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THE DIAGNOSTIC AND MONITORING APPROACH FOR THE
PREVENTIVE CONSERVATION OF THE FACADE OF THE
MILAN CATHEDRAL

D. Gulotta®, P. Fermo?, A. Bonazza® and L. Toniolo*”

Abstract

The importance of preventive conservation strategies for the built heritage has been debated
in the last years, but there still is a limited number of applied research involving complex
architectural sites. The identification and monitoring of the decay processes after the
restoration activities can provide valuable information on the degradation rate and extent,
thus supporting the future planned conservation. In the present work the methodology and
some selected results of the post-treatment diagnostic and monitoring of the fagade of the
Milan Cathedral are presented. The main conservation issues have been identified and
studied. A non-invasive colorimetric monitoring of selected areas of the fagade has been
carried out during a two-year period in order to evaluate the soiling effect. Fragments of
stone and samples of the particulate matter deposits have been collected and characterized
in laboratory according to a multi-analytical approach. As the early stages of deposition and
erosion at the end of the intervention are particularly relevant for the evaluation of the
degradation rate, several set of stone specimens have been also exposed on the fagade in
different conditions. The results of the in situ monitoring, supported by the study of the
specimens, confirmed that soiling is the main and most rapidly-evolving deterioration effect
and it is therefore expected to have a significant impact in the next future. Moreover, beside
the carbonaceous fraction responsible for the surface blackening, the deposits composition
showed high content of potentially harmful soluble compounds which can react with the
stone matrix and therefore needs to be monitored over time.

Keywords: monitoring, marble decay, deposition, surface erosion, stone blackening,
preventive conservation

1. Introduction

The importance of preventive conservation strategies for the built heritage has been debated
in the last years. Despite the theoretical studies available so far (Della Torre 2003), there is
still a limited number of applied researches conducted in the field and involving complex
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architectural buildings and sites (Brimblecombe & Grossi 2005; Price 2007; Ghedini et al.
2011; Bortolotto et al. 2013). As far as the stone surfaces exposed outdoor are concerned,
the identification and the monitoring of the decay processes after the restoration activities
can provide valuable information on the degradation rate and extent. Indications for
preventive conservation able to delay and possibly reduce the occurrence of the damage can
be provided accordingly. In the present work, the diagnostic and monitoring strategy for the
preventive conservation of the facade of the Milan Cathedral is presented. The Duomo is a
major landmark of the city, a remarkable example of the late gothic architecture and a
primary touristic resource. The continuous exposition to the highly polluted atmosphere of
Milan city centre progressively damaged the Candoglia marble of the fagade according to
well-known deterioration mechanisms (Watt et al. 2009), so that extensive conservative
interventions had to be performed during the last century in 1935-39 and 1972-74. More
recently, due to the worrying state of conservation of the surfaces, particularly affected by
soiling and black crust formation (Toniolo etal. 2009), a new and complex restoration
project was carried out in 2003-2009. The post-intervention monitoring and diagnostic
activity started two years later. The main conservation issues to be monitored have been
identified and included: i) soiling and blackening effects due to the deposition of
atmospheric pollutants and soil dust in sheltered areas; ii) surface erosion of the elements
exposed to direct rain-wash. A non-invasive colorimetric monitoring of selected areas of
the facade has been carried out during a 18-month period in order to evaluate the soiling
and blackening effect. Fragments of stone and samples of the particulate matter deposits
have been collected and characterized in laboratory according to a multi-analytical
approach. As the early stages of deposition and erosion at the end of the intervention are
particularly relevant for the evaluation of the degradation rate, several set of Candoglia
marble reference specimens have been exposed on the facade in different conditions
(height, orientation, superficial finishing, sheltered/non-sheltered condition) and monitored
every 6 months.

2. Materials and methods

Colorimetric measurements have been performed by a Konica Minolta CM-600D
instrument equipped with a D65 illuminant at 8° (400-700 nm range). Measurements were
elaborated according to the CIE L*a*b* standard colour system; FTIR analyses were
carried out with a Nicolet 6700 spectrophotometer with a DTGS (4000-400 cm™ range) on
powder samples in KBr pellets; XRD analyses were performed using a Philips PW1830
diffractometer with Bragg-Brentano geometry using a Cu anticathode and Ka radiation (A =
1,54058 f\). ESEM-EDX analyses were performed using a Zeiss EVO 50 EP environmental
scanning electron microscope, with an Oxford INCA 200-Pentafet LZ4 spectrometer.
Anions analysis was carried out by means of a lon Pac AS14A (Dionex) column and a
detection conductivity system equipped with a ASRS-ULTRA suppression mode (Dionex).
Cations determination was performed by means of a CS12A (Dionex) and a detection
conductivity system equipped with a CSRS-ULTRA suppression mode (Dionex). Laser
profilometry was performed by a UBM Microfocus instrument, with a 150 pts/mm density.
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3. Results and discussion
3.1. Soiling and blackening effects
3.1.1. Deposits characterization

After few years from the last cleaning operations most of the marble surface of the bas-
relief, of the sculptures and of all the areas sheltered from direct rainfall show slight to
significant accumulation of deposit. Samples of the dark deposits have been collected from
seven different locations which varied in height from the ground level to almost 20 meters.
The XRD characterization of the deposit highlighted the presence of quartz, feldspar,
gypsum and calcite as the main mineralogical phases, together with clay minerals in minor
amount. Sodium chloride, as halite, has also been found in some of the samples collected
from the lowest locations. The deposit has also been studied by SEM-EDX (Fig. 1).
Metallic particles containing iron and titanium are the most diffused within the deposited
material, with an average diameter which decreases with height: in the highest sampling
site (almost 20 m), where the prevalent transport mechanism is the wind-driven deposition,
the particles diameter ranges from 2 to 20 pum; in the lowest location (2 m), where
anthropogenic and vehicular re-suspension of soil dust and particulate matter from the
ground is also effective, their diameter rises to a range of 20 to 50 um. Aluminosilicate
particles have been traced as well, but their size distribution seems to be less effectively
related to height. Only rare carbonaceous particles containing sulphur and vanadium have
been found in the upper sampling sites.

Fig. 1: ESEM micrographs of metallic (a), aluminosilicate (b) and carbonaceous (c)
particles from the fagcade surface deposits.

The compositional characterization after FTIR analysis (Fig. 2) confirmed the prevailing
presence of gypsum as the major component of the deposit (characteristic absorption
doublets at 3532-3405, 1680-1622, 1140-1116 and 670-600 cm™). The sharp intense peak
at 1385 cm™ indicates the presence of high amount of nitrates and the smaller one located at
1323 cm™ is related to the presence of calcium oxalate (most probably as weddellite). The
calcite contribution is evidenced by the peaks around 1430, 875 and 715 cm™, present in
minor amount together with silicates (Si-O characteristic peak around 1030 cm™) and
quartz (779-799 cm™). The comparison between the deposits formed over the real sculpted
surfaces (Fig. 2, grey line) as a result of the outdoor post-restoration exposition and the
deposited material collected from the Candoglia marble specimens after six months of
sheltered exposing condition on the facade (Fig. 2, black line) shows that no significant
differences in the general composition are present.
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Fig. 2: FTIR spectra of samples of deposit from real fagade surfaces (grey line) and
collected from exposed Candoglia marble sample (black line).

The natural deposition over the sculpted surfaces is enriched in soluble compounds due to
the longer exposition to the atmospheric pollutants and, as for gypsum, to the contribution
provided by the partially sulfated substrate. It is worth noting that the overall composition
of the latter deposits shows similar characteristics respect to the results of black layers and
black crust characterization of samples of previous studies of the fagade (Toniolo et al.
2009; Barca et al. 2014).
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Fig. 3: Anions and cations content of deposit on quartz filter (white bars) and Candoglia
marble specimens (grey bars) after six months of sheltered-condition exposition on the
facade.
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The evaluation of the soluble salts content of deposits collected on stone specimens and
quartz filter after a six-month exposition period is reported in Fig. 3. The main ions
concentrations determined in the two different cases are characterized by a comparable
trend, thus confirming that the quartz filter represents a valid supporting material to collect
the atmospheric particulate matter affecting the surfaces. Marble shows slightly higher
concentrations of sulfate, nitrate and calcium. These differences could be partly due to early
stage of sulfation process of the stone material.

3.1.2. Blackening

Surface blackening has been evaluated by colorimetric monitoring of fifty selected areas of
the facade. The main parameter related to the blackening effect is the variation of L* which
effectively describe the darkening of the surface as a result of the deposit accumulation.
The real fagade surfaces have shown a high dispersion of the initial values of this parameter
due to the very different conditions of the substrate respect to: orientation, finishing,
material heterogeneity and, most of all, presence of substituted elements as a result of the
conservative interventions and of the regular maintenance activity of the building. The
initial value of L* of the “original” surfaces (those belonging to elements not recently
substituted) ranges from 50 to 75 units, whereas the values of the substituted elements is
always above 85. A general trend for such diverse situations therefore cannot be traced. In
Fig. 4 is reported, as an example, the evaluation of two surfaces characterized by the same
orientation, location and overall geometry but with significantly different exposition period.
The “original” horizontal sheltered upper surface of the sculpted element shows an initial
L* value of 51, which decrease of about 5 units at the end of the first year of monitoring.
The substituted element shows a similar trend but with a lower variation in the same period
(3 units), which can be related to the different surface condition of the marble characterized
by a less weathered surfaces (as confirmed by on-site qualitative microscopic observation).
Such surface can be considered as less prone to deposit accumulation due to its lower
surface roughness.

ORIG

SUBS

Fig. 4: Photographic documentation of two areas of the colorimetric monitoring
characterized by the presence of “original” (a) and more recently substituted (b) marble
elements; b) variation of the L* parameter within the first year of monitoring.
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The generally limited L* variations of the real areas have been compared to those of marble
reference specimens, to properly take into account the non-linear trend of surface
blackening (Brimblecombe & Grossi 2005). The results of the reference specimens exposed
in the central area of the facade indicate a more significant and progressive reduction of the
superficial lightness (Fig. 5, left). After the first exposition interval (6 months), the
variation of L* is around 4 units, thus being already barely detectable by the naked eye, and
it reaches a final decrease of 14 units after 18 months. The b* variations follow an opposite
trend (Fig. 5, right) indicating that the deposit accumulation is characterized by a saturation
of the yellow colorimetric coordinate, even though to a minor extent respect to the most
relevant blackening effect. The final increase of the b* value is limited to almost 4 units.

I-* b*
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Fig. 5: variation of the L* (left) and b* (right) parameters of Candoglia marble reference
specimens within 18-month exposition in sheltered condition.

3.2. Surface erosion

The surface erosion of marble due to the effect of direct rain wash and of run-off water
flowing over the flat cladding slabs represents a major conservation issue that all the
previous interventions had to deal with. Such mechanism is particularly efficient on the
elements located on the top of the fagade, such as the spires, and on the prominent sculpted
figures of the lower register. The progressive erosive effects on the Candoglia
microstructure are visible in Fig. 6, where the reference non-exposed material (Fig. 6a) is
compared to fragments coming from a recently substituted element (Fig. 6b) and an
“original” one (Fig. 6¢). The grain morphology of the freshly sculpted marble is
characterized by a very compact appearance, where the single grains show well defined
regular borders and no discontinuities are present.
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Fig. 6: ESEM documentation of the marble microstructure of a reference non-exposed
material (a), compared to fragments from a recently substituted element (b) and from an
“original” one (c).

As a result of the outdoor exposition, the erosive effect can be identified in the rounding of
the grain edges and in the typical accentuated cleavage planes (Weber et al. 2007), which
can be observed as parallel fissures. The prolonged exposition further enhances this
deterioration pattern, leading to dramatic rounding of the grain and loss of material even on
a macroscopic scale. The erosion extent has been monitored by laser profilometry on
polished marble reference specimen exposed to the most severe non-sheltered facade
condition.
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Fig. 7: Average surface roughness (Ra) of marble reference specimens evaluated after
laser profilometry.

The decay effect has been evaluated respect to the variation of the surface roughness, as an
indicator of the state of conservation of the superficial microstructure. The results show an
increment of the average roughness as a result of the exposition, which is more than twice
the initial one after 18 months of exposition (Fig. 7). Moreover, the higher standard
deviation calculated for the final measurements is related to the increased surface
irregularity (loss of material, formation of fissures, rounding effects) which is confirmed by
the ESEM observations.

4, Conclusions

The diagnostic and monitoring approach for the real surfaces, supported by the study of the
marble reference specimens, indicates that soiling is the main and most rapidly-evolving
deterioration effect and is therefore expected to have a significant impact in the next future.
Beside the carbonaceous fraction responsible for the surface soiling and blackening, the
deposits composition showed high content of potentially harmful soluble compounds,
which can react with the stone matrix leading to crystallization damages and crust
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formation. It therefore needs to be monitored over time. The deposition rate is confirmed to
be particularly effective during the first stage of the exposition of the cleaned surfaces and
tend to slow down over time. This suggests the importance of a proper planning of the
monitoring activity, which should start at the very beginning of the post-restoration period.
The enhancement of the surface roughness potentially leading to loss of material at a
macroscopic scale is the main effect of the erosion mechanism in the non-sheltered areas.
With respect to preventive conservation indications, the results point the attention to the
need for further research to set-up sustainable methodologies for the periodic removal of
the deposits and for surface protection to mitigate the marble corrosion effects.

Acknowledgements

Authors wish to acknowledge the “Veneranda Fabbrica del Duomo di Milano” and Ing.
Benigno Marlin for the assistance and technical support during the project.

References

Barca, D.etal., 2014, Impact of air pollution in deterioration of carbonate building
materials in Italian urban environments, Applied Geochemistry, 48, 122-131

Bortolotto, S., Gulotta, D. and Toniolo, L., 2013, La cultura della manutenzione, in Il
Cortile del Richini. Un monumento da salvare, Negri, A., and Tucci, P. (eds.),
Skira, ISBN 8857222141, 239-259

Brimblecombe, P. and Grossi, C.M., 2005, Aesthetic thresholds and blackening of stone
buildings, Science of The Total Environment, 349 (1-3), 175-189

Ghedini, N. etal., 2011, Atmospheric aerosol monitoring as a strategy for the preventive
conservation of wurban monumental heritage: The Florence Baptistery,
Atmospheric Environment, 45 (33), 5979-5987

Price, C., 2007, Predicting environmental conditions to minimise salt damage at the Tower
of London: a comparison of two approaches, Environmental Geology, 52 (2), 369-
374

Toniolo, L., Zerbi, C. and Bugini, R., 2009, Black layers on historical architecture,
Environmental Science and Pollution Research, 16 (2), 218-226

Della Torre, S., 2003, La conservazione programmata del patrimonio storico architettonico.
Linee guida per il piano di manutenzione e consuntivo scientifico, Guerini e
Associati, ISBN 8883353595

Watt, J. et al., 2009. The Effects of Air Pollution on Cultural Heritage, Springer Science &
Business Media, ISBN 9780387848938

Weber, J., Beseler, S. and Sterflinger, K., 2007, Thin-section microscopy of decayed
crystalline marble from the garden sculptures of Schoenbrunn Palace in Vienna,
Materials Characterization, 58(11-12), 1042-1051

1144



	SCIENCE AND ART: A FUTURE FOR STONE
	Preface

	Acknowledgements 
	Contents
	Volume I
	Damage
	Investigation Methods
	Other Materials
	Abstracts

	Volume II
	Conservation
	Digitisation
	Case Studies
	Abstracts


	Conservation
	Analysis, Testing and Development of Safe Cleaning Methods of Rusted Stone Material
	1. Introduction
	2. Materials and methods
	2.1. Stone specimens
	2.2. Investigation techniques
	2.3. Reagents
	2.4. Cleaning tests

	3. Results and discussion
	3.1. Sodium Dithionite
	3.2. Sodium Hexametaphosphate and Ammonium Citrate

	4. Conclusions

	Preliminary Studies in Using Lime with Additives as a Substitute for Resins as Adhesives in Stone Conservation
	1. Introduction
	2. Methodology
	2.1. Adhesive mixtures
	2.2. Observation of adhesive mixtures properties
	2.3. Structural performance
	2.3.1. The cantilever test
	2.3.2. The Brazilian nut test

	2.4. Weathering behaviour

	3. Results and discussion
	3.1. Observation of adhesive mixtures properties
	3.2. Observation of the structural failure by indirect tensile (Brazilian Test)
	3.3. Weathering behaviour

	4. Conclusions

	Freeze Thaw and Salt Crystallisation Testing of Nanolime Treated Weathered Bath Stone
	1. Introduction
	2. Experimental methods
	2.1. Preparation of specimens

	3. Results
	3.1. Freeze thaw cycling
	3.2. Salt crystallisation

	4. Discussion
	5. Conclusions

	Thermosetting Methyl Methacrylate Adhesive for Stone: Charcterisation, Application Techniques and Long-term Performance Elevation
	1. Introduction
	2. Use of PMMA as an adhesive
	2.1. Alignment technique
	2.2. Reversibility
	2.3. Characteristics of the adhesive
	2.4. Long-time behavior

	3. PMMA as a gap filler and reconstruction material
	3.1. Application technique and esthetic issues

	4. Conclusion

	Consolidation Effects on Sandstone Toughness
	1. Introduction
	2. Božanov Sandstone
	3. Methodology
	4. Results and Discussion
	5. Conclusions

	Is the Shelter at Hagar Qim in Malta Effective at Protecting the Limestone Remains?
	1. Introduction
	2. Materials and methods
	2.1. Monitoring of microclimatic conditions and dust deposition
	2.2. Monitoring of decay with limestone blocks

	3. Results
	3.1. Monitoring of microclimatic conditions
	3.1.1. Temperature
	3.1.2. NaCl crystallisation events
	3.1.3. Dust deposition

	3.2. Monitoring of decay with limestone blocks
	3.2.1. Dry weight
	3.2.2. Surface hardness
	3.2.3. Surface colour


	4. Discussion and Conclusions

	Assessment of the Cleaning Efficiency of a Self-cleaning Coating on Two Stones Under Natural Ageing
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	3.1. Physical characterization of the coated stones
	3.2. Durability of the self-cleaning coating

	4. Conclusions

	Exploitation of the Natural Water Repellency of Limestones for the Protection of Building Façades
	1. Introduction
	2. Experimental Work
	3. Results and discussion
	3.1. Sorptivity measurements
	3.2. Heat treatment
	3.3. Treatment with Sodium Oleate
	3.4. Thermal analysis

	4. Conclusions

	The Use of New Laser Technology to Precisely Control the Level of Stone Cleaning
	1. Introduction
	2. Working principle of laser cleaning
	3. Precision of Laser cleaning
	4. Precise control over laser parameters
	5. Unique scanning system
	6. Limitations
	7. The obelisk of Pharaoh Thutmose III
	8. Conclusion

	Cleaning Stone – The Possibilities for an Objective Evaluation
	1. Introduction: Cleaning stone monuments
	2. Assessing the results of cleaning
	2.1. Characteristic of the substrate and deposition of soiling
	2.2. Selected methods of evaluating cleaning trials
	2.3. Examining physical properties after cleaning

	3. Conclusion

	The Natural Weathering of an Artificially Induced Calcium Oxalate Patina on Soft Limestone
	1. Introduction
	2. Methodology
	2.1. Globigerina Limestone
	2.2. Sample preparation
	2.3. Ammonium oxalate treatment
	2.4. Site exposure

	3. Testing
	4. Results & discussion
	5. Conclusions

	A Comparison of Three Methods of Consolidation for Clacerous Mixed Stones
	1. Introduction
	2. Experimental: Material and Methods
	2.1. Stone
	2.2. Treatments and application procedure
	2.3. Laboratory tests
	2.3.1. Compatibility
	2.3.2. Effectiveness


	3. Results and discussion
	3.1. Compatibility
	3.2. Effectiveness
	3.3. Microscopic observation

	4. Conclusions

	Seasonal Stone Sheltering: Winter Covers
	1. Introduction
	2. Protective winter covers
	2.1. The general idea
	2.2. All Solutions?

	3. Field tests
	4. Results

	Performance and Permanence of TiO2-based Surface Treatments for Architectural Heritage:  Some Experimental Findings from On-site and Laboratory Testing
	1. Introduction
	2. Laboratory testing
	2.1. Materials and methods
	2.2. Results and discussion

	3. On-site testing
	3.1. Istrian stone sculpture in the Department of Mathematics in Bologna (XX Cent.)
	3.2. Renovation render of a XVIII Cent. building in Bologna
	3.3. Sandstone ashlars of Palazzo Podestà in Bologna

	4. Conclusions

	The Impact of Science on Conservation Practice: Sandstone Consolidation in Scottish Built Heritage
	1. Introduction
	2. Method
	2.1. Literature research
	2.2. Interviews
	2.3. Meta-synthesis of conservation projects

	3. Discussion
	4. Conclusion

	Use of Local Stone in the Midwestern United States: Successes, Failures and Considerations
	1. Introduction
	2. Midwestern United States geology
	3. Midwestern United States stone
	3.1. Joliet limestone
	3.2. Carthage “Marble”
	3.3. Platteville limestone

	4. Causes of deterioration
	5. Repair approaches
	6. Conclusions

	Laser Yellowing of Hematite-Gypsum Mixtures: A Multi Scale Characterisation
	1. Introduction
	2. Materials and methods
	2.1. Sample preparation
	2.2. Characterization techniques

	3. Results and discussion
	3.1. Digital microscope
	3.2. Scanning electron microscope
	3.3. Transmission electron microscope

	4. Conclusion

	The Use of Hydroxyapatite for Consolidation of Calcareous Stones: Light Limestone  Pińczów and Gotland Sandstone  (Part I)
	1. Introduction
	2. Methodology
	2.1. Materials
	2.1.1. Stone samples
	2.1.2. Consolidant

	2.2. Consolidation

	3. Results
	3.1. Impact of DAP solution concentration and multiple saturation on properties of ground Pińczów limestone
	3.2. The impact of stone type on consolidation effectiveness
	3.2.1. Stone impregnation


	4. Conclusions

	Marble Protection by Hydroxyapatite Coatings
	1. Introduction
	2. Materials and Methods
	2.1. Treatments on calcite powders
	2.2. Treatments on Carrara Marble prisms

	3. Results and discussion
	4. Conclusions

	Use of Consolidants and Pre-Consolidants in Sandstone with Swelling Clay at the Muncipal Theatre of São Paulo
	1. Introduction
	2. Itararé Sandstone
	3. Methodology
	3.1. Mercury porosimetry
	3.2. Sorptivity
	3.3. Ultrasound velocity
	3.4. Wetting-and-drying cycles

	4. Results and Discussion
	5. Conclusions

	Assessing the Impact of Natural Stone Burial upon Performance for Potential Conservation Purposes
	1. Introduction
	2. Trial set-up
	2.1. Principal considerations
	2.2. Stone selection
	2.3. Site and burial media
	2.4. Monitoring Equipment
	2.5. Clamp design

	3. Data analysis
	4. Initial results
	4.1. Monitoring
	4.2. Current indications

	5. Initial Conclusions and Recommendations

	Study of Protective Measures of Stone Monuments in Cold Regions
	1. Introduction
	2. Results of Temperature Measurement
	3. Discussion
	4. Conclusions

	Study of Consolidation of Porous and Dense Limestones by Bacillus Cereus Biomineralization
	1. Introduction
	2. Materials and methods
	2.1. Stone samples
	2.2. Biodeposition procedure
	2.3. Evaluation methods

	3. Results
	3.1. Observation of Bacillus cereus growth
	3.2. Changes of physical properties of Pińczów limestone
	3.2.1. Identification of calcium carbonate

	3.3. Infilling cracks and fractures in dense stones

	4. Discussion
	5. Conclusion

	Assessment of Dolomite Conservation by Treatment with Nano-Dispersive Calcium Hydroxide Solution
	1. Introduction
	2. Materials and Methods
	3. Results and Discussion
	3.1. Physical and Physicomechanical Properties
	3.2. Linear Thermal Expansion Properties Related to Thermal Changes
	3.3. Mineralogical and Microstructural Characteristics

	4. Conclusion
	5. Acknowledgement

	European Project  “NANO-CATHEDRAL: Nanomaterials for conservation of European architectural heritage developed by research on characteristic lithotypes”
	1. Introduction
	1.1. Project “Nano-cathedral”
	1.2. Nanomaterials for stone conservation

	2. Survey on commercial and research stone consolidants and protective coatings
	3. Selection of lithotypes
	4. Innovative consolidants and protective coatings
	4.1. Aqueous Nanocalcite dispersions as consolidant
	4.2. Water-borne polymeric and hybrid polymer/inorganic nanoparticle formulations

	5. Conclusions

	New Polymer Architectures for Architectural Stone Preservation
	1. Introduction
	2. Approach and Results
	2.1. Design of multifunctional polymer structures
	2.2. Polymer synthesis

	3. Materials and characterizations
	3.1. Latex Polymers
	3.2. Ageing tests

	4. Conclusions

	Trials of Biocide Cleaning Agents on Argillaceous Sandstone in a Temperate Region
	1. Introduction
	2. Climate
	3. The substrate
	4. The biofilm
	5. Location of site trials
	6. Biocides
	7. Methodology
	8. Monitoring and recording of trials
	9. Complicating factors
	10. Results
	11. Discussion
	12. Conclusions

	Development of a methodology for the Restoration of Stone Sculptures using Magnets
	1. Introduction
	2. Experimental methodology
	2.1. Materials
	2.2. Characterization of permanent magnets
	2.3. Measurement of static friction coefficients
	2.4. Static studies
	2.5. Magnetic field simulation

	3. Results
	3.1. Characterization of permanent magnets
	3.2. Measurement and calculation of static friction coefficients
	3.3. Static studies
	3.4. Magnetic field simulation

	4. Theoretical model
	5. Conclusions

	The Rock Reliefs “Steinerne Album” of Großjena, Germany – Problems of Deterioration and Approaches for a Lasting Preservation
	1. Introduction
	2. The “Steinerne Album” of Großjena
	2.1. History
	2.2. Geological conditions
	2.3. Previous restorative and conservation measures
	2.4. Monitoring and care concept
	2.5. Current state of damage

	3. New approach to long term preservation
	3.1. Modification of the care concept
	3.2. Electrical impedance measurement
	3.3. Application of different long-term poultices

	4. First results
	4.1. Poultices
	4.2. Electrical impedance measurement


	Ethyl-silicate Consolidation for Porous Limestone Coated with Oil Paint – A Comparison of Application Methods
	1. Introduction
	2. The sculpture
	3. Methods
	4. Results
	4.1. Test Series on Dummies
	4.2. Consolidation of the Sculpture

	5. Conclusions

	Electro-desalination of Sulfate Contaminated Carbonaceous Sandstone – Risk for Salt Induced Decay During the Process
	1. Introduction
	2. Materials and methods
	2.1. Stone for the experiments
	2.2. Stone characterization
	2.3. ED experiments
	2.3.1. ED and concentration profiles
	2.3.2. ED and stone decay


	3. Results and discussion
	3.1. Porosity, density and capillarity
	3.2. Removal of Na and SO42- during ED
	3.3. Decay of ED treated stone evaluated after suction cycles
	3.4. Compressive strength of ED treated stone

	4. Conclusions

	Permeable POSS-based Hybrids: New Protective Materials for Historical Sandstone
	1. Introduction
	2. Experimental section
	2.1. Materials
	2.2. Protection of historic sandstone

	3. Results and discussion
	3.1. The colour variation and surfaces wettability of protective stones
	3.2. Water absorption and permeability
	3.3. Pore size distribution
	3.4. Salt and freeze/thaw cycles

	4. Conclusion

	Differential Effects of Treatments on the Dynamics of Biological Recolonisation of Travertine: Case Study of the Tiber’s Embankments (Rome, Italy)
	1. Introduction
	2. Materials and Methods
	2.1. Case study
	2.2. Tests with biocides and water repellents
	2.3. Application of treatments
	2.4. Field analysis

	3. Results and discussions
	4. Conclusion

	Statistical Analysis at the Service of Conservation Practice: DOE for the Optimisation of Stone Consolidation Procedures
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Methods
	2.2.1. Design of Experiment (DOE)
	2.2.2. Pre-treatment with swelling inhibitor
	2.2.3. Consolidant application
	2.2.3.1. Sorptivity
	2.2.3.2. Wet-on-wet applications



	3. Results and discussion
	4. Conclusions

	Vacuum-Circling Process: A Innovative Stone Conservation Method
	1. Vacuum-Circling Process (VCP) application
	2. Operation, utilisation and results by object examples
	2.1. Demounted Madonna by Austrian sculptor Joseph Käßmann (1845)
	2.1.1. Processing
	2.1.2. Results by drilling resistance
	2.1.3. Principle of drilling resistance measurements

	2.2. In-situ treatment: Saint Michael’s Church in Munich, Germany

	3. Result of a surface treatment from 20 years ago
	4. Conclusion

	Sustainable Conservation in a Monumental Cemetery
	1. Introduction: sustainability in conservation
	2. A monumental cemetery: Issues of conservation
	2.1. Case study: The ‘Foce’ monumental cemetery
	2.1.1. History of the ‘Foce’ monumental cemetery of Sanremo, Italy
	2.1.2. Specific site issues


	3. Methodological approach
	4. The conservation project: from urgent activities to continuous care
	4.1. Urgent conservation activities
	4.2. The maintenance plan: design of the inspection form
	4.3. Maintenance activities
	4.4. Valorisation and management

	5. Conclusions

	Consolidation of Sugaring Marble by Hydroxyapatite: Some Recent Developments in Producing and Treating Decayed Samples
	1. Introduction
	2. Materials and Methods
	2.1. Marble
	2.2. Artificial weathering of marble samples
	2.3. Consolidation of marble samples

	3. Results and Discussion
	3.1. Artificial weathering
	3.2. Consolidation

	4. Conclusions

	Application of Ethyl Silicate Based Consolidants on Sandstone with PArtial Vacuum:  A Laboratory Study
	1. Introduction
	2. Materials and methods
	2.1. Cotta sandstone
	2.2. Samples and treatment with VCP
	2.3. Investigation of physical properties
	2.3.1. Hydric swelling and total water uptake
	2.3.2. Water vapour diffusion resistance
	2.3.3. Biaxial flexural strength and Young’s modulus


	3. Results and discussion
	3.1. Penetration depth
	3.2. Ultrasonic wave velocity
	3.3. Biaxial flexural strength and Young’s modulus
	3.4. Hydric properties

	4. Conclusions

	Mould Attacks! A Practical and Effective Method  of Treating Mould Contaminated Stonework
	1. Introduction
	2. Previous Research
	3. Treatment Criteria
	4. Analysis and Trialled Treatments
	5. Practical Treatments
	6. Smart Ventilation and Environmental Improvements
	7. Conclusions

	Injection Grouts based on Lithium Slicate Binder: A Rview of Injectability and Cohesive Integrity
	1. Introduction
	2. Grout formulation
	3. Test methods
	3.1. Shrinkage
	3.2. Bleed liquid
	3.3. Flow

	4. Conclusion

	Innovative Treatments and Materials for the Conservation of the Strongly Salt- contaminated Michaelis Church in Zeitz, Germany
	1. Introduction
	2. Preliminary investigations
	2.1. Geological setting, rock material and weathering agents
	2.1.1. Geological setting and rock material
	2.1.2. Environmental impacts and geographical setting
	2.1.3. Salt and weathering forms

	2.2. Methods of Investigations and applied conservation
	2.2.1. Petrographic and petrophysical properties of the rock
	2.2.2. Onsite investigations
	2.2.3. Desalination and evaluation
	2.2.4. Material physics of the restoration mortar


	3. Results
	3.1. The sandstone
	3.1.1. Petrography
	3.1.2. Petrophysics

	3.2. Weathering forms and agents
	3.2.1. Weathering forms
	3.2.2. Salt-weathering

	3.3. Conservation/restoration
	3.3.1. Desalination
	3.3.2. Restoration


	4. Final Conclusions

	Field Trials of Desalination by  Captive-head Washing
	1. Introduction
	2. Woolmers Blacksmith’s Shop
	3. 2014 trials
	4. 2014 results
	5. 2015 trials and results
	6. Discussion
	7. Conclusions


	Digitisation
	Digital Mapping as a Tool for Assessing the Conservation State of the Romanesque Portals of the Cathedral of our Lady in Tournai, Belgium
	1. Introduction
	2. Characterization of the stone
	3. Material history
	4. Digital mappings
	5. Results
	6. Practical use of the mappings for the conservation treatment.
	7. Conclusion

	Digital Field Documentation: The Central Park Obelisk
	1. Introduction
	2. Examination of the Obelisk
	3. Documentation
	3.1. Previous Documentation
	3.2. Goals of the Present Documentation
	3.3. Field Documentation Application Comparison
	3.4. Computer Aided Design (CAD) Computer Program
	3.5. 2D PDF Mark Up Application
	3.6. CAD File Reader and Editor Tablet Application for Files in DWG Format
	3.7. Observations and Comparison

	4. Conclusions

	Computational Imaging Techniques for Documentation and Conservation of Gravestones at Jewish Cemeteries in Germany
	1. Introduction
	1.1. Aim
	1.2. Cultural relevance
	1.3. Previous work
	1.4. Current focus

	2. Digitization
	2.1. Methodology
	2.2. Applications

	3. Reflectance transformation imaging of gravestones in Unsleben
	3.1. Data acquisition
	3.2. Data processing
	3.3. Interpretation and dissemination

	4. Conclusion

	A Metadata-supported Database Schema for Stone Conservation Projects
	1. Introduction
	2. A conservation-oriented database
	2.1. Background
	2.2. Our approach
	2.2.1. Design
	2.2.2. Structure


	3. Metadata schema
	3.1. Main entities
	3.2. Secondary entities
	3.3. Thesaurus

	4. Conclusions

	3D Photo Monitoring as a Long-term Monument Mapping Method for Stone Sculptures
	1. Stone sculptures on Easter Island
	2.  Object of research
	2.1. Material used for the Moai
	2.1.1. Stone deterioration
	2.1.2. Stone deterioration of Moai from Ahu Hanua Nua Mea

	2.2. Non-destructive method for damage diagnosis
	2.2.1. Non-destructive damage documentation on the Moai stone sculpture
	2.2.2. 3D model of the Moai of Ahu Hanua Nua
	2.2.3. 3D model of a late baroque tombstone

	2.3. Advantage of 3D-damage mapping


	Emerging Digitisation Trends in Stonemasonry Practice
	1. Introduction
	2. Exemplars of digitisation in the Heritage sector
	2.1. Terrestrial Laser Scanning (TLS)
	2.2. Historic Building Information Modelling (HBIM)
	2.3. Piloting a Digital Workflow

	3. Conclusion

	Digitalisation and Documentation of Stone Deterioration, Using Close-Range Digital Photogrammetry
	1. Introduction
	2. Methodology
	2.1. Materials and Equipment
	2.1.1. Stone specimens
	2.1.2. Equipment
	2.1.3. Software

	2.2. Techniques and Procedures
	2.2.1. Stone Deterioration
	2.2.2. Photogrammetric Models


	3. Results
	4. Conclusions

	Recording, Monitoring and Managing  the Conservation of Historic Sites:  A New Application for BGS SIGMA
	1. Introduction
	2. Historic Environment Scotland SIGMA application
	3. Craigmillar Castle case study
	3.1. The survey
	3.2. Data outputs and uses

	4. Conclusion


	Case Studies
	Condition Survey of Aquia Creek Sandstone Columns From the U.S. Capitol Re-Erected at the  U.S. National Arboretum
	1. Introduction
	2. The journey of the columns
	3. Ongoing deterioration
	4. Recommended treatments
	5. Conclusions

	The Black Surfaces of the Porta Nigra in Trier (Germany) and the Question of Cleaning
	1. Introduction
	2. Methods
	3. Results
	3.1. Classification of discolouration, pollution, and crusts
	3.2. Properties of the blackened surfaces
	3.3. Evaluation of cleaning tests

	4. Conclusions

	The Conservation of Giovanni Labus’s Sculpture of Bonaventura Bavallieri (1844) and Antonio Galli’s Sculpture of Carlo Ottavio Castiglione (1855)
	1. Introduction and historical background
	2. 3D Survey by convergent photogrammetry
	3. Diagnostic phase
	4. Conservation
	5. Conclusion

	Restoration Off-set by the Public Exhibition of Decorated Stone Elements Rescued from the demolished Vacaresti Monastery, Romania
	1. Văcăreşti Monastery - Brief history
	2. Removal of the decorated stone elements and fresco fragments prior and during the demolition of the Văcărești Monastery Church
	3. The beginning of the Memorial - Lapidarium project
	4. Conservation, restoration and enhancement activities
	4.1. Description of the conservation status and decay factors
	4.2. Cleaning and Conservation of the stone fragments

	5. Conclusion

	Rosslyn Chapel - A Review of the Conservation & Access Project
	1. Introduction
	2. Conservation works
	2.1. Treatment of stone decay
	2.1.1. Response to previous treatments
	2.1.2. Asphalt roof removal
	2.1.3. Asphalt run-off cleaning
	2.1.4. Portland cement removal & Lime mortar repointing
	2.1.5. Ferrous cramp replacement

	2.2. Rebuilding works and replacements
	2.2.1. Pinnacles, finials and ribs
	2.2.2. Indents

	2.3. Response to other alterations
	2.3.1. Biological growth removal
	2.3.2. Salt efflorescence
	2.3.3. Desoiling


	3. Conclusions

	Laboratory and in situ evaluation of restoration treatments in two important monuments in Padua: “Loggia Cornaro” and “Stele of Minerva”
	1. Introduction
	2. Experimental part
	3. Discussion of the results
	3.1. In field evaluation of consolidation treatments
	3.2. Evaluation of penetration depth of consolidation treatments

	4. Conclusions

	Investigations Guiding the Stone Restoration of the “Schöner Erker” in Torgau, Germany
	1. Introduction
	2. Methodology
	3. Damage
	4. Sandstone
	5. Construction
	6. Salt
	6.1. Salt content
	6.2. Poulticing

	7. Drilling resistance
	8. Infrared thermography
	9. Conclusion

	Ananlysis and Treatment of the Fire-Damaged Marble Plaque from Thomas Jefferson’s Grave Marker
	1. Introduction
	2. Examination and analyses
	2.1. The marble
	2.2. Condition of the plaque before treatment
	2.3. Deterioration of the marble
	2.4. Surface accretions

	3. Treatment of the plaque
	4. Conclusions

	The Diagnostic and Monitoring Approach for the Preventive Conservation of the Façade of the Milan Cathedral
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	3.1. Soiling and blackening effects
	3.1.1. Deposits characterization
	3.1.2. Blackening

	3.2. Surface erosion

	4. Conclusions

	Enviromental Monitoring and Surface Treatment Tests for Conservation of the Rock-Hewn Church of Üzümlü, Cappadocia
	1. Introduction
	2. Environmental monitoring
	2.1. Measurement outline
	2.2. Outdoor/Indoor/Ground temperatures
	2.3. Wind speed and direction
	2.4. Soil water content, potential and temperature

	3. Rock consolidation/water repellent test on small rock masses
	3.1. Characteristics of water repellent/consolidant
	3.2. Test rocks and testing method

	4. Conclusions

	Time Tested Repairs: A Review of 11 Years of Cementery Stone Repair
	1. Introduction
	2. Cemeteries Included in this Study
	2.1. Bottle Hill Cemetery Main Street Madison, NJ
	2.2. Whippany Burying Ground, Whippany, NJ
	2.3. Orient Cemetery, Orient, NY
	2.4. Prospect Cemetery, Queens, NY (New York City)

	3. Pinning
	3.1. Pinning Criteria
	3.2. Pinning Methodology
	3.3. Pinning Failures
	3.4. Successful Pinning Repairs in Sandstone and Marble
	3.5. Alternate Solutions to Pinning Thin Marble Markers

	4. Grouting
	4.1. Grouting Criteria
	4.2. Grouting Methodology
	4.3. Grouting Failures
	4.4. Grouting Successes
	4.5. Alternatives to Grouting

	5. Conclusion

	The Current State and Factors of Salt Deterioration of the Buddha Statue Carved onto a Cliff at Motomachi in Oita Prefecture of Japan
	1. Introduction
	2. Background of the Motomachi stone-cliff Buddha
	3. Methods
	3.1. Environmental research
	3.2. Dissolved component analysis of the groundwater
	3.3. Salt analysis

	4. Results and Discussion
	4.1. Observation
	4.2. The interior environment of the shelter
	4.3. Effect of groundwater
	4.4. Environmental effects on salt crystallization

	5. Conclusion

	The Durbar Square and the Royal Palace of Patan, Nepal – Stone Conservation Before and after the Great Earthquake of April 2015
	1. Introduction
	2. Nepal’s Challenges
	2.1. Material and Structure
	2.2. Climate
	2.3. Introduced Materials and Recent History

	3. Conservation Campaigns 2010 – 2014
	4. The Earthquake and the First Response
	5. Conservation after the Earthquake 2015
	5.1. Evaluation of the Performance of Past Treatments
	5.1.1. Treatments
	5.1.2. Hari Shankar
	5.1.3. The Pillar of the Lion Statue


	6. Outlook

	Restoring the Past Experience of Stone Masonry in Burkina Faso for Fostering the use of Local Materials
	1. Introduction
	2. Presentation of the site of the study
	3. Production of laterite dimension stones (LDS)
	4. Survey on housing typology in the Dano town
	4.1. Background
	4.2. Construction techniques with laterite dimension stones (LDS)

	5. Diagnosis survey of laterite constructions
	5.1. Description of the state of a colonial building
	5.2. Deterioration processes observed in LDS structures

	6. Conclusions

	Protection of Medieval Tombstones (Stećci) with Ammonium Oxalate Treatment
	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	5. Conclusion

	Influence of Water Evaporation on the Degradation of Wall Paintings in Hagia Sophia, Istanbul
	1. Introduction
	2. Degradation and moisture content of the inside walls at exedra of the 2nd cornice.
	3. Fundamental equation of heat and moisture transfer
	4. Investigation of influence of infiltrated rainwater by analysis of wall model
	5. Influence of Room Temperature and Humidity on Evaporation
	5.1. Modelling for analysis of room temperature and humidity
	5.2. Boundary conditions
	5.3. Comparison of the calculated and measured values of temperature and humidity
	5.4. Influence of heat and moisture generation from visitors on evaporation from the inner wall surface
	5.5. Influence of heat loss and regain from windows on evaporation

	6. Conclusion

	Conservation of Magai-Wareishi-jizo, A Buddha Statue Carved into a Granite Rockface on the Seashore
	1. Introduction
	2. Overview of the Magai-Wareishi-Jizo
	3. Conservation status of Magai-Wareishi-Jizo
	4. Conservation measures
	4.1. Past conservation measures
	4.2. Restoration policy
	4.2.1. Bonding method
	4.2.2. Schedule of conservation
	4.2.3. Conservation procedure
	4.2.4. Advanced survey
	4.2.5. Determination of parts of restoration
	4.2.6. Advance trials
	4.2.7. Bonding of peeling sections

	4.3. Follow-up observation

	5. How the statue would have looked when it was first carved
	6. Conclusion

	Evaluation of the Preservation State of the Holy Aedicule in the Holy Sepulchre Complex in Jerusalem
	1. Introduction
	2. Methods and Techniques
	2.1. Non Destructive Testing - Ground Penetrating Radar (GPR)
	2.2. Analytical (in-lab) Techniques

	3. Sampling
	4. Results and Discussion
	4.1. Non Destructive Testing
	4.2. Building Material Characterization
	4.2.1. South Façade Building Stone
	4.2.2. Architect Komnenos Restoration Mortar



	Conservation of Machu Picchu Archaeological Site: Investigation and Experimental Restoration Works of the “Temple of the Sun”
	1. Introduction
	2. Temple of the Sun
	2.1.  General
	2.2. Present Condition
	2.2.1. Extreme damage at the northern opening
	2.2.2. Exfoliations and cracks found on the interior curvilinear wall
	2.2.3. Missing pieces of the edge stones
	2.2.4. Stone movement and vertical gaps arising
	2.2.5. Fissures in natural rock pedestal
	2.2.6. Stone surface degradation


	3. Investigations
	3.1.  Climate Condition
	3.2. Three-Dimensional Surveying of Temple of the Sun
	3.3.   Tests in Situ
	3.3.1. Injection of resins into cracks of a rock
	3.3.2. Application of a biocide against Lichens
	3.3.3. Reattachment of detached stone brocks to the natural rock pedestal in Temple of the Sun


	4. Measures for the Conservation
	4.1. Principle
	4.2.  Conservation measures
	4.2.1. Capping on the top of the structure
	4.2.2. Consolidation and restoration of stone
	4.2.3. Filling the gaps between stones
	4.2.4. Restoration of the rock pedestal
	4.2.5. Elimination of lichens, and consolidation and hydrophobic treatment of stone surfaces


	5. Acknowledgment

	Las Casas Tapadas de Plazuelas – Structural Damage, Weathering Characteristics and Technical Properties of Volcanic Rocks in Guanajuato, Mexico
	1. Introduction
	2. Materials and methods
	3. Results
	3.1. Petrology and mineralogy
	3.2. Petrophysical properties
	3.2.1. Pore space properties, water transport and retention properties
	3.2.2. Mechanical properties
	3.2.3. Thermal expansion, moisture expansion and salt weathering
	3.2.4. Salt weathering and moisture expansion related to the pore space properties
	3.2.5. Mapping and in situ investigations


	4. Conclusion

	Desalinating the Asyut Dog in the MUSÉE DU LOUVRE
	1. Introduction
	2. Diagnosis
	3. Desalination test
	4. Characterization of the first bath water
	5. Discussion and conclusions

	Investigation of Salt Crystallisation in a Stone Buddha Carved into a Cliff with a Shelter by Numerical Analysis of Heat and Moisture Behaviour in the Cliff
	1. Introduction
	2. Background
	2.1. Surrounding Environment
	2.2. State of salt precipitation

	3. Numerical Analysis
	3.1. Method for numerical analysis
	3.2. Analysis target
	3.3. Analysis conditions

	4. Results
	4.1. Steady-state analysis
	4.2. Unsteady-state analysis
	4.2.1. Weather conditions
	4.2.2. Depth of evaporation


	5. Discussion
	6. Conclusion

	Scientific Examination of a Painted Thracian Tomb Discovered Near Alexandrovo Village, Bulgaria
	1. Introduction
	2. Condition of the tomb
	3. Materials and methods
	4. Results
	4.1. Petrological characteristics of the stone used to build the tomb
	4.2. Mineral composition of the mortar
	4.3. Morphology and composition of the white veil and salts

	5. Discussion
	6. Conclusions

	Case Study of the Episcopal Group of Frejus (France): Diagnosis and Treatment of Clay Containing Sandstones in Marine Environment
	1. Introduction
	2. Materials and methods
	2.1. Building stones and degradation patterns
	2.2. Sampling
	2.3. Analysis
	2.4. Treatment tests

	3. Results
	3.1. Sandstone characterization
	3.1.1. Petrography and petrophysic
	3.1.2. Thermo-hydric dilation
	3.1.3. Clay fraction

	3.2. Salt contamination
	3.3. Efficiency of the treatment and feasibility

	4. Result analysis
	5. Conclusions

	The Polychromed Bethlehem Portal of Huy, Belgium: Evaluation and Maintenance of a 25 Year Old Treatment
	1. Introduction
	2. Conservation state before 1988-89 and this treatment
	3. Understanding the methodology of treatments applied in 1988-89
	3.1. Stone consolidation
	3.2. Fixation of the Polychromy
	3.3. Water-repellent treatment
	3.4. The blue background

	4. Maintenance treatment in 2014
	5. Conclusions

	Exploring the Performance of Pompignan Limestone as Exterior Cladding and Pavers in the Mid-Atlantic Region of the United States
	1. Introduction
	2. Existing Conditions
	3. Material Testing
	3.1. Petrographic Facilities
	3.2. Analysis/Test Sample Selection Criteria

	4. Analysis and Testing Results
	4.1. Petrographic Analysis
	4.1.1. Visual Appearance
	4.1.2. General Summary of Petrographic Findings
	4.1.2.1. Stylolites
	4.1.2.2. Veins



	5. Failure Modes
	5.1. Paver Cracking
	5.2. Cladding Cracking
	5.3. Miscellaneous

	6. Conclusions


	Abstracts
	Mechanisms of Carbonate-oxalate Transformation: Effectiveness of Protective Treatments for Marble based on Oxalate Surface Layers
	Preservation of Built Cultural Heritage Using Nanotechnology Based Coatings: Responding to Conservation Values?
	Innovative Developments in the Field of Stone Conservation by the Acrylic Resin Total Impregnation Process of Natural Stones by the JBACH Company
	MONUMENTUM: Digital 3D Modelling and Data Management for the Conservation of Decorated Stone Buildings
	Investigation of Building Stones Used in the Al-Azhar mosque (Historic Cairo, Egypt)
	The Effect of Reburial on Stone Deterioration: Experimental Case Study, Oxford, England

	List of Authors
	List of Keywords

