to 19.67 15.62
t 32.36 27.20 t 19.60 15.38
t2 34.06 27.85 t 19.56 15.30
t3 33.94 28.13 t3 19.75 15.38
A_KW_K to 14.52 11.36 P_KW_K to 7.33 5.58
ty 15.79 13.00 ty 20.72 16.14
t2 13.54 10.78 t 34.83 28.44
t3 16.11 12.88 t3 34.90 28.12
A_KW_PVA to 14.70 11.38 P_KW_PVA to 23.94 17.19
ty 8.61 6.55 ty 21.70 17.17
t2 9.17 7.08 t 20.86 16.27
t3 9.27 7.16 t3 19.78 15.43
AM to 11.71 9.68 P_M to 9.11 7.08
t1 8.08 6.19 t1 33.53 27.82
t2 9.50 7.51 t 32.88 27.22
t3 9.16 7.19 t3 36.13 29.38
A _M_Ac to 6.21 4.82 P_M_Ac to 23.43 18.98
ti 12.07 10.07 t 54.69 45.75
t2 12.38 10.30 t 8.74 6.29
t3 8.28 6.45 t3 8.58 6.36
A_M_K to 7.01 5.32 P_M_K to 14.30 11.40
t1 3.42 2.76 t1 10.30 8.02
t2 2.82 2.22 t 10.53 8.21
t3 2.34 1.85 t3 10.83 6.66
A_M_PVA to 6.63 493 P_M_PVA to 14.06 11.03
t 5.24 4.03 t1 6.14 4.22
t2 5.22 4.01 t 5.94 4.08
t3 5.77 4.50 t3 6.94 4.48
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4.4.2.4 Colourimetry

Colourimetric values were recorded for each mock-up sample before (t)) and after (ts)
all the ageing cycles using the CIELab” system. Measurements were taken under SCI mode
(specular component included) and expressed in terms of L (lightness), a” (green-red), and
b" (blue-yellow) coordinates. The colour difference AE" was calculated according to the
CIELab’ formula defined in UNI EN 15886:2011 [35-37].

Table 19 presents the mean values of L', a’, and b” before and after ageing, along with
the corresponding AE". AE" values ranged between 0.12 and 2.32 across all formulations.

Table 19. Mean L*, a*, and b* values of the samples before (to) and after (t3) ageing cycle (SCI measurements),
with corresponding colour differences AE” calculated according to the CIELab formula (UNI EN 15886:2011).

Sample L*t a*ty b* to L*ts a*t; b* t3 AE*
A_AG 86.18 0.53 5.38 86.53 0.61 5.18 0.40
A_AG_Ac 86.33 0.49 5.55 86.16 0.62 5.51 0.21
A_AG_K 88.13 0.38 4.73 89.02 0.39 3.69 1.36
A_AG_PVA 80.54 0.95 7.39 80.56 1.06 7.45 0.12
A_KW 85.67 0.85 8.12 86.92 0.82 7.86 1.27
A_KW_Ac 89.05 0.60 5.69 89.00 0.82 5.60 0.24
A_KW_K 89.89 0.46 5.10 90.73 0.55 4.20 1.34
A_KW_PVA 86.86 1.02 7.57 86.90 1.17 7.35 0.27
A_M 83.91 0.80 7.25 84.27 0.87 6.76 0.60
A_M_Ac 84.92 0.66 6.61 84.85 0.78 6.63 0.14
A_M_K 87.49 0.43 4.94 88.26 0.49 3.96 1.23
A_M_PVA 83.51 0.85 7.50 83.48 0.98 7.54 0.14
P_AG 89.48 1.23 10.25 90.16 1.22 8.67 1.71
P_AG_Ac 89.86 0.98 9.75 89.82 1.23 9.53 0.33
P_AG_K 90.80 0.99 8.36 91.42 1.11 6.13 2.32
P_AG_PVA 89.00 1.29 9.64 88.95 1.40 9.65 0.12
P_KW 89.66 1.19 8.43 88.79 1.37 10.15 1.92
P_KW_Ac 89.37 1.19 8.54 89.24 1.33 8.34 0.27
P_KW_K 91.08 0.87 6.12 90.97 1.04 5.65 0.51
P_KW_PVA 86.31 1.87 11.68 86.69 1.99 11.67 0.39
P_M 88.49 0.95 8.28 87.88 1.36 8.93 0.99
P_M_Ac 84.74 1.67 12.28 84.45 1.90 12.25 0.37
P_M_K 87.92 1.25 8.36 87.46 1.41 7.62 0.88
P_M_PVA 85.64 1.61 11.02 85.37 1.78 11.43 0.52

Among the alabaster gypsum-based samples, L." values ranged between 80.54 and 89.89
at to, and between 80.56 and 90.73 at ts. The cotresponding a” values spanned 0.38-1.02 at t
and 0.39-1.17 at ts, while b" values ranged 4.73-8.12 at t; and 3.69-7.86 at t;. The calculated
AE’ values for this group were all below 1.36.

For Patis gypsum-based samples, L" values were in the range 84.74-91.08 at to and 84.45-
91.42 at t5. 2" values varied from 0.87-1.87 at t; to 1.04-1.99 at ts, and b” values from 6.12-
12.28 at ty to 5.65-12.25 at t3. The AR values for these samples extended up to 2.32.
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The lowest colour variation was observed in samples A_AG_PVA and P_AG_PVA
(AE" = 0.12). Other samples with similatly low AE" values (< 0.30) were A_M_PVA,
A_M_Ac, A_AG_Ac, and A_KW_Ac. In contrast, the highest AE" values occurred in
P_AG_K (2.32), P_KW (1.92), and P_AG (1.71).

All AE” values remained below the commonly referenced perceptibility threshold (AE"
= 3).

In addition to the overall colour difference (AE"), the individual CIELab" coordinates

were examined to identify which component contributed most to the observed variations

(Table 20).

Table 20. Variations of the individual CIELab” coordinates (AL*, Aa*, Ab*).

Sample AL* Aa* Ab*
A_AG +0.35 +0.08 -0.20
A_AG_Ac -0.17 +0.13 -0.04
A_AG_K +0.89 +0.01 -1.04
A_AG_PVA +0.02 +0.11 +0.06
A_KW +1.25 -0.03 -0.26
A_KW_Ac -0.05 +0.22 -0.09
A_KW_K +0.84 +0.09 -0.90
A_KW_PVA +0.04 +0.15 -0.22
A_M +0.36 +0.07 -0.49
A_M_Ac -0.07 +0.12 +0.02
A_M_K +0.77 +0.06 -0.98
A_M_PVA -0.03 +0.13 +0.04
P_AG +0.68 -0.01 -1.58
P_AG_Ac -0.04 +0.25 -0.22
P_AG_K +0.62 +0.12 -2.23
P_AG_PVA -0.05 +0.11 +0.01
P_KW -0.87 +0.18 +1.72
P_KW_Ac -0.13 +0.14 -0.20
P_KW_K -0.11 +0.17 -0.47
P_KW_PVA +0.38 +0.12 -0.01
P_M -0.61 +0.41 +0.65
P_M_Ac -0.29 +0.23 -0.03
P_M K -0.46 +0.16 -0.74
P_M_PVA -0.27 +0.17 +0.41
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4.4.3 Light ageing

4.4.3.1 FTIR spectroscopy

The chemical response of the mock-up samples to light exposure was evaluated using
FTIR spectroscopy. Spectra collected before (tg) and after (t;) ageing were compared to
identify possible changes in functional groups or matrix components.

In all samples, the characteristic vibrational bands of gypsum remained visible after
ageing, including O—H stretching (3548, 3407 cm™), SO4* stretching (1110, 670 cm™), and
bending modes (605, 470 cm™) [24-32].

In samples containing kaolin as an additive, such as A_KW, the spectra collected after
ageing showed a reduction in intensity of the main kaolinite bands, particularly at 1065, 1010,
and 910 cm™. Only minor absorptions near 790 and 500-400 cm™ were still detectable. In
samples where kaolin was applied as a surface coating, such as A_KW_K, the characteristic
bands of kaolinite observed before ageing at 3690, 3670, and 3645 cm™ (O-H stretching) and
at 1065 and 1010 cm™ (Si-O-Si stretching), remained detectable after exposure, with only
slight variations in intensity [34]. These differences are clearly visible when comparing the
spectra reported in Section 4.5.3.1 of the Discussion.

Samples coated with PVA and acrylic resin did not show noticeable shifts or intensity

changes in their characteristic spectral features after light exposure.

4.4.3.2 Optical light profilometry

The surface roughness parameters (Sq and Sa) measured before and after light ageing
for each sample are reported in Table 21.

In alabaster gypsum samples, Sq values before ageing ranged from 5.38 um (A_AG_K)
to 25.59 um (A_AG_PVA), and after ageing from 5.70 um (A_AG_K) to 19.46 pm
(A_KW_PVA). Sa values ranged from 4.17 um (A_AG_K) to 21.63 um (A_AG_PVA) at t
and from 4.39 um (A_AG_K) to 15.51 um (A_KW_PVA) at ts.

In Paris gypsum samples, Sq values ranged from 7.33 um in P_KW_K to 23.50 pm in
P_AG_Ac before ageing, and from 6.39 um in P_AG_K to 23.42 um in P_M_Ac after
ageing. The corresponding Sa values ranged from 5.55 pm to 19.13 um at to, and from 5.15
um to 19.33 um at ts.

Among samples treated with PVA, Sq values after ageing spanned from 6.60 um
(A_M_PVA) and 19.46 um (A_KW_PVA), and Sa values from 5.26 um and 15.51 um. For
samples treated with acrylic resin, Sq at t; ranged between 9.17 pm (A_M_Ac) and 17.34 pm
(P_KW_Ac), and Sa between 7.29 um and 13.95 pm.
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Samples treated with kaolin showed Sq values at t; between 5.70 um (A_AG_K) and
11.97 um (A_KW_K), and corresponding Sa values between 4.39 pm and 9.50 um.

The untreated samples A_AG and P_AG presented Sq values of 10.06 um and
13.72 um at t3, and Sa corresponding values of 8.10 um and 10.64 um, respectively.

Table 21. Surface roughness values (Sq and Sa, in pm) for mock-ups before (to) and after three cycles of
light ageing (t3). The table highlights the changes in roughness associated with each formulation.

Sample Measurement Sq Sa Sample Measurement Sq Sa
(um)  (um) (wm)  (um)
A_AG to 8.53 06.67 P_AG to 19.41 15.38
t3 10.06 8.10 t3 13.72 10.04
A_AG_Ac to 8.83 7.12 P_AG_Ac to 23.50 19.13
t3 13.39 11.13 t3 11.03 8.93
A_AG K to 5.38 4.17 P_AG_K to 7.38 5.55
t3 5.70 4.39 t3 6.39 5.19
A_AG_PVA to 25.59 21.63 P_AG_PVA to 15.72 12.58
t3 14.73 12.24 t3 9.65 7.53
A_KW to 14.09 11.70 P_KW to 12.46 8.82
t3 15.81 13.21 t3 18.76 14.07
A_KW_Ac to 17.66 14.13 P_KW_Ac to 19.67 15.62
t3 19.27 15.40 t3 17.34 13.95
A_KW_K to 14.52 11.36 P_KW_K to 7.33 5.58
t3 11.97 9.50 t3 7.87 6.16
A_KW_PVA to 14.70 1138  P_KW_PVA to 23.94 17.19
t3 19.46 15.51 t3 14.82 11.49
A M to 11.71 9.68 PM to 9.11 7.08
t3 8.07 6.20 t3 6.49 5.15
A_M_Ac to 6.21 4.82 P_M_Ac to 23.43 18.98
t3 9.17 7.29 t3 23.42 19.33
A_M_K to 7.01 5.32 P_M_K to 14.30 11.40
t3 7.61 0.18 t3 9.56 7.70
A_M_PVA to 6.63 4.93 P_M_PVA to 14.06 11.03
t3 6.60 5.26 t3 7.51 5.97
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4.4.3.3 Colourimetry

Colourimetric measurements were collected before and after each of the three light

*

ageing cycles. The cortesponding AE" values were calculated according to the CIELab

colour space (UNI EN 15886:2011) [35-37] and are reported in Table 22.

Table 22. AE" values calculated for each sample after the three light ageing cycles. AE™;, AE", and AE";
correspond respectively to the colour differences measured between to-ti, to-tz, to-t3 in the CIELab* colour space
(UNI EN 15886:2011 [35-37]). Values above 3 units (in bold) indicate colour changes perceptible to the human
eye.

sample AE*1 AE*Z AE*s Sample AE*1 AE*Z AE*3
A M 0.58 0.58 0.58 P M 3.38 3.62 3.9
A_M K 0.48 1.17 1.22 P M K 2.00 2.05 2.05
A_M_Ac 0.77 1.26 1.35 P_M_Ac 3.64 4.40 4.41
A_M_PVA 1.11 1.12 1.18 P_M_PVA 3.25 3.54 3.82
A_KW 0.88 0.94 0.95 P_KW 5.39 6.93 7.16
A _KW_K 0.50 0.53 0.54 P_KW_K 1.33 0.92 1.41
A_KW_Ac 1.13 1.43 1.44 P_KW_Ac 2.52 2.50 2.92
A_KW_PVA 0.70 0.46 0.77 P_KW_PVA 1.78 2.50 2.55
A_AG 0.57 2.25 2.28 P_AG 3.00 3.56 3.60
A_AG K 0.30 0.31 0.31 P_AG_K 1.16 1.20 1.2
A_AG_Ac 0.22 0.31 0.31 P_AG_Ac 3.00 3.00 3.43
A_AG_PVA 0.27 0.27 2.45 P_AG_PVA 2.46 2.57 3.52

Most samples exhibited AE" values below the commonly accepted threshold of 3,
beyond which colour differences are considered perceptible to the human eye. This trend
was particulatly evident in mixtures prepared with alabaster gypsum, where all AE" values
remained consistently low. Similarly, stable results were recorded in PVA-treated samples
such as A_KW_PVA and A_M_PVA, which showed limited variations across the three
measurement cycles.

In contrast, Patis gypsum-based samples displayed a broader range of AE" values.
Several of these samples exceeded the threshold of 3, particularly in formulations containing
Arabic gum or marble powder. The highest colour variations were recorded in the untreated
P_KW sample, with AE values of 5.39, 6.93, and 7.16 after the first, second, and third cycles,
respectively.

Mock-ups treated with PVA or actylic resin generally presented lower AE’ values
compared with their untreated corresponding samples. For instance, P_KW_Ac and
P_KW_PVA showed final AE values of 2.92 and 2.55, respectively. Similarly, alabaster
gypsum samples treated with the same coatings, such as A_AG_PVA and A_M_PVA,

remained below the perceptibility threshold throughout all three cycles.
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4.5 Discussion
4.5.1 Chemical and mineralogical characterisation

The XRF data confirm the dominant presence of CaO and SOs; across all formulations,
reflecting the gypsum-based composition of the matrix. SiO, is also consistently detected,
with values ranging from 21.68 wt % to 32.01 wt % (Table 15). The consistent presence of
silica suggests that part of the siliceous content is inherent to the gypsum itself or originates
from common mineral impurities found in both alabaster and Paris gypsum types [23]. It is
important to note that XRF was not employed to determine the main constituents of the
mixtures, which were already known from the preparation protocol, but rather to verify the
presence of minor inorganic components and natural impurities within the commercial raw
materials. As XRF operates in semiquantitative mode and detects elements with atomic
number greater than 11 (Na), the technique is suitable for identifying minor constituents or
natural inorganic impurities associated with gypsum-, kaolin- and marble-powders. The
compositional data provided in the manufacturers’ technical sheets for these materials, which
report the presence of silicates, alumina, magnesium and iron traces, are fully consistent with
the results observed in the XRF analysis.

The slightly higher SiO, content observed in samples with marble powder may result
from minor siliceous impurities naturally present in the filler. In contrast, kaolin-containing
samples (A_KW and P_KW) do not show a notable increase in silica concentration, despite
the high SiO; content of the additive (approximately 49 wt % according to the supplier). This
may indicate that the quantity of kaolin incorporated was relatively low compared to the total
mass of gypsum.

A moderate increase in ALOs is observed in samples containing kaolin, in agreement
with its alumina-rich composition [38]. The presence of MgO in the formulations with
marble powder (A_M and P_M) is consistent with the technical specifications (55.61 wt %
CaCO; and 44.20 wt % MgCOs3), indicating that the material corresponds to a dolomitic
marble. Interestingly, Fe,Os values in the same samples are slightly higher than the declared
content in the marble (0.016 wt %). This discrepancy may be attributed to minor impurities
in the gypsum matrix itself, which is known to contain variable traces of iron oxides
depending on the geological origin [39].

Potassium oxide (KK,O) was detected in trace amounts in all samples, with slightly higher
values in the alabaster-based formulations. This may reflect the presence of K-bearing
accessory minerals in the raw gypsum or minor contributions from kaolin, which typically

contains low levels of potassium [38].
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XRPD analysis confirmed gypsum as the predominant crystalline phase across all mock-
up formulations, indicating that the hardening reaction occurred as expected in each case
(Figure 30). The co-presence of bassanite and, in several samples, traces of anhydrite may
reflect either incomplete hydration or minor thermal alteration of the raw material [7].

Calcite was identified in the alabaster-based samples A_AG and A_KW, reflecting the
mineralogical composition of the raw gypsum, as well as in the Paris gypsum formulation
P_KW, where its occurrence is linked to the kaolin-based additives. In contrast, calcite was
not detected in the marble powder formulations. Instead, these samples (A_M and P_M)
showed dolomite, consistent with the dolomitic composition of the filler. Dolomite was also
detected in A_AG and A_KW, suggesting its occurrence as a minor impurity in the alabaster
gypsum. The detection of small amounts of quartz in A_KW and P_KW samples may be
related to common siliceous impurities found in kaolin clays. The presence of kaolinite in
these same samples reflects the addition of the kaolin-based additive [38].

Several minor phases, including anhydrite, dolomite, calcite, and quartz, were identified
across multiple samples and are typically associated with either mineral impurities in the raw
materials or transformations during the drying process [39]. The detection of anhydrite, for
instance, may be attributed to high-temperature exposure during calcination [40] or to its
natural occurrence in evaporitic gypsum deposits [39]. Dolomite, which is frequently found
in association with gypsum and calcite, may provide insights into the geological origin of the
raw materials.

Notably, a consistent diffraction peak at approximately 35° 20 (Co-Ku) was observed
exclusively in samples made with alabaster gypsum. This signal, which does not correspond
to any major sulphate or carbonate phase, is attributed to celestine (StSO4). Although its
identification is based on a single peak, the reproducibility of this peak across multiple
samples with the same gypsum source supports the hypothesis [41,42]. Celestine is a
common minor mineral in evaporitic environments and is often used as an indicator of
gypsum provenance [43].

While standard XRPD identification requires multiple diffraction peaks for phase
assighment, in complex multi-phase matrices like those studied here, minor signals may be
masked by dominant reflections or fall below the detection threshold. In such cases, single
but consistent peaks can still provide valuable information, particularly when observed across
independent samples with a shared raw material origin. Overall, XRPD results demonstrate
that while the primary phase remains gypsum, the presence of other phases depends on both

the type of gypsum and the additive used.
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Figure 30. XRPD patterns of mixtures composed by alabaster gypsum and Paris gypsum. Mineral abbreviation from Warr (2021) [23]: Gp = gypsum; Bss = bassanite; Azh = anhydrite; Do/ =
dolomite; Ca/ = calcite; K/n = kaolinite; Oz = quartz; Clt = celestine.
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The SEM analysis of sample P_M highlighted a heterogeneous microstructure, with
irregular pores dispersed within the matrix. Large inclusions of carbonate fragments are
embedded in the material, likely calcite or dolomite fragments from the filler, while the
surrounding matrix show crystals of variable size and orientation. This results in a porous
and discontinuous structure, indicative of limited compactness and low cohesion at the
microscale. While B-hemihydrate gypsum (commonly referred to as Paris gypsum) is
described in the literature as forming prismatic or elongated crystals under ideal conditions
[7], the morphology observed here deviates from that standard description. The presence of
interfacial gaps and the lack of cohesion around the marble powder inclusions suggest
incomplete integration during setting, possibly influenced by production parameters such as
drying rate, water-to-gypsum ratio, or insufficient mechanical compaction [44,45].

In contrast, a more compact microstructure is observed in A_KW, although the
inclusion of wood fibres and kaolin introduces heterogeneity (Figure 28). The wood
inclusions are not fully embedded within the matrix and generate localised voids and
microcracks, compromising the overall uniformity of the material [46]. The kaolin particles,
although smaller and more dispersed, contribute to irregularity in the microstructure due to
their lamellar shape and uneven distribution.

Taken together, these observations confirm that both the type of gypsum and the
specific additives used strongly influence the internal morphology of the hardened material.
While Paris gypsum in formulation P_M resulted in a fragmented and discontinuous
microstructure, the alabaster-based A_KW sample displayed greater structural compactness,

with heterogeneities mainly associated with the organic filler.

4.5.2 Hygrothermal ageing

4.5.2.1 Macroscopic evaluation after ageing

The macroscopic evaluation of the samples after artificial ageing revealed that surface
degradation patterns are influenced not only by the presence of a protective coating, but also
by the specific combination of gypsum type and additives used in the formulation (Figure
29).

Samples based on alabaster gypsum were particularly prone to mechanical damage at
edges and corners. This was especially evident in uncoated specimens or those treated with
kaolin-based coatings, which frequently showed fractures and material loss along the

margins. These findings suggest that the a-hemihydrate matrix is more susceptible to
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mechanical degradation under environmental stress, especially in the absence of effective
surface protection.

The performance of coatings was also strongly conditioned by the internal composition
of the mixtures. Among the PVA-treated samples, for example, notable differences were
observed depending on the additive: the PVA-coated sample containing Arabic gum
(P_AG_PVA) retained a compact and stable surface, whereas the formulation with kaolin
and wood powder (P_KW_PVA) exhibited visible degradation and surface irregularities.
This indicates that the effectiveness of protective treatments depends on their compatibility
with the entire formulation. In heterogeneous systems, particularly those containing fibrous
organic fillers, coatings may be less effective in maintaining surface integrity.

Opverall, these results highlighted the importance of accounting for material interactions
when selecting protective treatments. The combined influence of gypsum type, additive
content, and coating material determines the durability of plaster formulations under
environmental ageing. Consequently, a uniform protection strategy cannot be applied across

all historical mixtures.

4.5.2.1 FTIR spectroscopy

The FTIR results revealed clear differences in the ageing behaviour of the mock-up
materials, depending on the nature of the additive or coating applied.

Samples containing Arabic gum showed distinct organic signals at 2660, 1632, and
1621 cm™, attributable to unsaturated bonds, carbonyl groups (possibly from associated
animal glue), and hydroxyl groups [33]. These bands remained visible after ageing, though
with slight reduced intensity, likely reflecting partial interaction between Arabic gum and the
gypsum mattix.

Samples with marble powder were the most stable. Comparison of spectra before and
after ageing revealed only minimal changes: the characteristic carbonate signals (1790, 1450,
1400 cm™) and O-H stretching bands (3534, 3407 cm™) remained essentially unchanged,
suggesting that the carbonate-based additive was chemically stable throughout the ageing
process. Conversely, samples containing kaolin and wood powder were the most affected by
ageing. Before ageing, their spectra displayed well-defined kaolin bands, including O—H
stretching bands at 3690, 3670, and 3645 cm', Si—~O-Si vibrations at 1065 and 1010 cm™', and
Al-OH and bending modes between 940 and 430 cm™ [34]. After ageing, many of these
signals were significantly reduced or absent. These changes likely reflect the partial loss of

kaolin from the surface, a process possibly amplified by the hygroscopic wood fibres, which
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enhance moisture retention and may have facilitated degradation or detachment during
thermal and hygrometric cycles [47].

The PVA-coated samples exhibited excellent chemical stability, as demonstrated by the
persistence of their characteristic bands after ageing (Figure 31). The C-H stretching bands
(2980 — 2850 cm™) and absorptions from residual acetate groups (1780 and 1700 cm™)
remained clearly detectable, suggesting that the polymer film was not significantly affected
by thermal or hygrometric stress. Similarly, acrylic resin coatings maintained their structural
integrity throughout the ageing cycles. The spectra consistently showed the typical markers
of acrylate-based materials, including aliphatic C-H stretching, ester carbonyl absorptions
about 1726 cm’, and sharp bands at 1200, 1160, and 1020 cm corresponding to C-O
stretching vibrations, with only minor intensity variations [48].

In contrast, kaolin-coated samples proved to be the least effective among the tested
treatments. The characteristic kaolinite bands present before ageing had almost entirely
disappeared after ageing, leaving only the signals of gypsum. This indicates partial removal
of the kaolin layer during exposure, likely caused by mechanical stress from temperature and
humidity fluctuations. The powdery surface appearance supports the hypothesis of
pulverisation or detachment, confirming the limited long-term effectiveness of kaolin

coatings under such environmental conditions.
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Figure 31. ER-FTIR spectra of sample P_M_PVA at four different ageing stages: (A) to, (B) t1, (C) tz, and
(D) t3. The main spectral features of the PVA coating, including the C-H stretching bands (2980-2850 cm™)
and the peaks attributed to residual acetate groups (ca. 1780-1700 cm'), are visible across all the analysis,
indicating good chemical stability of the protective layer during ageing.

In conclusion, FTIR analysis highlighted distinct differences in the ageing behaviour of
the mock-ups. Arabic gum and marble powder showed good chemical stability, with marble
powder remaining unchanged. Kaolin, whether used in combination with wood powder or
as a coating, exhibited poor stability and was affected by hygrothermal fluctuations. By
contrast, PVA and acrylic resin coatings demonstrated excellent chemical stability and

remained effective throughout the ageing cycles.

4.5.2.2 Optical light profilometry

The surface roughness analysis across all samples revealed variable responses to ageing
tests depending on material composition and applied treatments. A distinction was observed
between the two gypsum types. In most cases, Paris gypsum (P_AG, P_AG_Ac, P_AG_K,
P_KW_Ac, P_KW_PVA, P_M_Ac, P_M_K, P_M_PVA) exhibited higher Sq (root mean
square height) and Sa (arithmetical mean height) values [49], along with greater fluctuations
over the ageing period. In particular, untreated samples containing Paris gypsum mixed with

either Arabic gum or kaolin and wood powder showed an increase in roughness parameters.
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Similar trends were observed when these formulations were treated with kaolin. For example,
in P_KW_K| Sq increased from 7.33 um to 34.90 um and Sa from 5.58 um to 28.12 um,
suggesting that the combination of this matrix with specific additives, even when coated,
does not effectively prevent surface degradation. A similar trend was recorded in the
uncoated sample P_M, where Sq increased from 9.11 pm at ty to 36.13 um at ts, and Sa from
7.08 um to 29.38 um. In contrast, alabaster gypsum demonstrated overall greater surface
stability. In most cases, Sq and Sa values remained stable or decreased throughout the ageing
cycle. For instance, A_M_K showed a reduction in surface roughness, with Sq decreasing
from 7.01 um to 2.34 um and Sa from 5.32 um to 1.85 um. A similar trend was observed in
A_KW, where roughness values remained relatively stable: Sq varied from 14.09 um at t to
15.48 um at t3, and Sa from 11.70 um to 10.88 um.

Among the treatments tested, PVA was the most effective in limiting surface roughness
evolution. Several PVA-treated samples exhibited either stable or decreasing Sq and Sa values
over time, indicating a more protective effect under ageing conditions. This trend was
particularly evident in sample A_AG_PVA, which showed a marked reduction in Sq from
25.59 um to 9.85 um and in Sa from 21.63 pm to 7.91 um, and in sample P_M_PVA (Figure
32A, B, C, D), with Sq decreasing from 14.06 um to 6.94 um and Sa from 11.03 pm to 4.48
um. Samples treated with acrylic resin exhibited variable behaviour depending on both the
gypsum type and the additive formulation. In several cases, a sharp decrease in surface
roughness was observed between to and ti, followed by relative stability over time. This trend
was particularly evident in P_AG_Ac and A_AG_Ac, where Sq and Sa values decreased
markedly from t to t; and then remained constant throughout the ageing cycle, suggesting
an initial surface consolidation effect. However, this behaviour was not consistent across all
samples. A_M_Ac showed an initial increase in roughness from to to t» (Sq: 6.21 um to 12.38
um; Sa: 4.82 pm to 10.30 pum), followed by a decrease at ts;, suggesting that surface
stabilisation occurred only in the final phase of the ageing cycle. In contrast, A_KW_Ac
showed a continuous increase in both Sq and Sa across all the measurements, reaching the
highest roughness values among the acrylic resin-treated samples (Sq: 17.66 um to 33.94 um;
Sa: 14.13 pm to 28.13 um). Paris gypsum samples such as P_KW_Ac remained stable over
time, with minimal variation in Sq and Sa, although roughness values remained consistently
higher than those observed in other formulations. These findings indicate that the
effectiveness of the acrylic resin is highly dependent on the nature of the substrate and the
additive content, with some samples exhibiting improved surface stability following

treatment, and others showing minimal effectiveness. Samples treated with kaolin as a surface
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coating exhibited distinct behaviours depending on the gypsum type and formulation. In
Paris gypsum, surface roughness generally increased during ageing. For instance, P_AG_K
showed an increase in Sq from 7.38 um at to to 15.86 um at ts, and in Sa from 5.55 um to
13.20 um. A more pronounced rise was observed in P_KW_K, where Sq increased from
7.33 um to 34.90 um and Sa from 5.58 pm to 28.12 um over the same period. By contrast,
alabaster samples treated with kaolin displayed more stable behaviour. In A_AG_K, Sq
decreased slightly from 5.38 pm to 3.91 um and Sa from 4.17 um to 3.12 um by the end of
the ageing cycle. A_KW_K also showed limited variation across all measurements, without
significant increase in either parameter. These results indicate that kaolin contributes to
surface stability when applied to alabaster gypsum, but shows reduced effectiveness with
Paris gypsum, which proved more sensitive to ageing. The analysis further identified a subset
of formulations with inferior surface stability, predominantly those based on Paris gypsum.
P_M and P_KW_K (Figure 32E, I, G, H) exhibited the most pronounced increases in Sq
and Sa throughout the ageing cycle. Among the less stable samples, several involved kaolin,

either as an additive or as a surface treatment, a trend most evident in the Paris gypsum

group.
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Figure 32. 3D surface comparison of sample P_M_PVA at different ageing stages: (A) to, (B) t1, (C) t2, and
(D) t3. 3D surface comparison of sample P_KW_K at different ageing stages: (E) to, (F) t1, (G) tz, and (H) ta.
Area of analysis = 49 mm?.
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4.5.2.3 Colourimetry

After the ageing cycles, all samples exhibited variations in their L', a’, and b values.
However, these changes were generally minor and often imperceptible to the human eye.
The calculated AE" values ranged from 0.12 to a maximum of 2.32, without samples
exceeding the commonly accepted perceptibility threshold of AE" = 3 [35-37]. This suggests
an overall good chromatic stability under the applied ageing conditions.

Among the most stable samples were A_AG_PVA and P_AG_PVA, both with AE" =
0.12,and A_M_PVA and A_M_Ac, both with AE" = 0.14 (Table 19). These results suggested
a potential protective role of coatings such as PVA and Acryl-EM 33, particularly when
applied to alabaster gypsum substrates. Similarly, samples such as A_AG_Acand A_KW_Ac
exhibited minimal variation (AE" < 0.30), confirming the relative effectiveness of the
treatments. Alabaster gypsum-based samples generally showed good resistance to chromatic
change, even when coated with kaolin. For instance, A_ AG_K and A_KW_K showed
moderate AE" values of 1.36 and 1.34, respectively, mainly due to decrease in b" values.
Notably, even the uncoated samples such as A_AG and A_M exhibited only limited colour
variation. These findings suggested that the base material plays a fundamental role in colour
stability, while surface treatments can further enhance resistance to ageing effects.

Slightly higher variations were observed in some uncoated or differently treated
samples, patticularly those based on Paris gypsum. The highest AE" value was recorded for
P_AG_K (AE" = 2.32), followed by P_KW (AE" = 1.92) and P_AG (AE" = 1.71). Although
these values remain below the perceptibility threshold, they represent the most notable
colour differences within the dataset. In these cases, changes in the b were particularly
significant, often combined with a slight increase in a" and decrease in L, resulting in an
overall darkening effect, as observed in samples P_M and P_KW [37].

From the analysis of the differences in the individual CIELab" cootdinates (Table 20),
most samples showed minor changes in lightness (AL ranging approximately from -0.90 to
+1.30), indicating limited darkening or lightening after hygrothermal ageing. More relevant
trends were obsetrved in the b’ coordinate, particularly in formulations containing the kaolin-
wood mixture and in the Paris gypsum specimens with Arabic gum. Several samples
exhibited negative Ab" values (up to -2.23 in P_AG_K), indicating a shift towards a less
yellow appearance under the applied hygrothermal cycles. Conversely, positive Ab” values
were recorded in some KW-based formulations such as P_KW (Ab'= +1.72), suggesting a

yellowing tendency attributable to the lignocellulosic component. Variations in the a’
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coordinate were generally small (Aa” < 0.50) and did not contribute significantly to the overall
chromatic change.

The 3D scatterplots in Figure 33 (I, a', b") provide a visual representation of the
chromatic shift before (tg) and after ageing (ts) for each group of samples. The displacements
in the colour space illustrate how ageing influenced the chromatic parameters. In general,
samples remained clustered or shifted only slightly, confirming the limited variation observed
numerically. However, some samples, such as P_ KW, P_AG_K, A_KW_K, and A_AG_K,
showed more noticeable displacements, correlating with their relatively higher AE" values.
Interestingly, samples treated with kaolin, especially those based on Paris gypsum, but also
in some alabaster mixtures. exhibited greater shifts in colour space. This suggested that kaolin
does not always ensure optimal protection and, in some formulations, may even contribute

to increased colour variability.

126



b*

5,57

60660

A_AG_t0
A_AG_Ac_t0
A_AG_K_(0
A_AG_PVA_t0
A_AG_tl
A_AG_Ac_tl
A_AG_K 11

A_AG_PVA_tl
T

00660

P_AG_t0
P_AG_Ac_t0
P_AG_K_t0
P_AG_PVA_ 0
P_AG_d
P_AG_Ac_tl
P_AG_K_tl
P_AG_PVA_(l

L=

€600

A_KW_i0
A_KW_Ac_t0
A_KW_K_i0
A_KW_PVA_t0
AKW_t1
A_KW_Ac_tl
A_KW_K_t1
A_KW_PVA_tl

(=X *X °¥ ]

P_KW_t0
P_KW_Ac_t0
P_KW_K_t0
P_KW_PVA_tD
P_KW_tl
P_KW_Ac_tl
P_KW_K_tl
P_KW_PVA_tl

|

Figure 33. Colour measurements before and after all the cycle ageing (to and t3): mock-ups in L.*, a*, b = colour coordinates.
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4.5.3 Light ageing

4.5.3.1 FTIR spectroscopy

The chemical stability of the mock-up samples after light ageing was assessed through
FTIR spectroscopy. The comparison of the spectra before and after ageing allowed the
evaluation of possible changes in the materials and coatings exposed to light under controlled
conditions. FTIR spectra indicated overall good chemical stability across most materials. In
contrast to the results observed after ageing cycles, the kaolin coatings proved to be more
stable. In samples A_ KW_K and P_KW_K, the characteristic kaolinite bands, including the
O-H stretching vibrations at 3690, 3670, and 3645 cm™ and the Si-O-Si stretching bands,
remained detectable after light exposure (Figure 34C, D) [34]. Similarly, the samples coated
with PVA exhibited excellent chemical stability, with their main spectral features remaining
unchanged after ageing, confirming the stability of the polymeric films to light exposure. The
acrylic coating also showed good chemical stability under the applied light-ageing conditions,
despite the well-documented sensitivity of acrylic polymers to UV radiation [50,51]. This
behaviour is likely related to the relatively short exposure time, which limited the extent of
photodegradation typically observed under prolonged irradiation. Conversely, samples
incorporating kaolin as an additive exhibited a different behaviour. In particular, after ageing,
the spectra of samples containing kaolin within the matrix, such as A_KW and P_KW,
showed a marked loss of the kaolinite bands at 1065, 1010 and 910 cm™. Only minor
absorptions around 790 cm™ and 500-400 cm™ were still detectable with reduced intensity

(Figure 34A, B) [34].
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Figure 34. ER-FTIR spectra of sample A_KW before (A), and after light ageing (B). ER-FTIR spectra of
sample A_KW_K before (C), and after light ageing (D).
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This phenomenon was observed in both types of gypsum-based samples, but was more
pronounced in the sample made with alabaster gypsum. These results indicated a partial
degradation or loss of the kaolin phase within the matrix during light exposure. In contrast,
the gypsum substrate remained chemically stable, as evidenced by the fact that its main
vibrational feature remained detectable [31-39]. These observations may not result from the
direct photodegradation of the kaolin itself, which is known to be photochemically stable,
but rather from physical or chemical alterations in the surrounding organic matrix. These
changes, including the formation of carbonyl groups or other reactive compounds resulting
from lignin degradation, may affect the detectability or intensity of kaolinite bands in the
FTIR spectra [52]. Overall, these observations underline the differential stability of kaolin
depending on its application: coatings showed better resistance to light ageing than to cycle
ageing, kaolin incorporated into the matrix was less stable.

In summary, light ageing had a limited impact on coatings but caused partial degradation
of kaolin when incorporated into the matrix, confirming its lower chemical stability under

exposure conditions, particularly when combined with organic components.

4.5.3.2 Optical light profilometry

The surface roughness data collected after light ageing revealed distinct trends between
the two gypsum types (Table 21). In contrast to the results observed under cyclic ageing,
samples made with alabaster gypsum more frequently exhibited an increase in surface
roughness. These results suggested that alabaster formulations may be more sensitive to light
ageing, particularly in the absence of effective protective treatments. Among the untreated
samples, Paris gypsum exhibited a decrease in surface roughness. P_AG exhibited a notable
reduction in Sq from 19.41 pm to 13.72 pm and in Sa from 15.38 pm to 10.64 pm, while
A_AG showed a more moderate increase in Sq (from 8.53 um to 10.06 pm) and Sa (from
6.67 um to 8.10 um), suggesting a less stable response to light exposure.

Among the protective treatments, PVA was the most effective in reducing surface
roughness in both gypsum types. A_AG_PVA showed a decrease in Sq from 25.59 um to
14.73 um and in Sa from 21.63 um to 12.24 um, while P_AG_PVA decreased from 15.72
um to 9.65 um (Sq) and from 12.58 um to 7.53 um (Sa). Similar trends were observed in
P_M_PVA and A_M_PVA (Figure 35), confirming the consistent performance of PVA

under light ageing conditions.
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Figure 35. 3D surface comparison of sample A_M_PVA before (A) and after (B) light ageing. Area of
analysis = 49 mm?.

Actrylic resin samples showed variable behaviour depending on the gypsum type. In the
case of Paris gypsum, P_AG_Ac showed a reduction in surface roughness; conversely,
A_AG_Ac and A_M_Ac, both based on alabaster gypsum, displayed increases in Sq and Sa
values, suggesting that the effectiveness of Acryl-EM 33 may be limited or strongly
dependent on the matrix composition. P_M_Ac showed only minor changes in roughness
values, suggesting limited impact of the ageing on the treatment. Kaolin-based treatments
showed mixed results. A_ AG_K and P_AG_K remained relatively stable, with only slight
changes in roughness. A_M_K and P_M_K, however, differ significantly despite the use of
the same treatment, highlighting the influence of the base formulation on treatment
effectiveness.

Samples mixed with kaolin and wood powder showed the most unstable behaviour.
P_KW exhibited the largest increase in roughness, with Sq rising from 12.46 um to 18.76 um
and Sa from 8.82 um to 14.07 um. A_ KW_PVA also showed substantial increase of these
parameters, suggesting that kaolin and wood powder may reduce the effectiveness of the
protective treatment.

In summary, PVA was the most reliable treatment for mitigating roughness changes
under light ageing. Kaolin and acrylic resin provided less consistent protection, with

outcomes strongly influenced by the specific gypsum-additive combinations.
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4.5.3.3 Colourimetry

After each ageing cycle, changes in L, a’, and b" values were observed, though these
changes varied across the samples. As L." increases after ageing, colours became brighter in
most samples, showing slight and moderate lightening [53]. Notably, in samples composed
of Paris gypsum, such as P_M_Ac and P_M_PVA, there is an increase in the L value. Colour
components, 2 and b, are very similar before and after the treatments. The only case in
which we observed a certain degree of change is related to the component yellow-blue (b
of samples P_KW and P_M, which is correlated with a significant darkening and a decrease
in the L values. In this sample we revealed a positive increment toward the yellow
component (positive b" values). Most of the samples showed non-significant colour
differences, with AE"values lower than 1 and between 1 and 3, and could not therefore be
perceived by the human eye [35-37]. However, it is possible to observe some changes in the
samples composed of Paris gypsum, where many values range between 3 and 5, especially in
the mixture with Arabic Gum and marble powder (Table 22). In this case, the values are
significant but still acceptable. The only exception was in sample P_KW in which AE"; value
was 5.39, which means that the difference can be observed with the naked eye. From these
results, it can be deduced that colour variation is closely related to the composition of the
samples. Specifically, Paris gypsum is more prone to colour changes compared to alabaster
gypsum, especially when mixed with Arabic Gum and marble powder. Additionally, the
application of PVA and Acryl-EM 33 coatings influenced the colour variation, while the
kaolin finish proved to be more stable. For samples composed of Paris gypsum mixed with
wood and kaolin, the absence of finishing affected the results, as the untreated sample
showed the only significant colour variation (AE;" 5.39), whereas the treated samples were
less susceptible to ageing. The AE"; values indicate the colour difference after the second
ageing cycle. Similar to AE"; values, most samples exhibit AE"; values lower than 1 or between
1 and 3 units, which are typically not perceivable by the human eye. However, notable
exceptions include samples such as P_M_PVA or sample P_M_Ac in which the AE", value
of 4.40 confirms the continued significant colour variation, and sample P_KW with a AE"
of 6.93. This sample showed a significant colour difference after the second ageing cycle,
which is visually perceivable.

After the third ageing cycle, additional variations in colour were recorded, with AE’s
values further clarifying the impact of material composition and surface treatments on the
stability of the samples. While most of the alabaster gypsum samples (e.g., A_KW,
A_KW_K, A_KW_Ac, A_KW_PVA) maintained AE;" values below the perceptibility
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threshold of 3, samples composed of Paris gypsum continued to exhibit greater susceptibility
to colour changes. Notably, P_KW showed a further increase in colour variation, reaching a
AE’; of 7.16, confirming its high instability without surface treatments. This result aligns with
previous cycles, in which AE"; and AE"; were already above 5 and 6 units respectively. The
application of coatings, such as Acryl-EM 33 and PVA, moderated this effect, with
P_KW_Ac and P_KW_PVA showing more acceptable values of 2.92 and 2.55, respectively.

Similatly, other Paris gypsum samples, such as P_M_Ac and P_M_PVA, exhibited AE";
values of 4.41 and 3.82 (Table 22), respectively, both exceeding the threshold of perceptibility
and confirming the cumulative nature of the colour variation [36]. These changes are
associated to the instability of the gypsum-additive matrix and the interactions with the
applied coatings.

Among the Arabic gum mixtures, sample P_AG_PVA showed a AE"; value of 3.52,
indicating a persistent tendency toward colour change, while the untreated sample P_AG
remained just above the threshold with 3.60. P_AG_Ac also reached a value of 3.43 (Table
22), highlighting how even coated, Paris gypsum samples may experience notable change
when combined with Arabic gum. In contrast, alabaster gypsum samples remained generally
stable, without samples exceeding 3. For instance, A_AG_Ac and A_AG_PVA maintained
low AE; values of 0.31 and 2.45, respectively. The changes in AE" values for these sample
(Figure 36) suggest that the composition of Paris gypsum mixed with kaolin and wood
powder is highly susceptible to ageing effects. The analysis underscores the susceptibility of
Paris gypsum mixtures to colour variations upon ageing, especially when combined with

Arabic gum and marble powder for untreated finishes or coated with acrylic resin.
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Figure 36. Colour variation (AE";, AE; and AE"3) of samples subjected to accelerated light ageing. The
AE" values highlight the protective effectiveness of the coatings and the varying stability of the materials
depending on their composition.
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4.5.4 Summary of the outcomes

To provide a comprehensive comparison between the two ageing protocols, the main
outcomes obtained from each analytical technique are summarised in Table 23. This structure
highlighted how hygrothermal and light ageing affected the mock-up samples differently, and
how material composition and coatings influenced their response across all analytical
methods.

Hygrothermal ageing resulted in the most pronounced chemical and morphological
changes, particularly in mixtures containing kaolin and wood powder or in Paris gypsum-
based matrix. Light ageing mainly affected chromatic parameters and localised surface
features, with limited chemical alteration of coatings. Across both protocols, PVA
consistently proved the most effective treatment, while the performance of acrylic resin and
kaolin coatings was strongly dependent on gypsum type and formulation. These integrated

results form the basis for the final considerations presented in the conclusions.
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Table 23. Summary of the main outcomes of hygrothermal and light ageing for each analytical technique.

Technique

Hygrothermal ageing

Light ageing

Macroscopic

observation

FTIR spectroscopy

Optical profilometry
(Sq, Sa)

Colourimetry

Under hygrothermal conditions, the most recurrent alterations included edge
rounding, micro-fractures and powdering, particularly in the alabaster
gypsum formulations and in mixtures containing kaolin and wood powder.
Paris gypsum tended to exhibit more superficial powdering but fewer edge
losses. Uncoated samples were the most affected, while PVA and acrylic resin
generally helped maintain surface cohesion, except in the KW-based

mixtures where degradation remained evident.

Gypsum retained stable vibrational features across all samples. Marble
powder also proved chemically stable. In contrast, kaolin bands (OH
stretching, Si-O-Si stretching and Al-OH bending) were reduced or
disappeared after ageing, particularly in KW formulations. Both PVA and

acrylic resin coatings showed notable stability.

Paris gypsum formulations generally showed the most pronounced increase
in roughness, with samples such as P_M and P_KW_K experiencing rises in
Sq and Sa. By contrast, alabaster gypsum tended to remain stable or even
exhibit a slight smoothing effect. PVA coatings consistently reduced surface
roughness across all mixtures, while the performance of acrylic resin varied
according to the substrate. Kaolin coatings proved unstable when applied to

Paris gypsum mixtures.

Colour changes remained limited, with AE" values ranging from 0.12 to 2.32,
all below the perceptibility threshold. The highest variations occurred in
P_AG_K, P_KW and P_AG. The b* coordinate (yellow-blue axis) was the
most affected, especially in Paris gypsum mixtures. Both PVA and acrylic
resin reduced colour variations, while the behaviour of kaolin was more

variable.

Under light ageing, the observed changes were generally more limited
and confined to the surface. Alabaster gypsum showed moderate
increase in surface alteration, while Paris gypsum often exhibited slight
smoothing or minimal variation, as observed for P_AG. PVA coatings
effectively limited visible changes, although mixtures containing kaolin

and wood powder continued to display the most unstable behaviour.

Gypsum remained unaffected by light exposure. Kaolin coatings
preserved their characteristic spectral bands, while kaolin used as an
additive displayed a significant loss of intensity (A_KW, P_KW). PVA
and acrylic coatings exhibited excellent stability; the good performance
of acrylic resin is likely related to the relatively limited UV-exposure time

of the experiment.

Under light ageing, PVA continued to be the most effective treatment,
producing a clear reduction in roughness parameter. Acrylic resin
showed variable behaviour depending on the gypsum type. Kaolin
coatings remained stable when applied to alabaster gypsum but were less
effective on Paris gypsum. Mixtures containing kaolin and wood powder

displayed the highest increases in roughness.

Light exposure induced stronger variations in some Paris gypsum
samples, with several exceeding the AE" = 3 threshold (P_KW and
P_M). Alabaster gypsum remained consistently stable across cycles.
PVA and acrylic coatings generally reduced colour shifts, while the
kaolin coating showed better performance under light ageing than under
hygrothermal conditions.
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4.6 Conclusion

This study investigated the behaviour of historical gypsum-based mixtures subjected to
accelerated ageing, with the aim of supporting the development of effective conservation
strategies for plaster replicas. By combining historical research, mock-up preparation, and
multi-analytical approach, it was possible to identify degradation mechanisms and assess the
performance of different protective coatings. The experimental design, based on historical
recipes and environmental data collected from museum contexts, enabled the simulation of
conditions typically experienced by plaster casts exposed to uncontrolled environments.

The type of gypsum had a significant influence on ageing behaviour. Alabaster gypsum
samples exhibited greater chemical, morphological, and chromatic stability, maintaining
lower surface roughness and showing minimal colour variations after both hygrothermal and
light ageing. In contrast, mixtures based on Paris gypsum proved more vulnerable to
environmental stress, with pronounced surface roughening, additive loss, and chromatic
shifts, in some cases exceeding the perceptibility threshold. These results highlighted the
importance of considering original material properties when developing conservation
strategies.

Additives strongly affected the durability of the mixtures. Marble powder was the most
stable, contributing to both chemical and mechanical integrity during ageing. Arabic gum,
although chemically stable, increased moisture sensitivity, particularly in Paris gypsum
formulations, but without severely compromising overall durability. Conversely, mixtures
containing kaolin and wood powder were the least stable: their hygroscopic nature promoted
moisture retention and swelling, which enhanced susceptibility to surface degradation and
colour change. These findings confirm the complexity introduced by historical additives and
underline the need for detailed material characterisation prior to conservation interventions.

Protective surface treatments significantly influenced material behaviour under ageing.
PVA coatings offered the most effective protection, ensuring chemical stability, limiting
surface roughness development, and reducing chromatic changes across all formulations.
Acrylic resin (Acryl-EM 33) also performed well, particularly on alabaster substrates,
although its effectiveness varied more with the matrix composition. Kaolin-based coatings,
while historically compatible, were less effective under thermo-hygrometric cycles, showing
loss of cohesion and chemical alteration, but were comparatively stable under light ageing.
This suggests that inorganic coatings may not ensure sufficient long-term protection in

fluctuating environments.
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The comparison of the two ageing protocols revealed that hygrothermal cycles induced
more severe chemical and morphological changes than light exposure, promoting material
loss. Light ageing mainly affected surface layers, with changes confined to chromatic
alterations. These results underline the importance of maintaining stable environmental
conditions to preserve gypsum-based artefacts.

Opverall, the study confirms that conservation strategies must be tailored to material
composition, additive content, surface treatments, and the expected environmental
conditions. PVA proved the most effective coating in improving the long-term stability of
gypsum substrates, particularly those containing fewer stable additives. The integrated
approach of historical research, experimental replication, and multi-analytical monitoring
adopted has proven effective for understanding material behaviour over time and for
developing scientifically supported strategies for the conservation of historical plaster

replicas.
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5. Part 3: Inside porosity: effects of artificial ageing on the

decay of heritage gypsum materials
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Abstract

The study of porosity in gypsum-based samples is essential for understanding their response
to environmental stressor and their long-term stability. Pore size, shape, and connectivity
influence moisture transport, playing a key role in the physical stability of the material. In
this work, mock-up samples composed of different gypsum types and additives were
analysed before and after cyclic ageing in controlled temperature and humidity conditions.
The formulations included alabaster gypsum and Paris gypsum, combined with marble
powder, a mixture of kaolin and wood powder, or Arabic gum as additives. A multi-analytical
approach was adopted, combining nitrogen physisorption (NP), mercury intrusion
porosimetry (MIP), scanning electron microscopy (SEM) with 2D image processing, X-ray
micro-computed tomography (micro-CT), and hygroscopic tests. These complementary
methods allowed for a detailed characterisation of the pore system at different scales. The
results were compared to evaluate how different formulations affect porosity and its
evolution over time, providing useful insight into the material’s behaviour under ageing and

its capacity to interact with moisture.
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5.1 Introduction

Gypsum-based materials have long been used over the centuries for architectural
finishes, sculptural decoration, and the production of ornamental or functional components,
due to their workability and ability to replicate fine surface details. These characteristics have
made gypsum particularly suitable for the production of casts, including architectural
ornaments, sculptural replicas, and museum reproductions. However, the intrinsic softness
and high porosity of gypsum make it particularly vulnerable to mechanical damage and
environmental degradation [1]. In indoor environments, particularly those lacking adequate
climate control, fluctuations in temperature and relative humidity can lead to structural and
mechanical changes, salt migration, increased water retention, and compromise their long-
term stability [2-5]. These factors promote the formation of cracks, surface powdering, and
detachment phenomena, especially in porous and poorly cohesive materials. Although many
studies have examined how ambient conditions affect traditional building materials [6,7],
investigations specifically focused on gypsum-based replicas and heritage casts remain
relatively limited. Gypsum casts and replicas have porous microstructure made of intergrown
crystals of calcium sulphate dihydrate (CaSO4-2H,0O), which makes them particularly
sensitive to changes in temperature and humidity. When the relative humidity is high, water
can be absorbed into the pores as vapour or through capillary condensation. If the conditions
change, this water is released, causing the material to expand and contract repeatedly [8].
Long-term exposure to high temperatures and low humidity can partially dehydrate gypsum,
transforming it into bassanite (CaSO,* "2 H,0), leading to a loss of mechanical strength and
internal cohesion [9,10]. Although this transformation can be reversed, prolonged
dehydration may lead to permanent damage. High relative humidity (<90 %) can also favour
biological growth and pollutant accumulation, while condensation on the surface may cause
detachments and pulverisation. For this reason, controlling temperature and humidity in
museum environments is crucial for preserving the structural and visual integrity of gypsum
materials [§].

In the context of conservation science, porosity is essential for assessing the durability
of gypsum-based materials and predicting their behaviour under environmental stress. Pore
size, shape, and connectivity influence both the hygroscopic response of the material and its
susceptibility to physical degradation mechanisms and the effectiveness of conservation
treatments. The rapid setting of gypsum further contributes to the formation of a
heterogeneous pore network which is influenced by its formulation and processing

conditions [11].
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Porosity in gypsum systems originates from the hydration of calcium sulphate
hemihydrate (CaSO,-"2H,0) into dihydrate (CaSO42H,0O), resulting in a three-dimensional
network of elongated crystals. The resulting microstructure is influenced by several variables,
such as the type of gypsum (e.g., alabaster gypsum or Paris gypsum), particle size distribution,
water-to-powder ratio, and the addition of organic or inorganic additives [12-15]. In this
study, the water-gypsum ratio was optimised individually for each formulation through
preliminary casting trials. Starting from values reported in historical recipes and technical
datasheets, the amount of water was progressively adjusted to achieve suitable workability
and proper setting for each mixture. Once identified, the optimal ratio was kept constant
throughout the preparation of the mock-ups (see Section 4.2).

This study aims to investigate the relationship between formulation, porosity, and
environmental durability in gypsum-based materials through a multi-analytical approach

involving:

1. The characterisation of porosity in mock-up formulations combining different
gypsum types and additives, to investigate the role of composition in microstructural
development;

2. 'The evaluation of microstructural changes by comparing the internal pore structure
before and after artificial ageing, focusing on the evolution of porosity and
morphology under simulated indoor environmental conditions;

3. The assessment of hygroscopic behaviour of each formulation under controlled
humidity cycles, to investigate the processes linking pore structures with atmospheric

moisture interaction [2].

Porosity was studied both before and after artificial ageing to assess how different
formulations may react to hygrothermal stress and how their internal structure changes over
time. A multi-analytical approach was adopted to characterise the complex pore system of
gypsum-based materials, which includes voids of different sizes, shapes, and degrees of
connectivity. Each technique was selected to provide insight into specific pore size range,
allowing for a comprehensive description of the material’s microstructure and its evolution
over time.

To compare the pore size distributions obtained from the different techniques, pores
were categorised into three dimensional classes: micropores (<10 um), mesopores (10-400
um), and macropores (>400 um). This classification, adapted from De Quervain [16], was

adjusted to better match the characteristics of the analysed gypsum samples and the
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resolution limits of the methods. Fixed threshold systems often fail to describe materials with
heterogeneous or multimodal porosity [17,18]. Mercury intrusion porosimetry (MIP) was
employed to evaluate pore size distribution and cumulative pore volume, with a focus on
mesopores and macropores. Although widely adopted, MIP has known limitations, including
the ink-bottle effect and the potential for sample alteration caused by high intrusion pressure
[19,20]. To complement this technique and provide a more complete description of the pore
network, nitrogen physisorption (BET and BJH models) analyses were performed. These
allowed for the assessment of microporosity and specific surface area, offering valuable
information on the material’s fine porosity and overall textural characteristics [21,22].

To overcome the limitations of individual techniques and achieve a more
comprehensive understanding of the pore system, micro-CT was also employed. Micro-CT
enabled the visualisation and quantification of internal structures, such as air voids, cracks,
and connected pore networks, with sub-micron resolution depending on the instrument used
[23]. The combined use of MIP and micro-CT has proven effective in enhancing the
characterisation of pore morphology and connectivity in both mock-up and historical
materials. MIP provides information about pore size distribution and cumulative pore
volume, especially for meso- and macropores. Micro-CT complements this identifying both
open and closed pores, as well as assessing overall pore connectivity and three-dimensional
morphology. In addition, microstructural observations were carried out using Scanning
Electron Microscopy (SEM), to investigate the spatial distribution, morphology, and
connectivity of the pore system. SEM enabled high-resolution 2D imaging of surface
features, highlighting differences in crystal shape, and pore structure across samples. This
integrated approach allows a more comprehensive analysis of the pore network [17,18]. In
this study, the adoption of this approach is particularly useful to evaluate how different
additives normally used in historical plasters, such as marble powder, kaolin or organic
binders like Arabic gum, affect the resulting microstructure [17,18,24] and the degradation
processes [25].

The results provide new insights into the behaviour of historical gypsum-based plasters
by correlating porosity with hygrothermal response and microstructural changes, with

particular attention to the influence of original formulations and ageing effects.
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5.2 Materials

To study the porosity of gypsum-based materials, a series of six mock-up samples was
prepared using mixtures derived from historical formulations, as already described in Part 2
[26,27]. These recipes were selected for their relevance to traditional practices and were
adapted as necessary to ensure consistency and reproducibility. In this part, only uncoated
samples were considered, as the presence of surface treatments could affect the internal pore
structure and compromise the reliability of the measurements.

The samples were produced using two types of gypsum, alabaster gypsum (A) and Paris
gypsum (P), combined with additives commonly found in historical or conservation contexts:
marble powder (M), Arabic Gum (AG), and a mixture of kaolin and wood powder (KW).
Animal glue, used as a binder, was incorporated as a pre-diluted aqueous solution to improve
workability and delay setting times. Each formulation was previously tested and refined to
optimise the water-to-gypsum ratio, taking into account the different absorption properties
of the additives. The composition of the samples selected for porosity analysis is summarised

in Table 24.

Table 24. Composition of gypsum-based mixtures analysed for porosity.

Acronyms Gypsum type Additives Water content (g)
A_M Alabaster Marble powder 125
P M Paris Marble powder 170
A_AG Alabaster Arabic gum 700
P_AG Paris Arabic gum 730
A_KW Alabaster Kaolin + wood powder 360
P_KW Paris Kaolin + wood powder 385
A: Alabaster gypsum M: Marble powder
P: Paris gypsum AG: Arabic gum

KW: Kaolin and wood powder

All samples were produced as 5x5x5 cm cubes. Subsamples were later taken from the
mock-ups to fit the specific needs of each porosity test. To support the visual assessment of
internal features, representative samples were sectioned to expose their inner structure. These
cross-sections, shown in Figure 37, highlight visible differences in pore-size distribution

across the different formulations.
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Figure 37. Cross-sections of gypsum-based samples, showing the internal features of the six formulations.
The images highlight visible differences in pore size and distribution. Scale bar = 1 cm.
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5.3 Methods
5.3.1 Analytical procedure

The experimental procedure (Figure 38) was designed to investigate how different
gypsum-based formulations respond to environmental stress, with a focus on the evolution
of porosity and its role in moisture interaction. A multi-analytical approach was adopted to
evaluate changes before and after artificial ageing. In particular, porosity was studied both
before (to) and after (ti) ageing, to assess how thermal and humidity fluctuations affect the
internal microstructure. To complement porosity analysis, sorption tests were performed to
evaluate the capacity of each formulation to adsorb and desorb moisture under controlled
hygrothermal conditions.

The interaction with moisture is a major degradation factor in gypsum materials, often
leading to cracking, surface detachment, and other physical damage [2]. For this reason,
understanding how pore characteristics influence hygroscopic behaviour is crucial. The
presence of large, open pores may promote capillary condensation, while very small and
pootly connected pores may limit desorption and favour water retention. For this reason,
particular attention was given to the dimensional range and morphology of the pore systems.

Porosity was characterised using four complementary techniques: Nitrogen
physisorption to assess microporosity, surface area and fine pore distribution; MIP to
quantify meso- and macropores, as well as total pore volume and dominant pore sizes; 2D
digital image analysis of SEM-BSE images, to evaluate apparent porosity, pore morphology
and visual heterogeneity; micro-CT to provide a three dimensional reconstruction of pore
structure, enabling quantification of total porosity, sphericity, and size distribution.

The results obtained from these methods were compared to evaluate the effects of
formulation and ageing on the pore network. In addition, hygroscopic sorption tests were
performed to understand the interaction between porosity and moisture, to identify which
formulations are more prone to water uptake or retention.

The following sections provide a detailed description of the analytical techniques used
for porosity characterisation, as well as the procedures adopted for artificial ageing and

hygroscopic sorption tests.
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ANALYTICAL
PROCEDURE

Porosity investigation before
and after ageing Hygroscopic water sorption
Artificial ageing
Nitrogen Physisorption

(BET and BJH
methods) Adsorption and
150 cycles: 87 days and desorption curves
Mercury intrusion 12 hours

porosimetry (MIP)
12 h: 30°C - 30 % RH
3D microtomographic (Summer conditions)
analysis (micro-CT) 1cycle:26 h
12h:10°C - 90 % RH

2D Image processing (Winter conditions)

2 h: 1 h transition before each step to reach target
temperature and humidity

Figure 38. Analytical procedure employed in this study.

5.3.1.1 Porosity

Porosity was evaluated through a combination of nitrogen physisorption analysis, MIP,
2D image analysis of back-scatter electron (BSE) images acquired by SEM, and micro-CT.
Each technique contributed to the characterisation of different portions of the pore size
spectrum, from the nano- to the macroscopic scale. The following sections describe the
analytical procedures and data processing methods used for each porosity analysis.
Nitrogen physisorption (NP) analysis was used to investigate the porosity of the gypsum-
based samples in the pore diameter range of approximately 20 to 1000 A, corresponding to
micro- and mesopores. Measurements were carried out at the condensation temperature of
nitrogen (-196 °C, 77 K) using a Micrometrics Tristar II Plus instrument. Before each
analysis, the samples were degassed at 200 °C under vacuum (107 Torr) for 2 hours to remove
physisorbed moisture and volatile compounds, in accordance with instrument operating
protocols. Such conditions may induce partial dehydration of gypsum, potentially leading to
the formation of bassanite. This limitation is considered in the interpretation of the results.
The specific surface area (expressed in m*/g) was calculated using the Brunauer-Emmett-
Teller (BET) method, applied in the relative pressure range appropriate for multilayer
adsorption [28]. The total pore volume was determined from the volume of nitrogen
adsorbed at a relative pressure p/po = 0.9 (expressed in cm’/g), corresponding to capillary
condensation in mesopores. The pore size distribution was calculated using the Barrett-
Joyner-Halenda (BJH) model, applied to the desorption branch of the isotherm, which is
widely used for mesoporous materials due to its relative stability and resolution [29]. The

interpretation of nitrogen physisorption data relies on several theoretical assumptions. The
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BJH method, in particular, assumes that the pores are cylindrical and rigid, and that capillary
condensation and evaporation occur according to established thermodynamic principles
[30,31]. Because of these assumptions, the BJH method may underestimate pore size when
the actual pore shapes deviate from the ideal cylindrical model. Nitrogen physisorption at 77
K allows the construction of adsorption-desorption isotherms by recording the amount of
nitrogen adsorbed at relative pressure (p/po). Initially, adsorption occurs in micropores due
to their high surface energy, followed by monolayer and multilayer adsorption in mesopores,
and finally by capillary condensation as the relative pressure approaches saturation. The
desorption branch, recorded during gradual pressure reduction, provides additional insight
into pore connectivity and geometry. The shape of the isotherms and the presence of
hysteresis loops offer qualitative information on pore structure and were classified according
to the IUPAC system, with specific hysteresis patterns (H1-H4) commonly associated with
mesopores [31]. To complement the pore size distribution obtained from the BJH analysis,
additional parameters such as total pore volume and average pore radius were calculated
using simplified expressions derived from gas sorption theory. The condensed volume of
nitrogen (V;4) was estimated as:
_ FVaasVm

V.
liq RT
where V4 is the volume of adsorbed nitrogen, Py is the ambient pressure, V45 is the volume
of adsorbed vapour, 1}, is the volume of nitrogen which is adsorbed as a monolayer, R is the

universal gas constant, and T is the absolute temperature (K). The average pore radius (7;)

was then calculated under the assumption of cylindrical pore geometry as:

2Viiq
=

where S is the specific surface area obtained via BET analysis. These equations were
also adopted in similar studies to estimate average pore radii from nitrogen physisorption
data [17].

Mercury intrusion porosimetry (MIP) was selected to study the meso- and macro-
porous structure of gypsum-based samples. Subsamples were collected using a scalpel, then
dried at room temperature before the analysis. Measurements were performed using a Pascal

140 and Pascal 240 (Thermo Nicolet) porosimeters, equipped with an automatic
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pressurisation system based on continuous speed-up adjustment logic. This setup enables
the characterisation of pores ideally down to a minimum diameter of 3.7 nm.

The method is based on the Washburn equation [32], which relates the radius of a
cylindrical pore 1 to the absolute applied pressure P, the mercury surface tension y, and the
contact angle 8 between mercury and the solid surface [20]:

2ycos6
P
where ¥ is assumed as 484 mN/m and 6 as 130 ° [33]. Despite MIP being the most

T =

used technique for porosity investigation, several limitations are associated with this method.
One of the most significant is the ink-bottle effect: when large pores are connected to the
outside by much smaller openings (called throats), the instrument detects only the narrower
access, and not the actual size of the internal pore. As a result, the pore size distribution may
underestimate larger internal pores [19,34,35]. Additionally, the high pressures applied during
analysis can sometimes cause cracks or structural damage in materials such as gypsum, which
may not be visible but could impact the results. Finally, it is a destructive analysis: once the
measurement is completed, the sample is saturated with mercury, making it unsuitable for
any further testing [20].

High-resolution scanning electron microscopy backscattered electron (SEM-BSE)
images were acquired using a Tescan Solaris field emission microscope. The imaging was
performed at a low voltage (5 keV) and current (300 pA), with a working distance of 4 mm,
in order to enhance material contrast and highlight pore geometry. Each image was collected
at a magnification of 248x with a resolution of 2048x2048 pixels, corresponding to a pixel
size of 0.73 um, which defines the resolution limit for pore detection. For each sample,
approximately 40 to 00 images were collected and then merged to improve
representativeness and capture the heterogeneity of the pore structure. This stitching process
allowed for the analysis of a larger surface area. Digital image analysis (DIA) was carried out
using the open-source software Image]®. Greyscale BSE images were binarized to distinguish
voids (black pixels) from the solid matrix (white pixels), and total porosity was calculated as
the ratio of pore pixels to the total pixel count in the area of interest. Pore size distribution
was evaluated by analysing the geometry and area of the segmented voids. All images were
processed using uniform contrast and brightness settings, to ensure consistent results.

Micro-CT was employed for investigating the internal structure and porosity of the
samples in three dimensions. The analysed specimens were cylindrical micro-cores,
approximately 8 mm in diameter and with a variable height ranging from 4 mm to 7 mm.

Scans were performed using a UniTom XL system (Tescan XRE), equipped with an X-ray
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source (XWT-240-CT by XRAY-WorX) and a flat-panel detector (XRD 4343CT by Varex),
as part of the FleXCT system configuration described by De Samber et al. [36]. Acquisitions
were conducted at 120 kV, with a voxel size of 5 um isotropic in all three spatial directions.
The projection images were reconstructed into cross-sectional slices using the manufacturer’s
software, applying beam hardening corrections, ring artefact reduction, and alignment
compensation. Image segmentation and quantitative porosity analysis were performed using
CTAn (Bruker®). Total porosity was calculated as the ratio of pore voxel to the total number
of voxels within the selected Volume of Interest (VOI). Pore size distribution was assessed
using the trabecular thickness (Tb.Th) parameter, calculated through the maximal inscribed
sphere-fitting method as proposed by Hildebrand and Ruegsegger (1997) [37]. This voxel-
based approach allows the estimation of local pore dimensions without requiring the
segmentation of individual pores. In parallel, additional morphological descriptors such as
sphericity and Sauter diameter were extracted through object-based analysis, applied to each
segmented pore to evaluate its overall geometry. For each descriptor, the mean, minimum
and maximum values were calculated, providing more comprehensive characterisation of
pore morphology. Sphericity is a dimensionless shape factor that describes how closely the
shape of an object approximates a perfect sphere. It was calculated using the following

formula:

_ Vm(6V)?3
= —

Sph

where V is the object volume and § is its surface area [38]. A sphericity value of 1
represents the ideal case of a perfectly spherical object [38]. The Sauter diameter, on the other
hand, expresses the diameter of a sphere with the same volume-to-surface ratio as the object,
and is an indicator of mean pore size.

For further 3D visualisation and to compute pore sphericity, datasets were also
processed using Dragonfly software (Object Research System) under a non-commercial
academic licence. In addition, CTVox (Bruker®) was used to generate volumetric renderings
from segmented CTAn data, allowing rapid qualitative inspection of the pore network.
Together, these tools enabled detailed visual analysis of internal structures and additional

morphological measurements, complementing the CTAn dataset.
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5.3.1.2 Accelerated ageing

To investigate the response to environmental factors, the gypsum-based formulation
samples were subjected to accelerated ageing replicating hygrothermal fluctuations
corresponding to the seasonal excursions recorded in Room LI of the Museum of Roman
Civilisation in Rome (see Part 1). The procedure followed the same methodology described
in detail in Part 2, and was selected to simulate the critical temperature and humidity
variations typically found in environments without active climate control.

The ageing process was carried out in a Serie C environmental chamber manufactured
by FDM Environmental Makers, capable of regulating temperature and relative humidity
across a wide range. A total of 150 cycles were applied, each composed of 6 hours at 30 °C
and 30 % RH (to simulate summer conditions), followed by 6 hours at 10 °C and 90 % RH
(to simulate winter conditions). An additional 1 hour was allocated for gradual transition
between each phase, resulting in a complete cycle duration of 14 hours and a total ageing

period of approximately 87 days and 12 hours. Samples were monitored before and after

ageing.

5.3.1.3 Hygroscopic water adsorption

Hygroscopic water adsorption and desorption were assessed on six cubic mock-up
samples, each corresponding to a different formulation of gypsum and additives, in
accordance with the EN ISO 12571 (2000) standard [39]. The specimens were first oven-
dried to constant mass and then placed in an FDM Series C environmental chamber and
maintained at a constant temperature of 23 °C. Relative humidity (RH) was progtessively
increased through the following steps: 30 %, 50 %, 70 %, 75 %, 80%, 85 %, 90 % and 95 %.
After completing the adsorption phase, the RH was decreased in the same sequence to
evaluate desorption. At each RH level, the mass of the samples was measured and recorded
after reaching equilibrium, defined as the point at which the sample mass remained constant
over time. The collected data were used to construct the corresponding adsorption and
desorption curve. The moisture content U was calculated for each specimen at every RH

level using the following equation:

where m is the mass of the specimen at a given RH and my is its dry mass.
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5.4 Results
5.4.1 Nitrogen physisorption (INP)

Nitrogen physisorption analysis provided insight into the evolution of pores smaller
than 0.1 pm of gypsum-based samples before and after artificial ageing. All specimens
exhibited type IV isotherms according to the IUPAC classification [40,41]. These isotherms
describe multilayer adsorption followed by capillary condensation and are typically associated
with the presence of mesopores [40]. A common feature of type IV isotherms is the presence
of a hysteresis loop, related to the differences in condensation and evaporation mechanisms
occurring in mesoporous structures [40]. The shape and width of the hysteresis loop are
strongly related to pore morphology, and according to IUPAC, they are classified into four
main types. In this study, the hysteresis loop corresponds to type H3, commonly associated
with mesoporous materials with slit-shaped pores or aggregates of plate-like particles.

Before ageing all samples showed type IV isotherms with H3 hysteresis loops in the
relative pressure range p/po = 0.4-0.9. After ageing, all samples maintained the same isotherm
type, as highlighted in the figure presented in Section 5.5.1.

The BET surface area ranged from 16.85 to 24.60 m?/ g before ageing and from 11.05
to 16.96 m®/g after ageing. Total pore volume ranged from 0.03 to 0.04 cm’/g across all
formulations (Table 25).

Pore size distributions, shown in Section 5.5.1 and derived from the desorption branch
using the BJH method, showed broad curves with a main peak between 20 and 30 A across
all formulations. After ageing, most BJH curves became flatter and less defined. In many
cases, the distribution also shifted towards larger pore widths, with desorption curves
extending up to or beyond 900-1000 A, as also shown in the corresponding figure discussed
in Section 5.5.1. In contrast, sample P_M exhibited a BJH desorption curve confined within

the mesoporous range (<500 A) after ageing.
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Table 25. BET specific surface area (m?/g) and total pore volume (cm3/g) of gypsum-based samples before
and after artificial ageing. Data are reported as mean ¥ standard deviation. Measurements were performed at -
196 °C using nitrogen physisorption, with pote volume calculated at p/po = 0.9 cm’/g.

Before ageing

Sample B.E.T (m?/g) Pore volume (cm3/g)
A_KW 20.57 £ 0.43 0.04

A_AG 16.85 + 0.42 0.04

A_M 20.62 £ 0.44 0.03

P_KW 24.60 £ 0.31 0.04

P_AG 17.84 £ 0.36 0.04

P_M 21.75 £ 0.38 0.03

After ageing

Sample B.E.T (m?/g) Pore volume (cm?/g)
A_KW 15.67 + 0.22 0.03

A_AG 11.05 £ 0.23 0.03

A_M 11.61 £ 0.21 0.03

P_KW 15.18 £ 0.24 0.03

P_AG 16.96 £ 0.22 0.04

P_M 14.40 £ 0.22 0.03

5.4.2 MIP

MIP allowed the investigation of the pore structure in the pore range between 0.005 to
100 um of the mock-up samples before (t)) and after (t;) artificial ageing. The technique
provided both differential intrusion volume (dv/dlogR) and cumulative porosity curves.
The dV/dlogR cutves, plotted against the pore radius on a logarithmic scale, highlight the
most accessible pore sizes and reflect changes in peak shape and intensity as shown in the
figures discussed in Section 5.5.2. This type of plot is especially useful for identifying the
presence of a broad or narrow pore size distribution [42]. Broader or flatted peaks suggest a
wider range of pore size and increased heterogeneity, while sharper peaks indicate a more
homogeneous pore network. The cumulative curves described the progressive mercury
uptake, helping visualise the development of porosity across the full pore network.

For each sample, the critical pore radius (CPR) was identified as the peak of the
dV/dlogR curve, corresponding to the dominant pore size, while the threshold pore radius
(TPR), corresponds to the inflection point in the cumulative porosity curve, as the narrowest
entry through which mercury can access the internal pore network.

Table 26 summarises the porosity (%), critical pore radius (CPR, um), and threshold

pore radius (TPR, um) values obtained for all samples before and after artificial ageing.
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Table 26. Total porosity (%), critical pore radius (um), and threshold pore radius (um) for all gypsum-based
samples before and after ageing, measured by MIP. CPR was identified as the peak of the dV/dlogR curve, and
TPR as the inflection point in the cumulative porosity curve.

Before Ageing
Samples Porosity (%) Critical pore radius (um) Threshold pore radius (um)
A_KW 55.77 3.88 5.49
A_AG 45.59 3.90 5.26
A_M 42.78 2.93 4.29
P_KW 54.46 5.33 8.60
P_AG 47.42 4.78 6.26
P_M 43.17 3.07 3.97
After Ageing
Samples Porosity (%) Critical pore radius (um) Threshold pore radius (um)
A_KW 53.79 6.32 7.85
A_AG 43.53 3.77 4.52
A_M 27.78 3.04 4.26
P_KW 49.82 6.32 8.96
P_AG 47.57 4.66 6.84
P_M 41.34 3.18 4.66

Before ageing, CPR values ranged from 3.07 um (P_M) to 5.33 pm (P_KW), while TPR
values ranged from 3.97 um (P_M) to 8.60 um (P_KW). After ageing, CPR and TPR values
were recorded for each formulation. In A_ KW, CPR was 3.88 um before ageing, and 6.32
um after ageing; in P_KW, values were 5.33 um at t and 6.32 um at t;. In A_AG, CPR was
3.90 um at to and 3.77 um at t;, while TPR was 5.26 um and 4.52 pm, respectively. In P_AG,
CPR was 4.78 um at to and 4.66 pm at t;, with TPR measured at 6.26 pm before ageing and
0.84 um after ageing (Table 20).

In samples containing marble powder, CPR remained nearly unchanged after ageing.
TPR showed minimal variation in A_M, while a slight increase was observed in P_M. Total
porosity values before ageing ranged from 42.78 % (A_M) to 55.77 % (A_KW), and after
ageing from 27.78 % (A_M) to 53.79 % (A_KW).

5.2.3 2D Image Processing
To characterise the pore structure, high-resolution SEM backscattered images were
acquired and merged for each specimen. This approach was supported by previous studies,
which have shown that a single BSE image is often insufficient to provide a representative
overview of the pore morphology in heterogeneous materials [17,18]. In this study, the
threshold limit (minimum pore size detectable) is equal to 0.73 um. The values of total
porosity, pore size distribution, minimum Feret diameter and circularity are summarised in

Table 27, while Feret diameter distributions are reported in Section 5.5.3.
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Table 27. Results of 2D digital image analysis of SEM-BSE for all gypsum-based samples before and after
ageing. Parameters included total porosity (%), pore size class distribution (micropores <10 um, mesopores 10-
400 pm, macropores >400 um, expressed as % of the total porosity), minimum Feret diameter (um), and
average circularity of segmented pores.

Before ageing

Samples Porosity (%0) Micropores Mesopores Macropores ~ Min Feret  Circularity
(<10 pm) %  (10-400 pm)  (>400 pm) % (um)
%
A_KW 64.07 41.51 58.48 0.00 3.48 0.87
A_AG 46.24 6.55 42.22 51.21 4.58 0.84
A_M 61.40 53.14 46.86 0.00 2.71 0.87
P_KW 61.68 40.56 59.44 0.00 3.73 0.90
P_AG 64.50 45.12 54.88 0.00 3.18 0.89
P_M 60.69 43.76 52.33 3.91 4.06 0.88
After ageing
Samples Porosity (%) Micropores Mesopores Macropores ~ Min Feret  Circularity

(<10 pm) %  (10-400 pm)  (>400 um) % (um)
Yo

A_KW 60.66 41.56 58.44 0.00 2.34 0.91
A_AG 44.96 3.98 57.84 38.18 11.83 0.80
A_M 54.86 10.31 83.49 6.20 7.84 0.82
P_KW 38.71 5.05 66.67 28.28 5.83 0.81
P_AG 59.54 23.78 76.22 0.00 7.33 0.87
P_M 47.30 4.25 27.30 68.45 4.80 0.81

Before ageing, micropores (<10 um) and mesopores (10-400 um) were dominant across
all samples. A_M recorded the highest fraction of pores <10 pm (53.14 %), followed by
P_AG (45.12 %) and P_M (43.76 %). A_KW and P_KW had the higher mesopore content
(58.48 % and 59.44 %, respectively), with lower micropore fractions (41.51 % and 40.56 %).
A_AG showed 6.55 % of micropores (<10 um) and 51.21 % of macropores (>400 um),
expressed as fractions of total porosity. Circularity values ranged from 0.84 in A_AG to 0.90
in P_KW, and in general, all samples showed relatively high values (Table 27).

The SEM-BSE image of sample P_AG before ageing (Figure 39A) reflects the high total
porosity of the sample (64.50 %), of which 45.12 % correspond to micropores (<10 pm) and
54.88 % to mesopores (10-400 um). Macropores were not detected. The segmented image
(Figure 39 B) showed a pore network composed mainly of small to medium-sized rounded
pores. In this binarized image, black areas correspond to pores and white areas to the solid

matrix [17]. The minimum Feret diameter measured was 3.18 um, and the average circularity

reached 0.89.
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Figure 39. Stitched SEM-BSE images of sample P_AG before ageing. (A) Merged (BSE) image showing
the internal pore structure. The image was created by stitching together 50 high-resolution SEM images,
providing a representative overview of the pore network. Scale bar: 5 mm. (B) Corresponding binarized

image after segmentation: black areas correspond to pores, and white areas to the solid matrix.

After ageing the total porosity was 38.71 % in P_KW, 47.30 % in P_M, 59.54 % in
P_AG, 60.66 % in A_KW, 54.86 % in A_M and 44.96 in A_AG (Table 27).

In P_KW, micropores (<10 pm) represented 5.05 %, mesopores (10-400 um) 66.67 %,
and macropores (>400 um) 28.28 % of the total porosity. P_M showed 4.25 % of
micropores, 27.30 % of mesopores and 68.45 % of macropores. The sample A_AG showed
3.98 % micropores, 57.84 % mesopores, and 38.18 % macropores. Its minimum Feret
diameter was 11.83 um, with circularity of 0.80. In A_KW, micropores accounted for 41.56
% and mesopores for 58.44 % of the total porosity, without macropores detected. The

minimum Feret diameter was 2.34 um and the circularity was 0.91. In A_M, micropores were
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10.31 %, mesopores 83.49 %, and macropores 6.20 % of the total porosity. The minimum
Feret diameter was 7.84 um and the circularity 0.82. Finally, P_AG showed 23.78 %
micropores and 76.22 % mesopores, without macropores detected. The minimum Feret
diameter was 7.33 um and the circularity 0.87. The Feret diameter distribution curves,
illustrated in the figure presented in Section 5.5.3, showed broader profiles in samples A_AG
and P_M, with the presence of two main peaks. In A_KW and A_M, the distributions were

narrower and the majority of pores remained below 30 pm.

5.2.3 3D Micro-CT

The 3D micro-CT analysis provided detailed insight into the internal pore morphology
of all gypsum-based samples, both before and after ageing.

Before ageing, total porosity values ranged from 9.262 % (P_M) to 19.984 % (P_KW).
After ageing, values decreased in all samples, with porosity ranging from 3.747 % (P_M) to
15.623 % (P_KW) (Table 28). Thus, P_M consistently showed the lowest porosity at both
stages, while P_KW was the most porous formulation before and after ageing. Conversely,
within the alabaster-based samples, A_M showed the lowest porosity at to (11.440 %), but
after ageing its porosity increased to 8.158 %, becoming the most porous alabaster
formulation at t;. A_KW showed intermediate values at both stages (12.425 % at ty and 6.795
% at t;). Sample A_AG showed 13.280 % of porosity before ageing, and 6.004 % after ageing,
while P_AG varied from 18.792 % to 8.191 %.

Mean sphericity values ranged between 0.432 (P_M) and 0.554 (P_KW) before ageing,
and between 0.437 (P_M) and 0.527 (P_KW) after ageing. For all formulations, the
maximum sphericity remained constant at 0.947 except for P_M and P_AG, where slightly
lower values were recorded. In particular, P_AG was the only sample showing a decrease in
maximum sphericity after ageing, from 0.947 to 0.915. Minimum sphericity values were low
across all samples, ranging from 0.004 to 0.073 before ageing, and from 0.003 to 0.064 after
ageing.

The mean Sauter diameter ranged from 9.089 um (P_M) to 13.765 pm (A_M) um before
ageing, and from 8.325 um (P_M) to 13.320 um (A_M) after ageing. Overall, variations
between to and t; were limited, with consistent trends across samples. Minimum Sauter
diameters ranged from 2.309 um to 2.886 um both before and after ageing, without
differences across samples. In contrast, maximum Sauter diameters showed a wider range,
varying from 25.168 um (A_KW) to 194.289 um (PM) before ageing. After ageing, maximum
values ranged from 28.740 pm (P_KW) to 151.277 um (A_M) (Table 28).
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For all samples, pores with the lowest sphericity values corresponded to large Sauter
diameters, typically between 17.924 um and 39.106 um before ageing, and between 11.680
um and 29.923 um after ageing. Conversely, pores with the highest sphericity consistently
showed smaller Sauter diameters, between 7.700 pm and 10.482 um for all samples and both
ageing conditions. The sphericity associated with the minimum Sauter diameter was stable
across all formulations at 0.845, both before and after ageing. Conversely, the sphericity
associated with the maximum Sauter diameter varied more widely, ranging from 0.135 to
0.742 um before ageing, and from 0.205 um to 0.409 um after ageing (Table 28).

To analyse pore morphology at different dimensional scales, the pore network was
subdivided into two classes: <10 um and 10-400 um (Table 29 and Table 30). For each
interval, porosity, mean Sauter diameter, and mean sphericity were calculated.

Before ageing, in all samples, pores in the 10-400 um class accounted for the vast
majority of the total pore volume, contributing between 94.22 % (P_M) and 99.56 %
(A_KW). The contribution of pores <10 um was generally low, ranging from 0.44 %
(A_KW) to 5.78 % (P_M). Mean sphericity was consistently higher in the <10 um class, with
values between 0.47 (P_M) and 0.68 (A_KW), while in the 10-400 um range was lower,
between 0.29 (P_M) and 0.52(A_M). Mean Sauter diameters were also larger in the 10-400
um range than in the <10 um class (Table 29).

After artificial ageing (Table 30), porosity in the <10 um range increased for all samples
except A_M, where it decreased slightly from 0.57 % to 0.49 %. The most substantial increase
within this class occurred in P_M (from 5.78 % to 43.07 %) and P_AG (from 1.37 % to
14.09 %). In the 10-400 pm range, the lowest contribution of large pores was observed in
P_M (56.93 %) and P_AG (85.91 %), while samples A_KW, A_AG, A_M and P_KW
retained values above 98 %.

Mean sphericity in the <10 um class ranged from 0.44 (P_M) to 0.60 (A_M), while in
the 10-400 pum class it ranged from 0.29 (P_KW) to 0.51 (A_M). Mean Sauter diameter values

remained broadly consistent with to in both classes (Table 30).
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Table 28. Morphometric parameters obtained from micro-computed tomography analysis before and after ageing. For each sample, the total porosity (%), mean sphericity, and mean Sauter diameter
(um) are reported, along with the minimum and maximum values of sphericity and Sauter diameter. Additionally, the Sauter diameter values corresponding to the minimum and maximum sphericity
are shown, as well as the sphericity values corresponding to the smallest and largest diameters. These data allow a detailed interpretation of pore morphology and its evolution following ageing,.

Before ageing

Sample Porosity Mean Mean Sauter Min Max Sauter Sauter Min Sauter ~ Max Sauter Sphericity Sphericity

(%) Sphericity ~ Diameter (um)  Sphericity Sphericity Diameter at the Diameter at the Diameter Diameter at the Min at the Max

Min Sphericity =~ Max Sphericity (nm) (um) Diameter Diameter

(pm) (nm)
A_KW 12.425 0.523 12.055 0.007 0.947 17.924 10.482 2.886 25.168 0.845 0.582
A_AG 13.280 0.529 12.572 0.017 0.947 28.547 10.482 2.886 140.222 0.845 0.310
AM 11.440 0.528 13.765 0.073 0.947 39.106 10.482 2.886 159.920 0.845 0.350
P_KW 19.984 0.554 9.180 0.005 0.947 20.281 10.482 2.309 29.535 0.845 0.380
P_AG 18.792 0.544 9.933 0.004 0.947 20.279 8.386 2.309 87.565 0.845 0.742
P_M 9.262 0.432 9.089 0.059 0.915 26.958 7.700 2.309 194.289 0.845 0.135
After ageing

Sample Porosity Mean Mean Sauter Min Max Sauter Sauter Min Sauter ~ Max Sauter Sphericity Sphericity

(%) Sphericity ~ Diameter (um) Sphericity Sphericity Diameter at the Diameter at the Diameter Diameter at the Min  at the Max

Min Sphericity =~ Max Sphericity Diameter Diameter
A_KW 6.795 0.507 12.250 0.064 0.947 29.923 10.482 2.886 114.286 0.845 0.271
A_AG 6.004 0.513 12.320 0.052 0.947 24.745 10.482 2.886 99.235 0.845 0.216
A M 8.158 0.526 13.324 0.028 0.947 21.177 10.482 2.886 151.277 0.845 0.242
P_KW 15.623 0.527 9.305 0.003 0.947 15.691 10.482 2.309 28.740 0.845 0.318
P_AG 8.191 0.462 9.326 0.024 0.915 19.178 7.700 2.309 29.374 0.845 0.205
P M 3.747 0.437 8.325 0.014 0.915 11.680 7.700 2.309 61.301 0.845 0.409

Table 29. Mean Sauter diameter and mean sphericity values calculated separately for two dimensional intervals: pores with diameters <10 pm, and pores between 10 and 400 pm. The data highlight
morphological differences between smaller and larger pores within each allow comparison of shape stability across dimensional ranges before ageing.
Before ageing

Sample Range < 10 pm Range 10 - 400 pm
Porosity (%0) Mean Sauter Diameter Mean sphericity Porosity (%) Mean Sauter Diameter Mean sphericity
(um) (nm)

A_KW 0.44 06.67 0.68 99.56 13.04 0.49
A_AG 0.77 7.32 0.64 99.23 13.40 0.50

AM 0.57 8.24 0.57 99.43 14.30 0.52
P_KW 0.78 7.48 0.58 99.22 11.63 0.50
P_AG 1.37 8.13 0.56 98.63 11.75 0.52

P_M 5.78 7.75 0.47 94.22 13.14 0.29
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Table 30. Mean Sauter diameter and mean sphericity values calculated separately for two dimensional intervals: pores with diameters <10 um, and pores between 10 and 400 um. The data highlight
morphological differences between smaller and larger pores within each allow comparison of shape stability across dimensional ranges after ageing.

After ageing
Sample Range <10 pm Range 10 - 400 pm
Porosity (%) Mean Sauter Diameter Mean sphericity Porosity (%) Mean Sauter Diameter Mean sphericity
(pm) (pm)

A_KW 1.46 8.05 0.58 98.54 13.00 0.49
A_AG 1.46 8.12 0.57 98.54 12.94 0.50
A M 0.49 7.84 0.60 99.51 13.83 0.51
P_KW 1.63 7.79 0.56 98.37 11.44 0.29
P_AG 14.09 8.45 0.49 85.91 11.05 0.40

P_M 43.07 8.02 0.44 56.93 11.42 0.39

Figure 40. Microtomographic visualisation of sample P_M before ageing. (A) Representative cross-sectional slice from reconstructed greyscale volume. (B) Corresponding binarized slice showing
pore segmentation (black = solid matrix; white = pores). (C) 3D rendering of the segmented pore network within the scanned volume, obtained through CTAn and visualised in CTVox.
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An example of the internal structure before ageing is shown in Figure 40, where sample
P_M is visualised. Figure 40A shows a representative greyscale slice of the reconstructed
volume; Figure 40B, the corresponding binarized image (white = pores), and Figure 40 C
illustrates the full 3D reconstruction of the segmented pore network. The segmented volume
illustrates the distribution of micropores and mesopores within the samples prior to artificial
ageing.

Pore size distribution curves based on trabecular thickness (Tb.Th) are shown in Section
5.5.4. Most samples displayed a peak between 10 and 40 um before ageing, while after ageing

several samples exhibited differences in peak height and distribution width.

5.4.5 Hygroscopic sorption behaviour

The hygroscopic behaviour of the gypsum-based formulations was assessed through
sorption tests conducted under controlled temperature (23 °C) and relative humidity (RH)
conditions, according to the BS EN ISO 12571 (2000) [39]. The sorption curves for each
formulation are presented in Figure 41. During the adsorption phase, all samples showed
comparable behaviour up to 75 % RH, with mass increases remaining below 0.02 %. Among
all formulations, P_AG recorded the highest mass uptake, reaching approximately 0.072 %
at the beginning of the desorption phase, around 90 % RH. A similar trend, but less
pronounced, was observed in A_AG, which reached values around 0.055 %. The other
formulations displayed more gradual increases, with P_M and A_M exhibiting the lowest
overall moisture adsorption across the full RH range. Samples containing kaolin and wood
powder showed intermediate values, particularly in the 75-95 % RH interval. During the
desorption phase Arabic gum-containing samples retained the highest moisture content,
remaining above the other formulations throughout the RH decrease. All other samples

displayed a smoother and more gradual mass loss during desorption.
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Figure 41. Hygroscopic adsorption and desorption curves of gypsum-based samples with different
formulations. the graph shows the percentage increase in mass at equilibrium for each relative humidity step
(30-95% adsorption; 95-30% desorption).

5.5 Discussion
5.5.1 Nitrogen physisorption (INP)

Although all samples are characterised by a mesoporous structure, with most of the
pores comprised between 10 A and 500 A, differences between gypsum types were evident.
Before ageing, formulations based on Paris gypsum exhibited higher BET surface areas than
those with alabaster gypsum. After ageing, they still showed relatively high surface areas and
sharper, more defined BJH pore size distributions (Figure 42). This suggests that Paris
gypsum may offer better structural stability under ageing conditions. The BET surface area
decreased in all samples after ageing, while the pore volume decreased in samples A_KW,
A_AG, and P_KW (Table 25). The decrease in the BET surface area was more pronounced
in formulations containing kaolin and in sample A_AG. Samples such as A_M and P_M
showed a significant reduction in surface area while maintaining unchanged pore volumes.
According to the principles outlined by Sing (1982) [43] and further discussed by Do et al.
(2010) [44], such behaviour may reflect a reduction in nitrogen accessibility rather than a loss
of porosity. This can occur when pore entrances become narrowed or partially blocked due
to structural rearrangement, limiting the penetration of adsorbate molecules into the internal
surface area without significantly affecting the total pore volume. In sample P_AG, the
nitrogen physisorption isotherm after ageing closely overlapped with the pre-ageing curve in
the high relative pressure range (p/p, > 0.8), suggesting that the mesoporous network
remained almost intact and accessible. Unlike most other samples, which exhibited a post-
ageing flattening and a shift of the main BJH peak, indicative of pore coalescence or collapse,
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P_AG maintained a sharp and well-defined pore size distribution, with a desorption curve
extending beyond 1000 A (Figure 42F). This behaviour indicates a greater resistance to
structural rearrangement and supports the interpretation that this formulation preserved its
mesoporous structure under hygrothermal stress. This interpretation is coherent with results
described in Bochen et al. (2005) [45], which reported that different plaster formulations
exhibit distinct structural responses to ageing, with some retaining a more stable pore
structure and showing greater resistance to porosity alterations under environmental stress.
In contrast, sample P_M (Figure 42F) showed a different behaviour: the BJH desorption
curve after ageing was entirely confined within the range <500 A, without any contribution
from larger pores. Among all the analysed samples, P_M was the only one to exhibit a
complete disappearance of the macroporous fraction, with the BJH desorption curve after
ageing entirely confined within pores smaller than 500 A. This effect may be attributed to
the narrowing or partial occlusion of the pores following structural reorganisation. These
observations suggest that the type of gypsum and the presence of specific additives, have a

direct impact on the pore structure when subjected to hygrothermal stress.
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Figure 42. Nitrogen isotherms: volume adsorbed V.as (cm3/g) vs. relative pressure (p/po); and pore size distribution curves: log differential intruded volume (cm3/g) vs. pore width (A), for
gypsum-based samples before (to, black) and after (ti, red) artificial ageing. Pore size distribution curves are plotted with a logarithmic scale on the x-axis (10-1000 A). Images A-C show samples with
alabaster gypsum (A_KW, A_AG, A_M), and images D-I show samples with Paris gypsum (P_KW, P_AG, P_M).
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5.5.2 MIP

The observed variations in CPR, TPR (Table 26), and the shape of the intrusion curves
(Figure 43) support the hypothesis that the environmental stressor leads to a reorganisation
of the pore structure, which depends on both the additive and the type of gypsum matrix. In
particular, samples containing kaolin and wood powder (A_KW, P_KW) showed a
significant increase in CPR (e.g., from 3.88 to 6.32 pm in A_KW) and TPR (from 5.49 to
7.85 um in P_KW) after ageing, along with a broader and less defined dV/dlogR peaks. This
suggests the development of a more heterogeneous and interconnected pore network,
resulting from the coalescence of pores within the <10 um range. Similar trends have been
documented in heritage materials, where changes in intrusion curves morphology are
correlate with merging of pores [19].

In contrast, Arabic gum-based samples were more stable, especially P_AG, which
maintained nearly constant porosity and a minimal reduction in pore size parameters. A_AG,
although prepared with the same additive, showed a small decrease in CPR, TPR and overall
porosity, which may reflect a partial closure of the pore network, possibly influenced by the
interaction between the organic component and the alabaster gypsum matrix [46].

Samples containing marble powder (A_M Figure 43, and P_M Figure 44) showed
different levels of stability. P_M exhibited minimal variations in porosity and pore size
parameters, confirming a stable pore network. In contrast, A_M showed a substantial
decrease in total porosity, despite CPR and TPR remaining nearly unchanged (Table 206).

Among all formulations, those based on Paris gypsum generally showed a better
response to artificial ageing compared to mixtures made with alabaster gypsum. This is
supported by CPR and TPR trends, which indicate smaller structural changes in Paris gypsum
samples, while alabaster-based mixtures appeared more susceptible to pore rearrangement.

These results underline the importance of both the binder and the additive in
determining the long-term durability of gypsum-based materials. Understanding how the
binder and additive influence the pore structure under environmental stress is essential for

selecting appropriate formulations in conservation.
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Figure 43. Differential intrusion volume (dV/dlogR, red curves) and cumulative porosity (blue curves) obtained by mercury intrusion porosimetty for alabaster gypsum samples before (tp) and
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Figute 44. Differential intrusion volume (dV/dlogR, ted cutves) and cumulative porosity (blue curves) obtained by mercury intrusion porosimetry for Patis gypsum samples before (to) and after
(t1) ageing. The critical pore radius (CPR), labelled on each curve reflects the dominant pore size in each formulation.
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5.5.3 2D Image processing

The results obtained through 2D digital image (Figure 45A-L) analysis demonstrate the
different evolution of pore networks in the six gypsum-based formulations following
artificial ageing. An important observation is that ageing generally leads to a reduction in total
apparent porosity, accompanied by a shift from microporosity towards larger pore classes
[19].

In particular, P_KW and P_M (Figure 45C-D and K-L) exhibited a marked transition
from micropores (<10 um) to macropores (>400 um), which reached 28.28 % and 68.45 %,
respectively. This transformation was reflected in broader Feret diameter distributions,
suggesting that large pores may have formed through the coalescence of smaller ones. Such
behaviour is consistent with previous studies, which have shown that cyclic exposure to
humidity and temperature fluctuations can promote the merging of fine pores due to
microstructural rearrangements and local recrystallisation within the gypsum matrix [47]. As
smaller pores collapse or become less accessible, the pore system reorganises into fewer but
larger voids, reducing total porosity while increasing average pore size.

A_AG and P_AG (Figure 45E-H) exhibited a more moderate degree of pore structure
changes. While P_AG maintained a relatively stable porosity (from 64.50 % to 59.54 %) and
a mesoporous-dominated distribution within the range 10-400 um (with pores <10 pm
decreasing from 45.12 % to 23.78 %), its Feret diameter increased (from 3.18 um to 7.33 um)
without significant alteration in circularity (from 0.89 to 0.87), suggesting a controlled
reorganisation of the internal structure. The pore network remained evenly distributed and
predominantly regular in shape, as also confirmed by the segmented SEM-BSE images
before ageing, which did not show pores in the range >400 um and a uniform population of
small to medium-sized voids. These observations point to a more gradual transformation of
the microstructure, likely limited to pore enlargement without disruption of overall geometry.

In contrast, A_AG exhibited more pronounced changes: although total porosity
remained nearly unchanged (46.24 % to 44.96 %), the lowest measured Feret diameter
increased significantly from 4.58 to 11.83 um, and circularity decreased from 0.84 to 0.80.
These modifications point to the development of more irregular and potentially
interconnected pores, likely influenced by the interaction between Arabic gum and the
alabaster gypsum matrix, which may have favoured microstructural instability.

The most stable behaviour was observed in A_ KW and A_ M. A_ KW that maintained
a high porosity (from 64.07 % to 60.66 %) and consistent pore class distribution, with

circularity increasing from 0.87 to 0.91, indicating possibly a more regular pore geometry
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after ageing. Similarly, A_M showed moderate porosity reduction (from 61.40 % to 54.86 %),
accompanied by a limited increase in Feret diameter (to 7.84 um) and a slight decrease in
circularity (from 0.87 to 0.82). In both cases, the pore size distribution remained narrow,
with most pores being below 30 um, indicating a stable and compact microstructure. The
Feret diameter curves (Figure 45) confirm these observations: aged samples such as A_AG
and P_M displayed broader and more complex curves, consistent with pore growth or
merging, whereas A_KW and A_M retained narrow and defined distributions.

These findings showed how much the composition of each formulation can influence
the stability of the internal structure when exposed to environmental stress.

However, it is worth nothing that 2D image analysis has its limitations. Since it only
provides a cross-sectional view, it may not fully represent the three-dimensional shape of
pores. For example, a pore detected as small in the 2D plane may correspond to a larger void
in three dimensions. For this reason, DIA results should be combined with 3D techniques
such as micro-CT for a more complete understanding. It should also be considered that
artefacts such as surface charging [48], which are often present in SEM images of non-
conductive materials like gypsum, can affect image quality and compromise the identification
of pores. These artefacts may cause errors in the thresholding process and result in less

accurate measurements of pore shape and size.
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Figure 45. Frequency per range (%) and cumulative distribution of minimum Feret diameters obtained from 2D digital image analysis (DIA) on SEM-BSE images for all mock-up samples before
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5.5.4 3D Micro-CT

The micro-CT analysis revealed that artificial ageing induced measurable changes in the
internal pore structure of all gypsum-based formulations. The most consistent trend across
the dataset was the reduction in total porosity, observed in every sample (Table 28). The
decrease was particularly pronounced in Paris gypsum mixtures, such as P_AG (from 18.792
% to 8.191 %) and P_M (from 9.262 % to 3.747 %). Among alabaster-based formulations,
A_AG showed a comparable reduction (from 13.280 % to 6.004 %), while A_M exhibited a
smaller decrease, becoming the alabaster sample with the highest porosity at t;. The relative
ranking of samples in terms of porosity was therefore preserved after ageing, with P_KW
remaining the most porous and P_M the least porous formulation in both conditions. These
results suggest that hygrothermal ageing promoted a redistribution of pore volume, with a
reduction of large connected pores in formulations such as P_AG, P_M, and A_AG. [49,50].

Although less pronounced than the reduction in total porosity, a decrease in mean
sphericity values was observed in most formulations, indicating a partial modification of pore
geometry after ageing. In several samples, the least spherical pores appeared more affected
than the most regular ones, suggesting that structural rearrangement altered the larger and
more irregular voids. These observations are consistent with the decrease in maximum Sauter
diameters recorded in P_AG and P_M (Table 28), indicating a reduction in large connected
pores and an increase in pores <10 (Table 30).

To further investigate this relationship, pores were divided into two dimensional groups:
<10 pm and 10-400 um. Pores below 10 um generally showed higher sphericity values (up
to 0.68) and more stable geometry, even after ageing. In contrast, pores in the 10-400 pm
range showed lower sphericity (down to 0.29) and more variability, indicating that even a
slight increase in pore size can lead to shape instability, possibly due to the loss of cohesion
in the surrounding matrix. These findings align with previous research highlighting the
influence of pore size ranges on pore stability under fluctuating relative humidity and
temperature conditions [50].

The 3D visualisation of sample A_M before ageing (Figure 46) provides a direct
confirmation of these results. Small pores (represented in red to yellow) are more numerous
and homogeneously distributed, while larger voids (green to blue) are more isolated and
morphologically irregular. When observed within the matrix, these larger pores are
embedded deeper in the structure, confirming their lower sphericity.

This relationship between size and shape is particularly relevant when considering the

connectivity and moisture transport capacity of these materials. Pore size and morphology
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directly influence how water vapour and liquid moisture move through the material. Larger,
well-connected pores can facilitate capillary transport and rapid moisture migration, whereas
smaller pores (<10 pm), despite their higher sphericity (typically between 0.44 and 0.68), may
limit the transport due to reduced pore throat diameter and lower interconnectivity, leading
to localised water retention [51,52]. This is particularly critical in gypsum-based materials,
where prolonged exposure to moisture can accelerate degradation process such as

dissolution, recrystallisation, and mechanical changes [2-5].

1 mm

Figure 46. Three-dimensional renderings of sample A_M_to visualised by pore sphericity, generated using
Dragonfly software. A: isolated pore network colour-coded by sphericity, from blue (low) to red (high). B:
The same sample rendered with solid matrix (grey) and pores mapped by sphericity. The distribution
highlights the presence of numerous small, highly spherical pores (yellow-red) and fewer large, irregular ones
(blue-green), confirming the inverse relationship between pore size and sphericity.

Across the dataset, differences in behaviour were also linked to the type of gypsum and
the presence of additives. Among the alabaster-based samples, A_M showed the smallest

changes in porosity and pore morphology, while A_KW and A_AG underwent a substantial
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reduction in porosity (from 12.425 % to 6.795 %, and from 13.280 % to 6.004 %,
respectively) (Table 28). In contrast, the strongest decreases in the contribution of large pores
were observed in the Paris gypsum formulations P_AG and P_M (in the range 10-400 from
98.63 % to 85.91 %, and from 94.22 % to 56.93 %, respectively), while P_KW showed more
limited modifications (from 99.22 % to 98.37 %) (Table 29 and Table 30). These results
indicate that the impact of ageing differed across mixtures and reflected the combined
influence of the gypsum binder and the incorporated additives.

The pore size distribution curves derived from the trabecular thickness (Tb.Th) (Figure
47) showed that ageing primarily resulted in a narrowing of the distributions in several
formulations. This behaviour was especially evident in A_KW, P_KW and P_M, which
exhibited sharper and more concentrated peaks after ageing. In other samples, such as A_AG
and A_M, the differences between ty and t; were minimal, while P_AG retained a similar
peak position with a moderately narrower curve. These trends indicate that the effect of
ageing depended from the formulation.

Although the specific mechanisms cannot be fully resolved from the present dataset,
the combined reduction in maximum Sauter diameters, the increase in the <10 um range,
and the narrowing of the Th. Th distributions suggest that the largest and least spherical pores
were the most affected by ageing. In mixtures such as P_KW and P_M, the reduction of
large pores is consistent with the decreased contribution of the 10-400 um class and the
corresponding rise in the proportion of smaller pores (Table 29 and Table 30). In alabaster-
based samples, the changes were more limited and mainly involved.

These modifications may reduce the continuity of the largest pore pathways while
increasing the proportion of smaller, more irregular voids. Although connectivity was not
directly measured, such redistribution may influence vapour diffusion and moisture
retention, with smaller pores offering higher capillary resistance and potentially slower

moisture release.
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total pore volume associated with specific diameter intervals. All samples exhibited a peak between 10 and 40 um. After ageing, the curves shifted and became narrower.
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5.5.5 Correlation between porosity and hygroscopic sorption behaviour

The hygroscopic behaviour of the six formulations confirmed that not all porosity
contributes equally to moisture uptake and retention. An important factor is the morphology
and dimensional distribution of the pores, rather than their absolute volume.

Among all samples, those containing Arabic gum, particularly P_AG, showed the
highest hygroscopic response. During the adsorption phase, P_AG reached its maximum
mass increase of approximately 0.072 % at the beginning of desorption, around 90 % RH,
and maintained this moisture value until RH reached 50 %, releasing it rapidly only between
50 and 30 % RH. A_AG exhibited a similar trend, although less pronounced. This behaviour
is consistent with the presence of fine, interconnected pores, as suggested by BET and MIP
results: P_AG showed a moderate surface area, a stable mesoporous network, and minimal
changes in CPR-TPR after ageing. In micro-CT, it retained relatively small pores with
moderate sphericity, suggesting a pore network capable of retaining water by capillary
condensation.

Samples containing marble powder (A_M, P_M) displayed the lowest hygroscopic
response across the entire RH range. The low mass increase and nearly linear sorption curves
reflect their compact and pootly accessible pore structure, confirmed by low total porosity,
low BET surface area, and stable but narrow pore size distributions in both MIP and 2D
image analysis. After ageing, P_M showed a reduction in micropores and a high percentage
of large, irregular macropores in 2D analysis, but overall low connectivity and limited
moisture retention. In micro-CT, this group had the lowest porosity values and the lowest
sphericity, suggesting minimal effective pore pathways.

Formulations with kaolin and wood powder (A_KW, P_KW) exhibited intermediate
behaviour. Despite high total porosity, their moisture uptake remained moderate. MIP data
indicated a shift towards larger CPR and TPR wvalues after ageing, and broader pore size
distributions. However, the micro-CT results revealed low sphericity values and a high
proportion of irregular pores, suggesting a less connected and more heterogeneous pore
network, potentially containing isolated pores or narrow throats. This morphology may limit
capillary condensation and hinder moisture diffusion, which explains the reduced
hygroscopic response relative to the total porosity.

Opverall, these findings confirm that moisture uptake is not only determined but the
amount of porosity, but also by pore size, morphology, connectivity, and accessibility.
Notably, the samples with the highest hygroscopic response (P_AG and A_AG) exhibited a

significant proportion of pores in the 0.1-10 um range, according to MIP and BJH data, a
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class particularly prone to capillary condensation and delayed water release. From a
conservation perspective, this helps explain why Arabic gum-based formulations are more
prone to humidity-related degradation: their pore networks combine moderate surface areas
with accessible pores in a critical size range for moisture interaction. Conversely, marble
powder-based samples showed lower porosity and limited accessibility, thus offering greater
stability under RH fluctuations. The ability to predict hygroscopic behaviour based on
multiscale porosity analysis is therefore essential when selecting materials for heritage

conservation in uncontrolled environments.

5.6 Conclusion

This study investigated how the internal pore structure of gypsum-based materials
evolves under hygrothermal ageing, using a multi-analytical approach to assess porosity
across different scales. The results demonstrated that both the type of gypsum and the choice
of additives significantly influence the long-term behaviour of the formulations.

Artificial ageing generally led to a reduction in total porosity, especially in mixtures with
higher initial pore volumes, such as those containing kaolin and wood powder. This
reduction can be attributed to microstructural compaction and partial closure of voids under
repeated environmental stress. A less marked decrease in mean sphericity was also observed,
suggesting a progressive loss of geometric regularity within the pore system. These effects
were particularly evident in the 3D uCT dataset, which revealed a shift towards smaller and
more irregular pores.

Nitrogen physisorption and mercury intrusion porosimetry confirmed that ageing
affects not only the total pore volume but also pore accessibility. In samples such as A_KW
and A_M, a pronounced reduction in surface area occurred without a corresponding change
in total volume, which may reflect narrowing or partial closure of pore access.

2D SEM image analysis provided further insight into morphological changes, with clear
evidence of pore merging in mixtures like P_KW and P_M. Conversely, P_AG retained a
homogeneous and finely distributed pore network, without macroporosity and only
moderate dimensional variation. Among the alabaster-based formulations, A_KW and A_M
remained relatively stable after ageing, whereas A_AG exhibited significant changes in pore
shape and size. These observations indicate that both the type of gypsum and the additive
influence the stability of the pore structure.

Moisture sorption tests further clarified the relationship between porosity and

hygroscopic behaviour. Formulations with Arabic gum (P_AG and A_AG), retained more
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moisture due to the presence of smaller, accessible pores in the 0.1-10 pm range and a
relatively uniform internal structure as shown by MIP and micro-CT. In contrast, marble
powder formulations had fewer accessible pores and lower connectivity, resulting in minimal
water uptake. These results indicate that moisture sensitivity is influenced not only by the
amount of porosity, but also by pore shape and connectivity.

Although all analytical techniques consistently indicated a reduction in pore volume and
a progressive densification of the microstructure, the ageing cycles did not reveal any clear
evidence of bulk shrinkage. Dimensional measurements were collected during the
experiment, but the variations were extremely limited and did not show a systematic trend.
This suggests that the observed densification mainly reflects internal microstructural
rearrangements, such as pore narrowing, partial closure of voids, and local compaction,
rather than measurable changes in the external dimensions of the specimens.

Overall, the results indicate that the composition of gypsum-based materials has a
significant influence on their response to hygrothermal stress. The long-term behaviour is
not only determined by total porosity, but depends on pore shape, size distribution, and
connectivity. Formulations containing Arabic gum, characterised by finer and more
interconnected micropores, were motre prone to moisture retention and morphological
change. In contrast, mixtures with marble powder developed compact and less accessible
pore networks, resulting in greater structural stability. The type of gypsum influenced the
results only partially, as the response to ageing depended primarily on the specific
combination of binder and additive, rather than on the gypsum phase alone. The combined
use of microstructural and sorption-based techniques allowed for a detailed assessment of
porosity evolution, supporting the evaluation of material stability in indoor heritage

environments.
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6. Overall conclusions

This research has provided a comprehensive assessment of the conservation issues
associated with historical gypsum-based replicas, combining on-site surveys, laboratory
investigations, and artificial ageing experiments. The first part of the study focused on the
19" century plaster replicas of Trajan’s Column preserved at the Museum of Roman
Civilisation in Rome, a particulatly significant example of a large-scale gypsum installation,
comprising 125 plaster casts. Since 2014, the entire Museum has remained closed to the
public, and the casts have been stored in an uncontrolled gallery, without active climate
control. This prolonged exposure to fluctuating environmental conditions, combined with a
lack of monitoring or maintenance, made it an ideal case study for assessing the long-term
deterioration of gypsum materials in indoor museum environments. By combining multi-
analytical investigations on both historical replicas and experimentally aged mock-up
samples, this thesis has provided new insights into how environmental conditions, material
formulation, and microstructural properties affect the degradation behaviour of gypsum-
based artefacts.

The first part of the research focused on the diagnostic survey and material
characterisation of selected casts from Room LI of the Museum. The investigation revealed
that, although housed indoors, these artefacts are still subjected to physical and chemical
deterioration, as well as mechanically induced damage caused by environmental stress.
Environmental monitoring recorded significant hygrothermal fluctuations, with relative
humidity ranging between 35 and 85 %, and dataloggers recording daily fluctuations. These
environmental conditions, combined with poor ventilation and the architectural
configuration of the space, promoted cyclic moisture absorption and desorption,
mechanisms contributing to surface and structural degradation. As shown by FLIR imaging
and photographic surveys, surface alteration patterns, such as loss of cohesion, darkening,
and micro-cracks, were most evident in areas subjected to greater environmental instability
or structural exposure. Microchemical analyses revealed the presence of calcium sulphate
dihydrate together with secondary compounds, including calcite, kaolinite, and silica phases,
as well as a kaolin-based coating and traces of organic and synthetic materials, suggesting
both original formulation and later surface interventions. These findings revealed that the
surface composition of the casts is the result of overlapping material phases, degradation
products, and conservation residues, highlighting the need for multi-layered analytical

investigations.
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The second part of the thesis involved the formulation of mock-up gypsum samples
simulating historical recipes with specific additives (e.g., Arabic gum, a mixture of kaolin-
wood powder, marble powder) and coatings (e.g., PVA, Acryl-EM 33, kaolin). These samples
were subjected to controlled cyclic ageing designed to replicate the thermo-hygrometric
fluctuations recorded in Room LI. A combination of analytical techniques, including FTIR,
optical profilometry, and spectrophotometric measurements, was employed to assess how
material composition and protective treatments influenced degradation behaviour over time.
The results highlighted significant differences in the performance of the wvarious
formulations. Additives such as Arabic gum and marble powder improved initial cohesion
but also altered the pore structure. Surface coatings provided limited resistance to ageing
stressors, with PVA showing greater stability than acrylic resins and kaolin suspension.
Ageing-related changes were observed across all samples, indicating that none of the tested
treatments was fully resistant to environmental stress. The findings showed that the
effectiveness of protective treatments largely depends on the intrinsic properties of the
material. Without addressing internal porosity and phase composition, coatings alone cannot
guarantee long-term stability.

The third part of the thesis focused on the relationship between porosity and material
degradation. A multi-scale analytical approach was adopted, combining nitrogen
physisorption (BET and BJH methods), MIP, 2D image analysis and micro-CT. This
integrated methodology enabled the quantification of pore size distribution, connectivity,
total porosity, and morphological features, both before and after artificial ageing. The analysis
suggested that pore characteristics, such as increased presence of intermediate-sized pores
(10-400 um) and lower sphericity, may contribute to internal microstructural changes and
increased susceptibility to environmental stress. Additionally, aged samples generally
exhibited a decrease in overall porosity and, in several formulations, a shift toward smaller,
more irregular pores, as confirmed by micro-CT analysis. Such microstructural changes tend
to increase moisture retention and capillary rise, which can increase the material’s
susceptibility to internal stress, salt crystallisation, and long-term deterioration. These
findings highlighted the need for conservation strategies that are compatible with both the
material composition and the internal structure of the artefacts.

Overall, the results offered a deeper understanding of the complex degradation
dynamics affecting gypsum-based heritage materials. An important outcome of the research
is the integration of analytical and diagnostic methods across multiple scales and conditions,

by combining real-case observations with controlled experimental investigations. The
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experimental mock-ups allowed for the controlled testing of specific material formulations
under defined ageing conditions, facilitating the identification of degradation processes that
are often difficult to identify in historical artefacts due to the stratified nature of their
conservation history. At the same time, porosity analyses offered insight into internal
transformations that can develop gradually and lead to progressive degradation, potentially
compromising the long-term stability of the artefact.

While the study has provided valuable insights, several limitations should be
acknowledged. The mock-up formulations, although based on historical recipes, simplified
the variability and complexity of 19" century manufacturing practices. Similarly, the artificial
ageing protocols, although carefully designed to replicate the parameters observed in the
Museum, cannot fully reproduce the range of environmental stressors to which the artefacts
may have been exposed over time. This limitation highlighted the importance of
contextualising experimental data within the conservation history of the object.

Despite these limitations, the study provided clear evidence of the critical role of
material microstructure, formulation additives, and environmental context in shaping the
long-term stability of gypsum artefacts. It also demonstrated the vulnerability of historical
casts to even moderate thermo-hygrometric fluctuations, reinforcing the importance of
preventive conservation and environmental control. The findings are particularly relevant for
the conservation of gypsum casts displayed or stored in enclosed spaces without climate
control, where temperature and humidity may fluctuate over time.

This integrated analytical approach proved to be useful in characterising material
changes in gypsum artefacts, particularly in relation to hydration state, surface morphology

and microstructural evolution under environmental stress.

6.1 Future developments

The results presented in this thesis open up important perspectives for future research.
Among these, a particulatly relevant question is the phase stability of gypsum when exposed
to dry and warm conditions. This is especially significant for the conservation of artefacts
stored in unregulated indoor environments, where fluctuating microclimates may lead to
changes in their hydration state.

This aspect will be further explored in a study currently in preparation, in collaboration
with the University of Antwerp. In this project, selected mock-up samples were placed in a
controlled oven environment on November 2024 and kept at a constant temperature of 40

°C and ambient relative humidity below 25 %. These conditions, identified as critical in the
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gypsum phase diagram discussed by Charola et al. (2007) [1], are intended to simulate long-
term dry and warm exposure, in order to assess the potential formation of hemihydrate or
anhydrite phases through XRPD.

The outcomes will help determine whether prolonged exposure to dry heat induces
phase transformations, even under stable conditions. This could contribute to a better
understanding of long-term risks for gypsum artefacts exposed to low-humidity and elevated
temperature environments, and support the development of artificial ageing protocols. The
research may also support the identification of early-stage alterations associated with
dehydration phenomena.

Further developments include:

Exploring the use of digital imaging and machine learning techniques for the
detection and classification of surface damage;

Testing alternative protective coatings with improved permeability and
compatibility with gypsum substrates;

Extending the mock-up approach to include a wider range of historical
formulations, including pigmented or polychrome plasters;

Implementing long-term monitoring campaign in museum settings, to assess
real environmental impact and validate laboratory-based observations.

In conclusion, this thesis has contributed to a deeper understanding of the degradation
processes affecting gypsum-based heritage materials by integrating on-site diagnostic,
laboratory simulations, and analytical techniques. It has provided a coherent methodological
framework and a set of practical insights applicable to various conservation contexts. By
combining the analysis of surface features with the investigation of internal changes, this
work contributed to a more complete understanding of material behaviour and deterioration
over time, with insight that can support both diagnostic assessments and the planning of
conservation strategies.

The findings also emphasise the importance of combining interdisciplinary perspectives
and experimental approaches to advance the study and conservation of gypsum heritage

materials.
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In recent years, the control of the micro-climate in museum environments or in historical buildings
has assumed a role of great importance for the protection of the artefacts exhibited and for
planning cost-effective and strategic preservation policy. The process of degradation indeed,
defined as a result of progressive and cumulative material decay, strongly depends by
environmental variables and their changes. Rapid changes and/or strong gradients in temperature
and/or relative humidity, are the main causes of internal stress and of material surface
detachments. Compared to new museums, historical ones often do not dispose of ideal
conservation parameters, and they need specific conservation environments, considering the so-
called historical climate, i.e. the microclimate to which the Cultural Heritage has adapted over
the time. This is the case of the Museum of Roman Civilisation (Rome), which has been closed
since 2014 and hosts a huge and valuable collection of plaster casts, such as those of the Trajan’s
Column made by Napoleaon Il in 1861-1862 and gifted from Vatican City to Rome City Hall in 1953.
In view of the imminent museum recpening and restoration, it is essential to define the actual
level of microclimate quality, compared to the expected one, considering also economic and
regulatory aspects and the future welfare of the artefacts. The research is focused on the
response of the materials to the micro-climate by evaluating the incidence of temperature and
relative humidity, presumably the main chemical and physical degradation factors for the plaster
casts. A multidisciplinary diagnostic approach (i.e. Hyperspectral Imaging, Raman Spectroscopy,
Infrared Spectroscopy) is also planned to characterise the constituent materials, to suppose the
manufacturing techniques of the casts and to identify the degradation forms. The analysis of the
complex interaction between the dynamics of the climate and the need for the conservation of the
artefacts under conditions of maximum stability represents the starting point for proposing a
sustainable restoration of the Trajan’s Column plaster casts of the Museum of Roman Civilisation
and a future exhibition project that will allow their valorisation and exposure.
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Abstract

In recent years, the control of the microclimate in
museums has been increasingly recognised as
important. This research focuses on state of
conservation assessment of 34 plaster casts of
Trajan’s Column at the Museum of Roman
Civilisation and on the microclimate monitoring of
the Room LI, where they are conserved. The resulls
continue fo demonstrafe that the main causes of
decay derive from unsuitable climate conditions,
which lead to cracks and detachments.

I.  INTRODUCTION

The control of the microclimate in museum
environments or historical buildings is a fundamental
aspect in the protection of artefacts and the planning
of an appropriate conservation strategy. Deterioration
processes, defined as a result of progressive and
cumulative material decay, depends on environmental
variables and their changes. In particular,
inappropriate temperature and relative humidity levels
speed up chemical and physical deterioration and may
cause irreversible decay to cultural artefacts.

Variations in hygrothermic conditions can generate
physical and structural changes on the surface,
influence and catalyse chemical reactions, 1i.e.
hydrolysis and oxidation-reduction [1], and cause
biodeterioration. Gypsum-based plaster artefacts may
undergo issues such as deformations, loss of adhesion
and in general structural and mechanical changes,
solubilisation, migration and salt crystallisation.

The plaster casts of the Trajan’s Column, made by
Napoleon III between 1861 and 1862, are the object
of this study.

In view of the imminent reopening of the Museum
of Roman Civilisation (MCR) and the restoration of
its plaster casts, the assessment of the current
microclimate quality is crucial for long-term
preservation of them.

II. MATERIALS AND METHODS
A. Experimental strategy

The complete set of plaster casts reproducing the
Trajan's Column, has been housed in Room LT at the
Museum of Roman Civilisation since around the mid-
1900s. Unfortunately, limited information is available
regarding their previous state of conservation. The
current study of the icroclimate enables a
comparison between the current state of preservation
and the condition of the plaster casts in 2012, year in
which the Museum conducted a conservation survey
campaign.

In this first research phase of the microclimate
monitoring campaign in the Museum, a sensor was
placed for a period of approximately seven months.
Climate data was collected from November 23, 2022,
to June 8, 2023, for a total of 4407 readings.

In this study 34 plaster casts were analysed (the
complete set reproducing the Trajan’s Column counts
125 plasters). A photographic campaign was carried
out to identify and highlight the details and main
visible causes of degradation. The images acquired
were used to support the decay mapping carried out
for each cast. The on-site macroscopic investigation
was supported by the use of the Dino-Lite contact
optical microscope, both in natural and ultraviolet
light. In addition, InfraRed Thermography was
applied to investigate detachments and cracks.

Two micro-samples, in the form of small spalling
(samples A and B) were collected from the
MCR 3045 plaster cast. The samples were analysed
using different analytical methodologies: X-Ray
Powder Diffraction (XRPD) was used in order to
identify the mineral phases; Field Emission Scanning
Electron Microscopy (FESEM) to investigate the
mineralogy and morphology of the samples;
Attenuated Total Reflection Infrared Spectroscopy
(ATR-FTIR) performed qualitative analyses for the
identification of organic and inorganic compounds;
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and p-Raman spectroscopy was applied to identify the
composing materials.

B. Microclimatic monitoring

The microclimatic monitoring was carried out using
an OM-EL-USB-2LCD by OMEGA® data logger.
Monitoring was performed recording climate data
with a frequency of 30 minutes.

C. Analyvtical Techniques

The photographs were taken with a Canon camera
under lighting conditions using 230V 750W halogen
lamps. White balance was carried out in situ directly
from the camera.

Thermal diffusion was studied using an InfraRed-
Thermocamera (FLIR). InfraRed-images were
captured in time lapse mode every 30s (41 frame
total) after heating the plaster casts with halogen
lamps for 20 min at a distance of 1m. The IR-images
and the profiles of thermal diffusion were
extrapolated using FLIR ResearchIR 4 Max + HSDR
software® Images were saved in false colour with
palette GF White Hot function, in the thermal range
of 11-35°C using the FLIR system DDE (Digital
Detail Enhancement) algorithim.

Diffraction data were acquired on a PANalytical
X'Pert PRO diffractometer operating in Bragg-
Brentano reflection geometry with CoKa radiation,
40kV voltage and 40mA filament current, equipped
with an X’Celerator detector. Qualitative analysis of
diffraction data was carried out with X'Pert
HighScore Plus® software (PANalytical) and the
PDF-2 database.

Raman measurements were made using a Thermo
Scientific DXR Raman Microscope using a 532nm
laser excitation source. Analyses were performed
using a 50x long working distance objective with
~2.5cm! spectral resolution, ~1pm pinhole operating
at 3mW of power. To minimize noise, each spectrum
was acquired 30 times with an exposure time of ls.
Spectra were recorded in the frequency range from
100 to 3500cm. Spectral fitting was carried out using
the Thermo Scientific OMNIC Spectra Software
(Version 9) and then processed with OriginPRO
2018b.

For the Attenuated Total Reflection Infrared
Spectroscopy, a Bruker ALPHA II by Bruker Optics®
Fourier transform IR Spectrometer was used. ATR-
FTIR analyses were recorded in the spectral range
from 4000 to 400cm™, using a synthetic diamond
crystal for sample compression. The background was
measured with 48 scans before each acquisition, while
the samples were analysed with 48 scans, with a
resolution of 4eml. The spectra obtained were
processed with the Thermo Scientific OMNIC Spectra
Software (Version 9), and then further processed with
OriginPRO 2018b.

Sample mineralogy

and morphology were

investigated with a FESEM Tescan Solaris.
Microchemical analysis was performed on mineral
phases as observed under the FESEM, using an
Oxford Instrument Ultim Max 65 Silicon drift
detector EDS and operating at 15KeV with a current
of 3nA and a working distance of Smm. Backscattered
electron (BSE) images were acquired working at
lower tension and current (5KeV, 300 pA and at a
working distance of 4mm) fo improve image
resolution.

III. RESULTS AND DISCUSSION
A. Experimental strategy
The temperature graph m Fig.1A shows a curve
devoid of fluctuations and significant peaks with an
average value of 14.06°C. The minimum value
reached on 10 February 2023 is 8°C, while the
maximum value of 26°C was reached on 7 June 2023.
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Figure 1. Temperature (4), Relative Humidity (B) and
Dew Point (C) data obtained from the microclimatic
monitoring of Room LI, over a period of seven moths.
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Figure 2. Plaster cast MCR_3045, with a detail of missing part from which sample A was taken (A). Degradation
map of the MCR_3045 plaster cast and the legend showing the degradation patterns (B).

The relative humidity data (Fig.1B) shows a non-
lmear trend, with the presence of numerous peaks and
fluctuations. Daily fluctuations in relative humidity
are influenced by the day-night cycle, with a strong
relationship  between relative humidity and
temperature: low temperatures correspond to an
increase in relative humidity, particularly in the early
morning hours. The sensor was set in a range between
19.5% and 80.0%. The RH levels exceeded the
maximum set level of 80% numerous times. The
minimum value of RH% was recorded on the evening
of 28 March 2023 and is 42%, while the maximum
value is 86%, recorded on 9 January 2023.

The acquired dew point data (Fig.1C) show that the
minimum value was reached on 6 February 2023 at 11
p.m., and was -3°C, while the maximum value was
reached on 23 November 2022 at 1 p.m., and was
18.8°C.

B. Plaster casts characterisation

In the 2012 campaign to survey their conservation
state, the 125 gypsum-based plaster casts have been
divided into three classes, depending on the typology
and the severity of the degradation patterns (mediocre,
discreet and poor). From each of these classes, ten
casts were selected to be studied. Moreover, four
other plaster casts which did not fit into one of the
classes were selected. The analysed plaster casts were
chosen on the basis of the institution’s requirements,
their state of preservation and their location within the
gallery.

The casts consist of sections, held together by a
wooden and metal structure placed on the back. This
complex structure of heterogeneous materials can
react with the swrounding environment under very
humid conservative conditions, and in the presence of
liquid water can cause specific decay patterns. In fact,
the presence of rust stains was observed both on the
back and on the surface of the casts. In general, the
surface of the casts is covered by coherent deposits,
particularly in the most exposed areas, due to the

porosity and hygroscopicity of gypsum, which are
mainly responsible for the tendency of this material to
retain dust. In addition, diffuse yellow and pink tonal
variations are present, probably due to historical
patinas. Pencil marks are present in some areas, while
surface scratches cover most of the surface of the
casts. All the plaster casts, especially those belonging
to the discreet and poor classes show presence of
micro-cracks and deep fractures, some of which
extended over almost the entire height. In addition to
the rust stains, a large amount of dark-coloured and
red/brown stains of different size, and residues of
mortar are visible, probably related to the modelling
of the casts (Fig.2). Several casts also display areas
subjected to erosion, pulverisation and lifting.

The thermograms emphasise detachments and
cracks [2]. In Fig.3B, the area underneath, having
absorbed less heat, shows a dark colour, while the
more exposed surface area is highlighted by a strong
yellow colour, since it has absorbed more heat, as it is

closer to the source.
o

Figure 3. Detail of a fracture in the MCR_3045
plaster cast (A). Thermogram acquisition highlighting
the deep fracture with the uplift of the material (B).
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The mineralogical characterisation by XRPD
analysis (Fig.4A) on the collected samples (Fig.5A)
showed that the main constituent material is gypsum
(CaS042H>0) indicated by the presence of the
characteristic diffraction peaks (Gp), marked with
approved mineral symbols [3.4]. The diffractogram of
sample A shows the presence of gypsum and calcite
(CaC0s). The analysis also showed traces of quartz
and kaolinite (AlxS120s(OH)4). The diffractogram of
sample B, shows only the presence of gypsum and
quartz (Si0z).

FESEM analyses confirmed what was drawn by
mineralogical characterisation. The matrix of the
sample is characterised by a heightened porosity in
the bulk, while a more compact gypsum morphology
characterises the surface layer. Analyses confirmed
quartz and kaolinite inclusions characterised by the
presence of Al, Si and K. The presence of these
elements revealed also a surface finishing layer
highlighted in green in the map (Fig.4B), mainly
composed of kaolinite.
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Figure 4. XRPD patterns of sample A and B (A);
FESEM image of sample B. The map highlights less
porous gypsum-based matrix with iclusions of quartz
and kaolinite, and a finishing vich in kaolinite (B).
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Figure 5. Micro-samples (samples A and B, front and
back) collected from the plaster cast MCR_3045 (4).
Raman specira of sample B (B); ATR-FTIR spectra of
sample B (C).

The three pRaman spectra show the characteristic
bands of gypsum at 1140, 1008, 673, 492 and 414 ¢y
1, corresponding to the stretch vibrational mode of
S04 (Fig.5B) [5,6]. The two Raman bands observed
around 3405 and 3490 cm! correspond to the O-H
stretching vibration of water molecules in gypsum.
The spectra show traces of anhydrite, with the
characteristic bands of the sulphate ions at 1170, 1026
and 630 cmrl. The presence of anhydrite can be
ascribed to the raw material used in the moulding of
the casts [6].

ATR-FTIR spectra of sample B, determined the
presence of gypsum (CaSO42H:0) by the peaks at
1680, 1620 cm™ (bending OH), and at 1110, 670 and
620 cm (Fig.5C). These peaks correspond to the
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stretching vibration of SO4, while the stretching
vibrations of the water molecules of the gypsum occur
at ~3500 and ~3400 cm™ [7].

The peak at 3340 cm’! in the spectrum of the
surface corresponds instead at the stretching OH of
non-bonding water molecules. The carbonate
functional group relates to the presence of calcite can
be detected in both the spectra due to the presence of
the characteristic peaks at ~1420-1430 and 873 cm!
[8]. The broad low intensity in the range 800-770 cm™
could be ascribed to the presence of quartz, present in
the raw material or added during the moulding
process [9]. The bands at 2964, 2920, 2850 cm™ can
be related to the stretching CH of an organic
substance, as well as the peaks at 1736 cm!
(stretching C=0), 1562 and 1511 cm” (stretching C-
C), and the bands at ~1370 and 1230 cm® (bending
CH) [10]. This organic material can be attributed to
some compound used in previous intervention or as a
finishing.

IV. CONCLUSION

The microclimate data recorded in the period
between November 2023 and June 2023 show an
average temperature of 15.06°C, with relative
humidity levels occasionally exceeding 80%. When
compared to the 2012 reports, it becomes evident that
environmental conditions, especially fluctuations in
relative humidity, have had a significant impact on the
state of preservation of the gypsum-based plaster
casts. This impact is evident in the development of
various forms of degradation, including new fractures,
erosion, and material pulverisation. Additionally, the
surfaces exhibit scratches, deposits, and stains.

These results will support the restoration efforts for
the plasters casts, ensuring their optimal preservation
once the Museum reopens.

Some ongoing analyses include on-site
Hyperspectral Imaging to map and confirm forms of
degradation such as the presence of biological attacks;
colorimetric measurements to understand tonal
variations on the surfaces of the plaster casts; and
Thermogravimetry-Differential Scanning Calorimetry
and Pyrolysis Gas-Chromatography to identify
organic materials.

Furthermore, a result of a structural analysis of
Room LI will be conducted using IR Thermography.
Based on the results of this analysis, a comprehensive
microclimatic monitoring campaign will be initiated,
employing higher-performance sensors, strategically
positioned at critical points within the gallery.
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ABSTRACT

The management of indoor microclimate in museums has recently received growing attention. Museum climatology and the mechanism
for the degradation process, defined as a result of progressive and cumulative decay, depends on environmental variables and their
changes. In fact, temperature and relative humidity gradients are often the main causes of chemical and physical decay of artefacts. This
research focuses on assessing the state of conservation of 34 gypsum-based plaster replicas of Trajan’s Column at the Museum of Roman
Civilisation and on the microclimate monitoring of Room LI, where they are conserved. The decay assessment of the studied plaster
casts was performed using a multidisciplinary analytical approach to characterize the constituent materials and to identify the main
degradation patterns by i) on-site investigation with non-destructive methodologies; ii) chemical and petrographical characterization on
collected micro samples. Microclimate variables (temperature, relative humidity and dew point) were measured along seven months to
define the actual environmental conditions and the response of the materials to the microclimate.
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1. INTRODUCTION

The regulation of microclimatic conditions within museum
environments and historical buildings constitutes a fundamental
aspect for preserving artefacts and developing effective
conservation strategies. Degradation processes, as the result of
progressive and cumulative material decay, are contingent upon
environmental variables and their fluctuations.
Specifically, suboptimal levels of temperature and relative
humidity  expedite and physical deterioration,
potentially leading to the irreversible decay of Cultural Heritage.
Compared to buildings
archaeological sites, often lacking ideal conservation parameters,
distinct challenge. Variations in hygrothermal

temporal
chemical

new museums, historic and
present a
conditions can induce physical and structural changes on the

surface. Gypsum-based artefacts may undergo deformations,

cracks, loss of adhesion and general structural and mechanical
changes, as solubilisation, migration salt
crystallisation. Moisture presence also influences and catalyses

well as and
chemical reactions, including oxidation-reduction and hydrolysis
[1]. Moreover, a high level of relative humidity and temperature
fluctuations can also lead to the development of biodeteriogens.
However, previous research has demonstrated that adhering to
ngid temperature and relative humidity values is unnecessary.
Instead, it is crucial to thoroughly understand the conservation
environment and the microclimate to which the Cultural
Heritage goods has adapted [2].

Although in recent years the study of plaster replicas has
broadened, there are still few individual case studies that manage
to fully capture the complexity of these artworks [3], [4]. Valuable
information on the characterisation and the manufacture
technologies of gypsum-based materials can be found in studies
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on decorative stucco and mortars [3]-[9]. Nevertheless, the
majority of the previous literatures prioritizes examining the
physical and mechanical propertes [10], [11], [12], [13], with an
insight in the mineralogical composition [14], [13], [16], while
research into hygroscopic properties and the interaction between
the maternial and indoor microclimate is still relatively Limited.
While gypsum typically serves as the primary material for
plaster  replicas [17], the plaster
manufacturing process often involved the addition of inorganic
materials such as clays and sand, as well as organic materials such

nineteenth-century

as gums and resins, to enhance mechanical properties and modify
the setting time [3], [5]. Additionally, wooden and metal support
structures may have been integrated during the casting process
or later added during restoration interventions. Considering the
multi-materiality of the plaster replicas, and that the typical decay
patterns observed are often associated with environmental
conditions, conducing a full characterisation of the casting
materials  is the
deterioration processes and the relation between materials and
microclimate.

This study focuses on the gypsum-based plaster replicas of

essential to obtain information about

Trajan's Column (113 AD.) conserved in Room LI of the
Museum of Roman Civilisation (MCR), reproducing the Trajan’s
military campaign to conquer Dacia. This complete set of plaster
casts was produced by Pius IX for Napoleon IIT in 1861-1862
through the electrotyping (or galvanoplasty) process
comprises 125 casts.

Given the imminent reopening of the Museum of Roman

and

Civilisation (the Museum has been closed since 2014) and the
concurrent restoration of its plaster casts, the assessment of the
current microclimate quality is crucial for the long-term
preservation of these artefacts. The starting point involves the
analysis of the complex interaction between microclimate
dynamics and materials, focusing on evaluating the influence of
temperature and relative humidity.

The following section details the materials and methods
applied in the microclimatic campaign and outlines the analytical
techniques employed. Section 3 presents the most significant
results obtained from the analysis of the microclimate and
plaster replicas. Subsequently, in the concluding section, the
principal outcomes of the research are summarized.

2. MATERIALS AND METHODS

2.1. Experimental strategy

The entire collection of plaster casts reproducing the Trajan's
Column has been housed in Room LI at the Museum of Roman
Crvilisation the mid-1900s, limited

information on their previous conservation status. The ongoing

since around with
microclimate study enables a comparison between the current
preservation state and the cast’s condition in 2012, when the
Museum conducted a conservation survey.

In the initial phase of the Museum’s microclimate monitoring
campaign, a sensor was deployed for approximately seven
months, collecting climate data from November 23, 2022, to
June 8, 2023, viclding a total of 4407 readings. This microclimate
dataset forms the basis for understanding the environmental
conditions affecting the plaster replicas.

The onsite investigation comprises the detailed analysis of 34
plaster casts, a subset of the total 125 casts reproducing the
Trajan’s  Column.
documented

A dedicated photographic campaign
visible degradation patterns, supporting a
comprehensive decay mapping for each cast. The macroscopic

examinations were complemented using the Dino-Lite contact
optical microscope, applied under natural and ultraviolet light.
Additionally, InfraRed Thermography served as a valuable tool
for investigating cracks and detachments in the plaster.

Two micro-samples (1-2 em in size), A and B, were collected
from the MCR_3045 plaster cast to provide insights into its
material composition and degradation mechanisms. These
micro-samples were analysed using different analytical
methodologies: X-Ray Diffraction (XRPD) for
identifying mineral phases; Field Emission Scanning Electron

Powder

Microscopy (FESEM) to investigate the mineralogy and
morphology of the samples; Attenuated Total Reflection
Infrared Spectroscopy (ATR-FTIR) for qualitative analyses of
organic and inorganic compounds, and p-Raman spectroscopy
for identifying the materials constituting the plaster replicas.

The heterogeneous composition of the plaster casts and the
complexity of their structure, characterized by the presence of
organic and inorganic materials, underscores the necessity of
employing a multi-analytical approach, complemented by a
microclimatic monitoring campaign, to assess the state of
conservation and the correlation between the decay patterns and
the influence of temperature and relative humidity.

2.2. Microclimatic monitoring

Microclimatic monitoring was carried out using an OM-EL-
USB-2LCD data logger by OMEGA®. The monitoring protocol
included recording climate data at 30-minute intervals in the
central area of Room LI over seven months. The sensor was set
with an active alarm system based on predetermined maximum
and minimum thresholds for temperature (T) and relative
humidity (RH %). Specifically, the maximum temperature alarm
was set at 30 °C, with a corresponding minimum temperature
alarm set at -1 °C. Concerning relative humidity, the maximum
alarm was triggered at a threshold of 80 %, while the minimum
alarm was activated at 19.5 %.

On 17 February, the sensor was temporarily removed from
the Room LI to retrieve the accumulated data. Consequently,
data collected on that particular day were excluded from
subsequent processing to ensure the integrity of the dataset.

The ongoing monitoring methodology has facilitated valuable
data collection, essential for evalnating the microclimatic
conditions within the monitored environment. Notably, this
initial approach has allowed for the subsequent extension of
microclimatic

monitoring, deployment of

additional sensors strategically positioned along Room LI.

involving the

2.3. Analytical techniques

The photographs were captured using a Canon camera under
230 V 750 W halogen lamps lighting conditions. White balance
adjustments were conducted in situ directly from the camera.

Thermal diffusion  studies cmployed an InfraRed-
Thermocamera (FLIR). InfraRed-images were obtained in time-
lapse mode every 30 seconds (41 frames total). They were
captured after heating the plaster casts with halogen lamps for 20
min at a distance of 1 m. The IR images and thermal diffusion
profiles were extrapolated using FLIR RescarchIR 4 Max +
HSDR software®. Images were saved in false colour using the
palette GF White Hot function, in the thermal range of 11-35 °C
using the FLIR system DDE (Digital Detail Enhancement)
algorithm.

Diffraction data were acquired on a PANalytical XPert PRO
diffractometer operating in Bragg-Brentano reflection geometry
with CoKu radiation, 40 kV voltage, and 40 mA filament current,
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equipped with an X'Celerator detector. Qualitative diffraction
data analysis was carried out with X'Pert HighScore Plus®
software (PANalytical) and the PDF-2 database.

Raman measurements were carried out with a Thermo
Scientific DXR Raman Microscope using a 332 nm laser
excitation source. Analyses were carried out using a 30x long
working distance objective with ~2.5 cm spectral resolution,
~1 pum pinhole operating at 3 mW of power. Each spectrum was
acquired 30 times to minimize noise with an exposure time of
1 s. Spectra were recorded in the frequency range from 100 to
3500 cm!. Spectral fitting was carried out using the Thermo
Scientific OMNIC Spectra Software (Version 9) and then
processed with OriginPRO 2018b.

For the Attenuated Total Reflection Infrared Spectroscopy, a
Bruker ALPHA II by Bruker Opti(::;‘3 Fourier transform IR
Spectrometer was used. ATR-FTIR analyses covered the spectral
range from 4000 to 400 cm’!, using a synthetic diamond crystal
for sample compression. The background was measured with 48
scans before each acquisition, while the samples were analysed
with 48 scans, with a resolution of 4 cmrl. The spectra obtained
were processed with the Thermo Scientific OMNIC Spectra
Software (Version 9), and
OriginPRO 2018b.

Sample mineralogy and morphology were investigated with a

then further processed with

FESEM Tescan Solaris. Microchemical analysis was carried out
on mineral phases as observed under the FESEM using an
Oxford Instrument Ultim Max 65 Silicon drift detector EDS
operating at 13 keV with a current of 3 nA and a working distance
of 5 mm. Backscattered electrons (BSE) were acquired to
improve image resolution by working at lower tension and
current (3 keV, 300 pA and at a working distance of 4 mm).

3. RESULTS AND DISCUSSION

3.1. Microclimatic monitoring

The temperature graph in Figure 1A illustrates a consistently
smooth curve devoid of notable fluctuations and significant
peaks, maintaining an average value of 15.06 °C. Notable
temperature extremes include a minimum of 8 °C recorded on
February 10, 2023 and a maximum of 26 °C documented on June
7,2023.

In contrast, the gathered relative humidity data in Figure 1B
shows a non-lincar trend marked by numerous peaks and
flucuations. Daily variations in relative humidity are influenced
by the day-night cycle, with a strong correlation between relative
humidity and temperature. Low temperatures coincide with
heightened relative humidity, especially in the early morning
hours. The sensor was configured within a range from 19.5 % to
80.0 %, and instances where the relative humidity exceeded the
predefined maximum level of 80 % were observed frequently.
The minimum value of RH % (42 %) was recorded on the
evemng of March 28, 2023, while the maximum value was 86 %,
recorded on January 9, 2023.

Analysing the calculated dew point data in Figure 1C reveals
that the minimum dew point of 3 °C occurred on February 6,
2023, at 11 p.m., while the maximum dew point of 18.8 °C was
registered on November 23, 2022, at 1 p.m.

The collected microclimatic data, displays temperature
flactuations, which, especially when combined with high
humidity levels, can affect the state of conservation of the plaster
replicas. Indeed, gypsum plaster, being a partally soluble
material, is highly vulnerable to these fluctuations, which can lead
to the formation of condensation and subsequent material
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Figure 1. A) Temperature, B) Relative Humidity, and C) Dew Point data
obtained from the microclimatic monitoring of Room LI over a period of
seven months.

dissolution. Moreover, a high content of relative humidity can
catalyse the dissolution and solubilisation of salts, resulting in
recrystallisation that may cause deformations, fractures and
cracks [3], [18]. This phenomenon can further increase the
existing decay or even causc additional damage. The recorded
temperature flucmations from 8 °C to 26 °C suggest that decay
cannot be related to freeze-thaw events, that can modify the
pores connected to the environment resulting in detachment and

loss of material [3], [18], [19].
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3.2. In situ survey

In the conservation state survey conducted in 2012, 125
gypsum-based plaster casts were categorized into three classes
based on the typology and severity of observed degradation
patterns. These classes were explicitly labelled as mediocre,
discreet, and poor. For this diagnostic investigation, ten plaster
replicas from each class were selected for an in-depth study.
Additionally, four plaster casts, not fitting any pre-defined class,
were included. The selection criteria were based on institutional
requirements, their preservation state, and specific Room LI
location. This ensured a representative and comprehensive
examination of different conservation states and conditions
exhibited by the plaster casts, aligning with the objectives of the
institutional conservation campaign. Most casts showed the same
surface and

dccay pattern, cxtent

frequency/localisation.

varying in

The plaster casts consist of sections held together by a

wooden and metal structure placed on the back (Figure 3A). The
structure, consists of curved, horizontal ribs covered with an
irregular  layer of gypsum. This structure  of
heterogeneous materials can react with the surrounding
environment under very humid conservative conditions, and the

complex

presence of liquid water exacerbates this tendency, giving rise to
distinct decay patterns. In presence of metallic elements within
the cast, high levels of relative humidity can involve oxidation
phenomena, with consequent corrosion and material expansion
which can worsen scaling and detachment phenomena, leading
to additional material loss also at the decorative surface [3], [18].
Notably, rust stains have been detected both on the casts” back
(Figure 3A) and surface (Figure 3B).

Monitoring indoor environment is crucial in museums to
safeguard artworks, which are susceptible to dust accumulation
in the form of particles or fibres. Since the Museum of Roman
Civilisation is closed, the primary source of dust is likely to be
attributed to external factors such as road traffic and emissions

Figure 3. Detail of the wooden and metal structure placed on the back of Plaster cast MCR_3724: rust stains and drippings are visible on the irregular layer of
gypsum (A). Detail of a rust stain on the surface of plaster cast MCR_3043 (B). Detail of plaster cast MCR_3052 (photo taken in 2023, during our in situ survey),
which displays pulverisation as effect of the microclimate conditions (C). Detail from a photo taken during the 2012 survey of same plaster cast on Figure 2C

(MCR_3052) where the material is not affected by decay patterns (D).
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from industrial activities [20], [21]. Indoor conditions such as
high humidity levels, can promote the adhesion of the dust to the
surface [22], [23]. In general, the cast surfaces exhibit coherent
deposits, especially in the most exposed areas, due to the porosity
and hygroscopicity of gypsum, which primarily accounts for the
tendency of this material to retain dust. Furthermore, diffuse
tonal varations i yellow and pink areas are evident, likely due to
historical patinas. Pencil marks are present in some areas, while
scratches cover most of the cast surfaces. Each plaster cast,
especially those belonging to the discreet and poor categories,
shows the presence of micro-cracks and/or deep fractures, some
of which extend nearly the full height of the cast. Bevond rust
stains, many dark-coloured and red/brown stains of vared
dimensions (up to 1-2 cm), and mortar residues are visible. These
features are likely remnants from the casting process itself.
Several casts exhibit regions subjected to erosion, pulverisation
and lifting. Temperature and relative humidity varations can
enhance weathering processes also in short time span
Photographic materials from the previous survey dated 2012 was
a meaningful documentation to observe areas of erosion and
pulverisation at the surface of the casts, occurred in the last
decade (Figure 2C and Figure 2D). A closer examination reveals
that some missing components, with surface details lost after the
casts were made, subsequently required restoration efforts.
Notably, these interventions are conspicuous, particularly near
fractures, many coated with stucco. The fillings, discerned upon
examination, exhibit varying thicknesses.

Active Infra-Red Thermography was employed to investigate
the surface and subsurface features. When exposed to unsuitable
environmental conditions, the artefacts can generate thermal,
hygrometric and mechanical stresses, leading to alterations in the
integrity of the artworks. In this regard, applying thermographic
methods can provide a distinct advantage in examining surface

Figure 4. Detail of a fracture in the MCR_3045 plaster cast (A). Thermogram
acquisition highlights the deep fracture with the uplift of the material (B).

phenomena [24]. The thermograms emphasise detachments and
cracks. In Figure 4B, the area underneath, which has absorbed
less heat, shows a dark colour, while the intense vellow colour
highlights the more exposed surface area, since it has absorbed
morte heat, as it is closer to the source.

3.3. Microchemical and mineralogical characterisation

The mineralogical characterisation by XRPD analysis
(Figure 3A) on the collected samples (Figure 6A) showed that
the primary constituent material is gypsum (Gp) indicated by the
presence of the characteristic diffraction pattern, with the most
intense peak related to the (020) crystal plane [25], [26]. The
diffractogram of sample A, collected from the bulk, shows the
presence of gypsum and caleite (Cal) [27]. The analysis also
showed traces of quartz (Oz) and kaolinite (K/s), ascribable to the
mamufacturing. The diffractogram of sample B, which
corresponds to the surface, shows only the presence of gypsum
(Gp) and quartz (03).

High resolution FESEM analysis allowed the study of bulk’s
texture and their surface and chemical analysis. The matrix of the
specimen is distinguished by an elevated porosity in its bulk
composition with large gypsum tabular crystals, coexisting with
needle-like intermediate ones, while the surface of the sample is
characterised by minerals of lower crystal size dimensions, more
compactly distributed from a layer of circa 100 um (Figure 5B).
FESEDM observations confirmed the XRPD data: the matrix is
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Figure 5. XRPD patterns of sample A and B (A); FESEM image of sample B. The
map highlights a less porous gypsum-based matrix with inclusions of quartz
and kaolinite, and a finishing rich in kaolinite (B).
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Figure 6. A) Micro-samples (Sample A and sample B, front and back) were
collected from the plaster cast MCR_3045; B} Raman spectra of sample B;
C) ATR-FTIR spectra of sample B.

mainly formed by gypsum crystals, with the presence of few
quartz grains. EDS chemical maps on the surface area of the
sample show the presence of a clayey-base coating (Figure 5B),
characterised by the presence of aluminium (Al), silicon (Si) and
potassium (K. Such finishing may have been applied after the
moulding process. A clay finishing is indeed attested in historical
recipes [28], used to change the gypsum’s colour appearance and
level and fill the base surfaces.

The three tRaman spectra show the characteristic bands of
gypsum at 1140, 1008, 673, 492 and 414 cm™, corresponding to
the stretch vibrational mode of SO4 (Figure 6B) [29], [30], [31],
[32],[33], [34], [35], [36]. The two Raman bands observed around
3405 and 3490 em! correspond to the O-H stretching vibration
of water molecules in gypsum [32], [34]. The spectra show traces
of anhydrite, with the characteristic bands of the sulphate ions at
1170, 1026 and 630 em! [32], [34], [36]. The presence of
anhydrite can be ascribed to the raw material used in the
moulding of the casts [30]. ptRaman measurements did not detect
the presence of calcite, given the absence of the characteristic
peak at 1087 cm [36], [37], [38]. On the other hand, amorphous
carbon was detected by the narrower width and higher intensities
of the characteristic bands between 1600 and 1300 em™ [33], [38].

The ATR-FTIR spectra of sample B revealed the presence of
gypsum (CaSO04-2H:0), as evidenced by the characteristic peaks
at 1680, 1620 cor! (bending OH), and at 1110, 670 and 620 cm!
(Figure 6C), which correspond to the stretching vibration of
SO4%, while the stretching vibrations of the water molecules
within the gvpsum occur at approximately 3500 and 3400 em-!
[39], [40], [41], [42].

Notably, the peak at 3340 cm! in the spectrum of the surface
corresponds to the stretching OH of non-bonding water
molecules. The identification of the carbonate functional group,
indicative of the presence of calcite, can be detected in both
spectra, marked by the characteristic peaks at around 1420-1430
and 873 em™ [6], [41], [43], [44], [45]. Furthermore, the broad,
low-intensity signal within the 800-770 cmr! range may be
attributed to quartz, either inherent in the raw material or added
during the moulding process [46]. Bands at 2964, 2920, and
2850 cm! can be ascribed to the stretching CH of an organic
substance, along with peaks at 1736 cm! (stretching C=0), 1562
and 1511 cmr! (stretching C-C), and the bands at approximately
1370 and 1230 cm’! (bending CH) [47], [48]. This organic
material can be attributed to some compound used in previous
interventions or as a part of a finishing application.

4. CONCLUSION

While the study of plaster replicas has expanded in recent
years, few individual case studies fully capture the complexity of
these materials due to their specificity. Valuable insights into
gypsum-based materials’ characterisation and manufacturing
technologies often arise from studies on decorative stucco and
mortars. However, these studies primarily focus on physical and
mechanical properties, with limited research on hygroscopic
properties and further research is needed to develop a deeper
understanding of gypsum-based materials and their interaction
within indoor environments.

The control of microclimates in museum environments or
historic buildings is a fundamental aspect of protecting artefacts
and planning appropriate conservation policies. Simultaneously,
characterizing constituent materials and identifying primary
degradation patterns through a multidisciplinary analytical
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approach is essential for the long-term conservation of plaster
replicas.

The microclimate data recorded between November 2023 and
June 2023 show an average temperature of 15.06 °C, with relative
humidity levels occasionally exceeding 80 %. Compared to the
2012 reports, it becomes evident that environmental conditions,
especially fluctuations in relative hummdity, have significantly
impacted the preservation state of the gypsum-based plaster
casts. This impact is evident due to the various forms of
degradation, including new fractures, erosion, and material
pulverisation. Additionally, the
deposits, and stains.

surfaces exhibit scratches,

The microchemical and mineralogical analyses conducted on
the microsamples, have revealed that calcium sulphate dihiydrate
is the main component of the plaster replicas. However, traces
of calcite, quartz and anhydrite have also been found. The
presence of an organic material could probably derive from
previous restoration interventions. In order to clarify the nature
of this organic compound, the use of additional techniques such
as Thermogravimetry-Differential Scanning Calorimetry and
Pyrolysis Gas-Chromatography will be considered in the next
future.

Ongoing analyses include on-site Hyperspectral Imaging to
map and confirm forms of degradation, and colorimetric
measurements to understand tonal variations on the surfaces of
the plaster casts.

These results will support the restoration efforts for the
plaster casts, ensuring their optimal preservation once the
Museum reopens.

Furthermore, a result of a structural analysis of Room LT will
be conducted using IR Thermography. Based on the results of
this analysis, the microclimatic monitoring campaign will be
extended, employing higher-performance sensors, strategically
positioned at critical points within the gallery. The preservation
of the historical gypsum replicas is of fundamental importance
as evidence of the flow of time in order to preserve the memory
of the evolution of the original monument.
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In the 19'8 century, academic institutions and museums assembled extensive collections of gypsum-
based replicas, primarily reproducing ancient sculptures for educational, documentary and artistic
training purposes. These gypsum-based casts have been essential in preserving the intricate details of
classical monuments, many of which have since deteriorated or been lost. However, maintaining the
durability of these replicas has proven difficult, as their soft, porous nature makes gypsum highly
susceptible to environmental fluctuations. Prolonged exposure to uncontrolled temperature and
humidity variations, common in many historical buildings lacking modern climate control,
accelerates their deterioration. The environmental instability in these historical spaces, stresses the
replicas, causing cracking, surface detachment and other material degradation. Managing
microclimate conditions in museums and heritage buildings is, therefore, crucial for preserving such
vulnerable collections. Rapid changes in temperature and humidity, can induce internal stress and
exacerbate damage. For historic collections, maintaining a ‘“historic climate” — the stable
microclimate to which artifacts have adjusted over decades — is essential to their conservation. In
response to these conservation challenges, this study investigates the traditional gypsum mixtures and
additives typical of 19 century recipes used in plaster casting. 72 gypsum-based mock-ups according
to the historical recipes were produced. These mixtures included alabaster and Paris gypsum, with
the addition of various additives such as marble powder, Arabic gum, kaolin and wood powder. By
studying properties of these materials, the research seeks to determine how various combinations of
gypsum and additives influence the physical and chemical stability of the casts. Moreover, in order
to explore the effectiveness of both historical and modem protective coatings like a mixture of kaolin
and water, polyvinyl alcohol and Acryl-EM 33. Mock-up samples undergo accelerated ageing tests,
simulating the effects of environmental factors such as humidity and temperature fluctuations. These
tests examine the coatings’ capacity to prevent plaster deterioration, ensuring the preservation of its
original appearance and texture. By combining material analysis, protective testing and
environmental assessment, this research aims to develop sustainable, cost-effective methods for
conserving plaster replicas, ensuring their continued role as cultural and educational resources. These
strategies provide a foundation for preserving and displaying plaster casts in significant historic
buildings where modern climate control may be insufficient or lacking, thereby safeguarding their
durability and cultural value.
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CONSERVATION STRATEGIES FOR 19™ CENTURY PLASTER REPLICAS: INSIGHT
INTO GYPSUM MIXTURES AND PROTECTIVE COATINGS

F. Bubola!®, C. Coletti?, E. Balliana®, T. De Kock* and C. Mazzoli’
Extended abstract

Keywords: Gypsum-based replicas, Indoor micro-climate, Protective coatings, Accelerated ageing tests, Cultural
Heritage.

During the 19% century, museums and academic institutions acquired extensive collections of gypsum-based plaster
replicas of ancient sculptures for educational, documentary, and artistic training purposes. Recently, interest in these
replicas has grown due to their historical significance, as they preserve the three-dimensional details of historical
monuments. However, gypsum is a soft and porous material, making casts particularly vulnerable to degradation,
especially in unsuitable indoor environments. This research studies different 19% cenfury gypsum mixtures and protective
coatings, evaluating their durability through accelerated ageing tests to enhance conservation strategies. This study
highlights that kaolin-based samples are particularly vulnerable to degradation, with increased surface roughness and
greater colour variations observed in Paris gypsum samples, especially those mixed with marble powder, emphasising the
need for targeted conservation strategies.

1 Introduction

Throughout the 19% century, gypsum-based plaster replicas became essential for art training and heritage studies.
Museums and institutions acquired extensive collections, but their fragility made them vulnerable to climatic damage and
vandalism. Stored indoors, they are not always exposed to suitable climatic conditions. Historical buildings often lack
ideal conservation environments and require specific environmental controls based on the historic climates. This study
investigates the interaction between materials used in 19th-century plaster replicas and their microclimate conditions.
Mock-ups with different mixtures were prepared to assess traditional and modern coatings (Turco 1961). Ageing tests
were conducted using a solar-box and a climate chamber. Periodic monitoring evaluates chemical variations, colour and
roughness surface changes.

2 DMaterials and methods

A total of 72 samples were prepared using three gypsum mixtures: 1. alabaster gypsum (A) or plaster of Paris (P) with
animal glue and marble powder (M); ii. Alabaster or plaster of Paris with animal glue, kaolin, and wood powder (KW);
and iii. Alabaster or plaster of Paris with animal glue and Arabic gum (AG). Each mixture was tested untreated and with
three protective coatings: polyvinyl alcohol (PVA), kaolin-water mixture (K), and Acryl-EM33 (Ac). Ageing was
simulated by exposing two sets of 24 samples each to controlled conditions in a climate chamber, simulating 150 years
of environmental exposure through 150 cycles alternating between summer (30° C and 30 % RH) and winter (10° C and
90 % RH) A third set of 24 samples was exposed to artificial solar radiation for 1512 hours (three cycles of 504 hours
each) in a Solar-box 1500, equipped with a 1500 W xenon-arc lamp (550 W/m?, 65°C BST). Changes were monitored
via spectrophotometry after each light ageing cycle. FTIR analysis (7500—400 cm™, 4 cm™ resolution) was performed
using a Bruker Alpha spectrometer, while surface topography was assessed with a NANOVEA Jr-25 3D profilometer
(ISO 25178), and colowimetry followed the UNI-EN 15886 standard using a Konica-Minolta CM-700d
spectrophotometer (360—740 nm, 10 nm resolution). Periodic monitoring was carried out at four different stages: before
ageing (to); and then after 50, 100, and 150 cycles for the samples aged in the climate chamber, or after 504, 1,008, and
1,512 hours for those aged under light exposure (t1, t2, and t3, respectively).
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3 Results and Discussion

The analysis of surface roughness, FTIR spectra, and colourimetric variations provides a comprehensive understanding
of the samples’ stability and degradation over time. The analysis of surface roughness revealed that Paris gypsum-samples
without coatings and mixed with mineral fillers (KW, M) showed increasing roughness over time, indicating gypsum
matrix degradation. Acrylic resin initially smoothed the surface but exhibited polymer film degradation over time,
whereas PVA-treated samples remained stable, with only a slight increase in roughness at t3, suggesting its potential for
long-term protective properties. Kaolin, on the other hand, stabilized roughness in some samples but led to increased
roughness when combined with kaolin and wood powder, indicating limited protective ability like in samples P KW K,
with Sq values increasing from 7.336 um at tp to 34.900 pm at tz and S, values from 5.580 pm at tp to 28.120 pm at ta.
FTIR spectra revealed the stability of the mock-ups and their interaction with environmental conditions. As expected,
gypsum was detected in all spectra based on its main characteristic peaks (v OH of non-bonding water at 3548 and 3407
em’, v SO4” peaks at 1110 and 670 cm™, 8 SO> bands at 605 and 470 cnr') (Ye et al, 2021). While most mock-ups and
coatings, especially PVA (Figure 1A), showed minimal spectral changes, those containing or coated with kaolin were the
most affected, likely due to the loss of kaolin components. As shown in Figure 1B, the characteristic peaks of kaolin,
corresponding to hydroxyl groups (3690, 3670, 3645 cm™), Si-O-Si bonds (1065, 1010 cm™), OH bending vibrations
(940,912 cm™), vibrational modes of octahedra around Al ions (796, 793 cm™), and Al** vibrations (570, 470, 430 cm™),
are no longer visible after the ageing cycles, leaving only the peaks related to gypsum (Castellano ef al., 2012).
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Figure 1. (4) ER-FTIR spectra of A_M_PVA (alabaster gypsum + marble powder + polyvinyl alcohol) at t,, ty, t;, ta;
(B) ER-FTIR spectra of A_KW (alabaster gupsum + kaolin + wood powder - untreated) at ty, t,, ts, ts; (C) AE values
obtained fmm the colourimetric analysis of all samples after 3 cycles of light ageing.

After each light ageing cycle, colourimetric changes in L*, a*, and b* values were observed, (Figure 1C). As L* increases
after ageing, colours became brighter in most samples, showing slight and moderate lightening. Paris gypsum mixtures
proved to be more susceptible to colour variations compared to alabaster gypsum. In particular, sample P. KW _3 showed
progressive and significant colour changes, with AE* values increasing from 5.39 (AE*)) to 6.39 (AE*;) and reaching
7.16 (AE*3).

4 Conclusions

In conclusion, FTIR analysis showed that samples with kaolin were the most susceptible to aging. Surface roughness data
confirmed that degradation was influenced by the gypsum type, additives, and coatings. PVA was the most effective at
maintaining surface stability, while Acryl33 had initial smoothing effects but potential durability issues. Kaolin stabilized
roughness in some samples, but when combined with kaolin and wood powder fillers, it increased roughness, indicating
limited protective capacity. Colorimetric analysis revealed greater colour variation in Paris gypsum samples, especially
in P KW 3 and those mixed with marble powder, indicating higher sensitivity to degradation.
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